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Abstract

:

Industrial symbiosis (IS) allows the use of the resources of a productive chain, based on collaboration between companies, finding ways to use the waste of one as inputs or raw materials for the other entity. IS seeks to generate environmental sustainability, maximize resources, and generate social, environmental, and economic benefits based on the physical exchanges of waste, residues, and materials, which generate various advantages for companies and environmental benefits for society. Over the years, research has been conducted worldwide on the implementation of IS in business settings and case studies related to IS in countries with strong economies; however, no papers mapping studies on IS that are focused on emerging and frontier market countries have been identified, and academic literature on research in these countries is also scarce. In this research, an in-depth review of the literature on IS cases in emerging and frontier market countries was conducted to provide future researchers with information on the similarities, weaknesses, strengths, and elements to consider in addressing the topic and closing research gaps in the area. In addition, a mapping was made of the evolution of studies on IS according to country, economic activity, distribution by journal, year of publication, methods used, barriers and drivers in the case studies, and the importance of this topic in the current academic context. In Asian and developing countries, the integration of companies and economic activities takes place in industrial parks, and they have legislation and government regulations that support IS. On the other hand, in the United States and Africa, integrating various sources such as energy, water, coal, and waste in industrial environments is at an early stage of development, and opportunities are being identified to promote IS between companies. This research interests a broad audience, including investors, regulators, policymakers, and researchers interested in fostering IS in emerging and frontier market countries as a mechanism for industrial and economic development.
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1. Introduction


The need to reduce the environmental problems associated with the large amount of waste generated by industrial activity and the depletion of natural resources has created several global challenges. One of these challenges is waste and residues, which have become one of the leading causes of environmental pollution when they are not reused in industrial processes [1]. Several authors argue that in order to mitigate natural resource use and reduce waste without compromising consumption, it is necessary to implement sustainability objectives that often consist of cross-sectoral partner efforts [2,3]. Similarly, it is necessary to propose solutions to the ecological and socio-economic challenges resulting from the growing consumption of non-renewable resources, waste generation and soil, water and air pollution, and the scarcity of resources [4,5].



Currently, as the norm, a take-make-waste perspective is adopted, wherein materials required for production are harvested, manufactured, and discarded in such a way that their intrinsic value is underutilized and, at the same time, they will go on to pollute commonly used resources (e.g., air, water bodies, and land) [1]. These issues make it necessary to implement strategies that allow companies to increase competitiveness, generate production chains, take advantage of waste or by-products, stimulate the economy, and reduce the environmental impact of waste. In a world with increasingly visible environmental, economic, and socio-political challenges, the idea of transitioning to more sustainable production and consumption practices is gaining ground [6]. As a result, there is a growing interest in circularity within and between resource and waste value chains; in this context, the concepts of the circular economy and IS become relevant, understanding IS as part of the circular economy.



The circular economy focuses on achieving sustainability goals, realizing efficient production management, and identifying new working procedures or methodologies to improve resource efficiency and environmental friendliness [7]. In circular economy practices, the available resource is kept in a closed loop, i.e., even if a product reaches the end of its useful life, its component parts are reused [8,9]. IS is presented as a tangible solution that will generate significant benefits for companies [10]. In IS, materials, including waste, are interchangeable and are used to substitute commercial products or raw materials in another system; such interactions increase the overall efficiency of the resources used, reduce emissions, and eliminate waste, compared to when the enterprise operates independently [11]. IS also challenges companies; implementing waste symbiosis introduces new supply and demand relationships and forms a collaborative supply chain network between previously unrelated companies [12,13]. In North America, Asia, and Europe, several projects that are under development implement IS, and many of their products are pretty promising [14,15,16]; however, IS should be understood as a concept of a global application that is relevant to countries with emerging economies and not only to developed countries. Several studies have identified and tracked the successful IS cases worldwide, focusing mainly on countries with developed economies and great experience in establishing green industries and sustainable production, where two or more institutions interrelate to obtain mutual benefits. Implementing IS in emerging and frontier countries requires the adaptation and adoption of strategies aimed at resource-sharing and the possibility of developing an eco-industrial development strategy for those areas [17].



“Emerging market countries” is a classification for grouping those areas that are no longer developing countries but that have not yet achieved developed country status [18]. “Frontier market countries” include those countries whose economies are even more volatile than those of emerging markets [19]. This paper aims to identify and analyze the IS studies carried out in emerging and frontier market countries in the literature. To this end, a classification scheme will characterize the evolution of this field of study and identify and analyze the barriers and drivers that are present in the IS cases. In this way, benchmarks will be established for future research and study topics, to develop and strengthen this area of knowledge in terms of emerging and frontier market countries.



Our focus on the emerging and frontier markets is motivated by several factors. First, in undeveloped countries, the industrial sector, integrated resource utilization, capital markets, and regulatory systems are weak [20,21]. Second, we contribute to the existing literature in several ways. Reviews of IS case analyses have been conducted worldwide, for example, in [22,23,24,25]; however, this paper is the first to examine the development of IS in emerging and frontier countries. Therefore, it establishes a baseline upon which studies, research, regulations, strategies, and policies can be defined to develop these economies, based on the industrial sector’s competitiveness. This research may be of interest to a broad audience, including investors, regulators, policymakers, and researchers who are interested in developing the economies of these countries [20]. Thirdly, although there is a growing interest in IS in non-developed countries, no studies analyze characteristics, methodologies, types of studies, and success factors. Finally, another aspect to consider is that this article presents the elements that emerging countries should consider when developing IS activities to improve their economies and the integral use of resources.



Therefore, our study helps address IS research in emerging and frontier markets and provides insight into the determinants of IS implementation by firms located in countries where capital markets, regulatory systems, and enforcement mechanisms are incipient and developing. In addition, this research explores how countries and firms operating in developing institutional environments can pursue IS practices in light of the knowledge gap. It is hoped that the opportunity to develop a more nuanced understanding of IS in emerging countries will open new avenues for IS research around issues arising from those institutional peculiarities that appear to have been under-studied to date [26].



This article is organized as follows. Section 1 develops the theoretical and contextual background on IS, emerging countries, and countries with frontier markets. Section 2 presents the methodology used in selecting publications, developing a classification framework in categories for the development of the research, and the subsequent content analysis. Section 3 describes and analyzes the geographical distribution of IS studies, the type of productive activity involved in IS, the analysis of the evolution of the number of publications, their distribution by journals, and the methods used for resource integration in the case studies. Section 4 discusses the barriers and drivers of the advances and opportunities identified in each of the previous sections. Finally, Section 5 defines the conclusions of this study and gives recommendations for future research.



1.1. Industrial Symbiosis


IS is a collaborative approach between firms involving physical exchanges of materials, energy, and waste, creating economic advantages for firms and environmental benefits for society [27]. Frosch and Gallopoulos [28] introduced the concept of symbiosis as part of a hypothetical industrial ecosystem in which the “consumption of materials and energy is optimized; waste generation is minimized, and effluents from one process are used as raw material for another process” [25]. The term “industrial symbiosis” has its origins in biology, where symbiosis represents the “association of individuals of different species in a relationship where there is a mutual benefit” [29]. This concept has been extended to industries in which IS enables the utilization of resources in entities that are usually separated, propitiating a physical exchange of waste, water, by-products, and energy [30]. IS relationships promote environmental compliance, resource savings, and economic benefits by giving value for longer to waste that would otherwise end up in landfills and incinerators [22].



According to Earley [31], IS allows business relationships in which human resources, assets, ideas, and resources are exchanged, collaborations whereby companies can increase their production and have a higher profit margin, in addition to minimizing adverse effects on the environment and reducing pollution from the generation of new waste. IS can be considered as a subfield of industrial ecology, and it allows traditionally separate entities and companies to cooperate in the sharing of resources, contributing to increased sustainability and bringing environmental, economic, and social benefits [22]. IS involves industries in which physical exchanges of materials, energy, and services occur [30,32]. Mainly, this is waste resulting from production processes, which can be used by other processes, belonging either to another company or to the same company, to replace production inputs (raw materials, waste, water, energy) or to generate new products, which are then sold in markets [33]. Thus, industries that decide to implement IS can obtain economic and environmental benefits by simultaneously reducing production costs and generating environmental and social benefits for the whole collectivity [34,35,36]. The need to reduce the impacts of industrial operations on the environment and the growth in demand for new resources has recently drawn more attention to the need to scale up IS practices regionally to achieve more effective results [23,37].




1.2. Emerging Market Countries


Emerging economies are countries in a transitional phase, neither too rich, nor too poor, nor too closed to foreign capital, with regulatory and financial systems that have not yet fully matured [38]; that is, it refers to an economy experiencing considerable economic growth and possessing some, but not all, of the characteristics of a developed economy [18]. For a country to be considered emerging, it must possess the following defining characteristics:



Below-average per capita income: These markets have a per capita income below the average of developed countries. The World Bank defines developing countries as those with a per capita income of USD 3995 or less [39].



High economic growth rates: Governments tend to implement policies that favor rapid economic growth and industrialization in these countries. These policies lead to higher per capita disposable income, lower unemployment, better infrastructure, and higher investments. On the other hand, developed countries, such as the United States, Germany, and Japan, experience low economic growth rates due to early industrialization [19].



Market volatility: Market volatility is due to political instability, external price movements, and/or supply and demand shocks due to natural calamities. Increases in exchange rates and exchange rate volatility will likewise increase input costs, increase borrowing costs, trigger expectations of a financial crisis, and negatively affect consumption and investment expenditures [40].



Growth and investment potential: Emerging markets are often attractive to foreign investors due to the high return on investment that they can offer. In the transition from an agriculture-based economy to a developed economy, countries often require a large inflow of capital from foreign sources due to a shortage of domestic capital. As a result, these countries focus on exporting low-cost goods to wealthier nations, which drives GDP growth, stock prices, and returns for investors [19].



Morgan Stanley Capital International presented the 2021 global market accessibility review results, reflecting the current market rankings. The Emerging Market Index lists 27 countries, and these are China, Brazil, Chile, Colombia, Argentina, India, Korea, South Africa, the Czech Republic, Pakistan, Egypt, Poland, Greece, Hungary, Indonesia, Kuwait, Malaysia, Mexico, Thailand, Peru, Philippines, Qatar, Russia, Saudi Arabia, Taiwan, Turkey, and the United Arab Emirates, Benin, Burkina Faso, Ivory Coast, Guinea-Bissau, Mali, Niger, Senegal, and Togo [41].




1.3. Frontier Market Countries


Frontier market countries have become important destinations for foreign investors trying to seek profitable diversification benefits [42] because they have much more room to grow [19]. The main reason for the growing interest, despite the higher risk, is that frontier markets offer higher return potentials and are uncorrelated with other international markets [43]. It is necessary to understand the countries, their political systems, and their economic challenges because they are vulnerable to global changes in trade, currency, and central bank policy changes [19]. According to the index prepared by Morgan Stanley Capital International, frontier market countries are Croatia, Estonia, Iceland, Lithuania, Kazakhstan, Romania, Serbia, Slovenia, Kenya, Mauritius, Morocco, Nigeria, Tunisia, Bahrain, Jordan, Oman, Bangladesh, Sri Lanka, and Vietnam [41].





2. Materials and Methods


A systematic literature review was used because it allows the identification, classification, evaluation, interpretation, selection, and analysis of relevant research in the area of IS in emerging and frontier countries. In addition, it allows obtaining information in a transparent manner, minimizing any errors peculiar to the authors that could affect the results of the research. Taking into account the above, this paper proposes a comprehensive methodology consisting of the following steps:



Step 1. Data Collection Process: A systematic review of IS cases, focused on emerging and frontier market countries, was conducted based on information gathered from various databases. The process started with a search based on Scopus and Web of Science [44,45], with the phrase “industrial symbiosis”. Next, we searched the publication’s title in the reference section and keywords, identifying 812 publications (last updated December 2021). Duplicate articles were eliminated, and an initial sample of relevant articles was defined according to abstract relevance, selecting 323 articles. Gray literature articles were not included; these refer only to the IS as an example or are mentioned only in the introduction as a way to contextualize or distinguish a concept (see review process in Figure 1).



With a systematic review of the abstract and the full article, it was verified that the studies found addressed research that was developed in the field of IS. If there were doubts about the inclusion of the articles for subsequent content analysis after reading, the text was examined, analyzing the context in which the term “industrial symbiosis” was inserted and whether they referred to studies developed in emerging and frontier market countries. Initially, 101 studies were selected, and a systematic database search cross-reference snowballing process was performed, following the procedure of Geissdoerfer et al. [45] and of Santa-Maria et al. [44]; i.e., references cited in the analyzed articles were used to search for other publications related to the topic of interest. This process was repeated until no more relevant cross-references could be identified, which, after the two relevance checks, provided 16 additional publications, giving a total of 117 publications that were reviewed in their entirety.



Step 2. Development of research questions: The classification process is based on the following questions:




	RQ1.

	
What is the geographical distribution of emerging and frontier market countries conducting IS research?




	RQ2.

	
In which economic sectors have IS studies been conducted?




	RQ3.

	
What has been the contribution of journals to the evolution of published articles?




	RQ4.

	
What has been the evolution of articles published on IS and the research methods used in the cases analyzed?




	RQ5.

	
What type of resource integration is present in the case studies?









Each question has several answers, which are used to divide the reviewed articles into categories. The resulting categories are listed below:




	(A)

	
Geographic distribution: this classification determines the continent, country, and region in which the research was conducted, and identifies whether it concerns emerging market or frontier market countries. Regarding the geographical distribution of the countries researching IS, the classification was made according to the location of the case study. In addition, theoretical studies were classified in cases with multiple institutions in an investigation, taking into account the nationality of the largest number of authors.




	(B)

	
Type of industries involved in industrial symbiosis: a categorization is made according to the economic sector in which the studies were carried out.




	(C)

	
Evolution of the number of published articles: this shows how articles on IS have varied from year to year in emerging and frontier market countries. The methods used in each case study being analyzed are identified.




	(D)

	
Contribution of journals: selected articles are classified according to the journal in which they were published.




	(E)

	
Resource integration: the main resource integrations present in the case studies analyzed are identified.









Step 3. Review analysis: a comparison was made from different perspectives, analyzing research trends in the area, the evolution of the number of published articles, the contribution of the journals in the evolution of the articles, their geographical distribution, the selection of IS cases, and an identification of the methods used.



Step 4. Based on the analysis of the literature, a discussion was developed around the barriers and drivers that point to the development of IS in emerging and frontier countries and the importance of this topic in the current academic context [46].




3. Results


3.1. Geographic Distribution


This subsection develops the analysis around research question 1 (RQ1). Over the years, research has been conducted globally on the implementation of IS in enterprise environments and case studies related to IS in countries with strong economies, such as case studies of Kalundborg in Denmark, Kwinana and Gladstone in Australia, and Rotterdam Europoort in the Netherlands [47]; however, studies conducted on IS in emerging and frontier market countries are not abundant in the literature. The IS cases reported in the literature and considered in this paper cover several countries—America, Asia, Europe, and Africa; however, only studies conducted in emerging and frontier market countries are considered for this analysis. The statistical records of published cases on IS that are identified in this work are as follows: Asia with 79 studies, corresponding to 67.52% of the total cases, followed by America with 23 studies, corresponding to 19.65%, Europe, with 11 cases, which is equivalent to 9.40%, and Africa has the remaining 3.41%, with 4 cases.



Figure 2 shows the geographical distribution of the IS case studies in emerging market countries and frontier market countries. Seventy-three cases were identified in emerging countries and nine cases in frontier countries. China has the most cases reported in the IS literature, followed by other countries such as Brazil, India, Singapore, Taiwan, South Korea, and the Philippines. Thirty studies carried out in China were analyzed, with China standing out as the country with the most developments in IS.



Nineteen studies on IS conducted in Brazil were identified; in this country, laws related to shared responsibility in waste management among supply chain actors and closed material cycles have been established [48]. However, many municipalities in that country have difficulties sustaining their waste and implementing IS processes in their industrial activities [49].



Singapore ranks third in the number of publications on IS emerging economies with 10 cases, followed by India with 9 cases. Although these countries do not register a great tradition of inter-firm synergy practices and the number of published case studies is still small, the important role of IS as a means of enhancing the development of these regions is recognized [50]. Although its gross domestic product in recent years has increased significantly, India still has high poverty rates, with a population experiencing difficulty in accessing primary conditions and many social problems, as well as high population growth and rapid urbanization [22,51,52]. In addition, lack of environmental legislation, lack of economic incentives and fiscal benefits, lack of financial resources and infrastructure are some of the barriers that point to the development of circular practices and IS in this country [53]. Singapore is a city-state that, over the past fifty years, has experienced high economic growth, moving from a third-world country facing economic and social challenges to a major global economic hub with continued growth potential [54]. The government has made significant investments in R&D research, comprising 2.22% of the GDP compared to the World Bank average of 1.18% [55,56]; it is ranked among the top ten most innovative countries by the Global Innovation Index over the past three years [56,57]. However, Singapore can build a world-class industry in a short time if it strategically embraces its comparative advantages and continues with continuous improvement processes in its programs and policies, to foster IS and improve its endowment structure [54].



Taiwan ranks fourth among emerging and frontier market countries, with the most studies conducted on IS. The country has implemented a series of policies and regulatory adaptations throughout its industrialization process, which have enabled it to close the loop between its production and consumption activities, making it a global leader among recycling industries and in green supply chains for textiles, information technology, and electrical and electronic components [58]. As a result, Taiwan, once nicknamed “Trash Island,” now boasts the second-highest effective recycling rate in the world after Germany [58,59] and is highly successful in developing circular materials and new products [60].




3.2. Type of Productive Activity Involved in Industrial Symbiosis


This subsection develops the analysis around research question 2 (RQ2). The economic activities presented in the analyzed cases of IS in emerging market countries and frontier market countries were grouped according to the international standard industrial classification of all economic activities (ISIC, Revision 4), which is a system developed by the United Nations for the classification of economic data and consists of a coherent and consistent international classification structure for productive activities [61]. Of the 21 activities defined in ISIC, the IS cases studied in this document can be classified into nine distinct sections:




	A:

	
Agriculture, forestry, and fishing.




	B:

	
Mining and quarrying.




	C:

	
Manufacturing.




	D:

	
Electricity, gas, steam, and air conditioning supply.




	E:

	
Water supply: sewerage, waste management, and remediation activities.




	F:

	
Construction.




	G:

	
Wholesale and retail trade: repair of motor vehicles and motorcycles.




	H:

	
Transportation and storage.




	I:

	
Professional, scientific, and technical activities.









According to the fields of study addressed by the authors in the IS cases analyzed, a classification was made according to the productive activity and country in which the activity was developed. The works analyzed were classified according to the area of study and field of action that reported the most data: manufacturing; agriculture; forestry and fishing; mining and quarrying; electricity, gas, steam, and air conditioning supply; water supply: sewerage, waste management, and remediation activities; professional; scientific and technical activities; construction; transportation and storage; and wholesale and retail trade: repair of motor vehicles and motorcycles. Figure 3 shows the percentage distribution of the papers reviewed concerning the activities addressed in the study.



China is a country that possesses a great industrial capacity. It was the nation demonstrating the largest scale of manufacturing industry in 2020 according to statistics issued by the International Monetary Fund (IMF); the country’s GDP ranked second in the world, while the country ranked 120th among 180 countries and regions, according to the Environmental Performance Index (EPI) of Yale University. It is, therefore, important to resolve the contradiction between economic growth and environmental protection [62]. In terms of IS activities in China, studies in the mining and quarrying sector stand out, being related to metallurgical, steel, iron, and other mineral industries, with 56.6% of the total number of identified cases, followed by water supply, where sewerage, waste management, and remediation activities represent 23.3%, while manufacturing represents 13.3%.



Of note are several studies on the evaluation of symbiotic networks in various scenarios via topological models of carbon and iron metabolism [63], the modeling of an original independent supply chain network as an integrated IS network, via recycling and the exchange of waste materials [64], an evaluation of environmental benefits (raw material savings and waste reuse), CO2 emission reduction and ecological benefits [65], an IS evaluation via life cycle assessment [66], the chromium and carbon metabolic behavior of an IS network [67], and how to achieve collaborative effects that influence emission reduction for multi-company networks [68].



In Brazil, studies that address its manufacturing activities stand out, with 31.57% of the cases, followed by agriculture, forestry, and fishing with 26.31%, and electricity, gas, steam, and air conditioning supply with 21.05% of the total number of cases in this country. This configuration may be because Brazilian participation in global value chains has increased since 2000 [69]. Although South America has only a small share in value-added trade, Brazil operates as a regional hub since it is a reference in this region and conducts international trade with several countries, regions, and trade blocs. In addition, Brazil is a supplier of intermediate inputs [69,70]. Manufacturing activities highlight those cases that seek to investigate how IS can be incorporated in the context of product development [71], to identify strategies related to the circular economy that could be stimulated in the upgrading process in industrial cluster companies [72], and the transition to new circular business strategies [73].



Brazil has favorable conditions for the development of agriculture, including abundant land, good rainfall distribution throughout the year, adequate air temperature, and the abundance of cheap labor, making it a major player in international agribusiness [74,75]. Within the IS cases concerning agriculture, forestry, and fishing activities, those that propose to quantify the level of IS in the system [76], the potential implementation of rooftop greenhouses in business parks from a theoretical perspective [77], and the creation of models that could accurately identify gaps or levels of enterprise development stand out [78]. The IS cases in Brazil that are related to electricity, gas, steam, and air conditioning are focused on validating environmental impact indicators and IS indicators [79], identifying the dynamic behavior of eco-industrial parks [80], and determining the social barriers to overcome in promoting opportunities for waste exchange [81].



In Singapore, agriculture, forestry, and fishing are the economic activities that report the most cases in terms of IS, with 33.33% of the total cases studied in that country, highlighting the evaluation of the economic viability of IS through a system using a collaborative platform [82] and the analysis of the environmental performance of an entire IS network from a life-cycle assessment model based on the multilevel matrices of networks [83].



In India, the cases with the highest share are those addressing agriculture, forestry, and fishing activities, with 33.33% of the cases, while manufacturing, mining, and quarrying occupy 22.22% of the total cases in this country. This is because India experienced significant unilateral trade liberalization in the early 1990s [84], followed by favorable conditions such as low labor costs and the supply of raw materials with huge employment potential [85]. In terms of manufacturing activities, cases seeking to propose mathematical models for designing circular production systems [86] and the thermochemical conversion of sugarcane bagasse to produce cleaner energy [87] stand out. Referring to agriculture, forestry, and fishing will highlight works that aim to identify and understand existing and potential IS connections [88] and reuse and recycling through complex networks of distributors and reprocessors [89]. IS cases in India that are related to mining and quarrying focused on examining the social interactions among personnel in eco-industrial networks [90] and on quantifying material flows, to identify symbiotic connections [91].



In Taiwan, mining and quarrying activities are of great importance, with 50% of the total number of cases in this field being studied in that country, highlighting the analysis of the economic and environmental benefits of green supply chains [92]. The above is mainly due to the development of industrial parks that are fully government-led, using public land, publicly funded infrastructure facilities, a comprehensive service with efficient back-up, automated customs services, on-the-job training, a national and international network, incentives, and investment benefits [93].



In South Korea, 80% of the related economic activities in IS studies refer to manufacturing activities, highlighting the practical approach of quantifying total and allocated greenhouse gas emissions from IS exchanges by integrating a greenhouse gas protocol and life-cycle assessment [94], with an economic and environmental performance assessment of IS networks [95]. In addition, research to demonstrate the feasibility of symbiosis networks, designed using policy instruments and based on research and development processes [96]. Figure 4 shows the cases by country and by productive activity.




3.3. Contribution of Journals in the Evolution of Published Articles


This subsection develops the analysis around research question 3 (RQ3). The selected articles were collected from different journals and conference articles. Therefore, the distribution by journals is not uniform, as shown in Figure 5, which identifies the distribution of articles by journals, with the highest number of publications in the IS area and the continent in which the study was carried out. The journals with the most publications in IS regarding emerging and frontier market countries are the Journal of Cleaner Production with 43 cases and a presence in the four continents with studies on IS.



The second journal with the second-highest number of cases is Sustainability, with 11, Resources, Conservation and Recycling with 10, the Journal of Environmental Management with 6, Procedia CIRP with 5 cases, and Sustainable Production and Consumption with 4 cases. In the universe of the 117 sources, these six journals contribute 68.37% of all publications. The studies carried out in Asia have a large distribution in the leading journals that publish research on IS, with a high share of the total number of articles published.




3.4. Evolution of the Number of Published Articles


This subsection develops the analysis around research question 4 (RQ4). The main data from the 117 selected studies were extracted to conclude the trend of IS research in countries with emerging economies. The temporal distribution of IS articles is shown in Figure 6, which presents the evolution of the number of articles published since 2008. It is clear from the figure analysis that the number of articles has grown, reflecting the increasing interest of the scientific community in these countries regarding this topic. From 2014 onwards, a prolonged growth is identified, referring to previous years, reaching the highest number of publications in 2018 with 18 cases.



Please note that the number of publications in 2021 represents the articles from the first six months of the year. This amount will likely exceed the value of 2018 due to the publications already verified and included in this analysis. This increase in the number of studies conducted in emerging and frontier market countries may be related to the development of programs and policies that have encouraged the practice of IS [97]. The international interest in this topic of study may also be an important factor in the growth of the number of publications.



According to the previous section, we can categorize the IS cases by year and economic activity. The predominance of the manufacturing category can be justified because, within economic activities, a significant volume of waste is generated; the capacity to absorb this waste and incorporate it as a raw material in their production processes is important. Waste recycling and water resource management also feature prominently in the IS cases to establish the link between industries and how they play an active part in the chain of waste transformation into new products [25]. Within this category, the activities most frequently presented in IS are biorefinery companies, waste utilization in industrial parks, forestry industries, and furniture manufacturing.



The second sector is agriculture, forestry, and fishing, the activities of which are directly related to the primary sector, mainly agricultural and livestock activities, which are also identified in these cases—not only those directly related to crops but also those related to the use of animal waste. Figure 7 shows the cases by productive activity and year. Regarding this analysis, in 2021, the publications in the category of water supply, comprising sewerage, waste management, and remediation activities, and agriculture, forestry, and fishing stand out with a varied distribution from year to year, which does not allow identifying a clear pattern regarding the annual distribution of productive activities.



In order to identify the industrial activities used in the studies carried out in emerging and frontier market countries, Table 1 summarizes the IS cases existing in these countries. First, an updated analysis of the published studies is carried out, highlighting the location, industry type, and the number of companies involved. Next, the cases are arranged alphabetically, according to the continent in which the research was carried out. Then, they are organized by year of publication, sorted in order from the most recent to the oldest. Finally, the regions were also arranged in descending order, according to the year of publication of the articles.



From an analysis of Table 1, it is possible to conclude that the economic activities present in IS are very diverse, illustrating the importance and applicability of this type of practice in business environments. However, it is important to note that not all the studies analyzed reflect the total number of companies involved in symbiosis. Therefore, this analysis aims to illustrate the types of productive activity and the frequency with which they appear in the different IS cases, without delving into the number of companies that make up the network of companies.




3.5. Resource Integration


This subsection develops the analysis around research question 5 (RQ5). One of the main aspects to be taken into account in IS is the management and utilization of the residual resources of the companies; therefore, it is necessary to plan the exchange of “unused” residual resources to benefit the participating companies and ensure the exploitation of IS opportunities [25,176]. The restructuring of consumption and production patterns using innovative designs and business models that allow the integral use of resources is fundamental to the success of IS and is related to the 4R (reduce, reuse, recycle and recover) principles of the circular economy [177]. Integrating resources into business activities enables sustainable and cleaner production in an environmentally friendly way by minimizing greenhouse gas emissions, waste generation, and material waste [25]. The growing need to conserve resources has led to the development of various concepts, tools, and frameworks to support optimal resource management [178]. IS considers the efficient use of energy, materials, water, assets, logistics, and expertise and the reuse of unused or residual resources from another company for other activities. When analyzing the cases studied in this research from the perspective of resource integration, there is a lack of studies involving the integration of multiple resources, and most of them are theoretical or potential applications, evidencing the need to deepen studies that cover real cases. In the emerging countries of Africa, Europe America, research is at an early stage of development concerning projects conducted. In Asian countries, the research carried out in industrial parks, in which different companies, economic activities and resources are integrated, stands out. To design a successful IS, identifying the resources that can be exploited is essential to define and develop a complete description allowing integrated optimization processes. Therefore, the classification used by Lawal et al. [25] is used to present an analysis of the optimized resources in the cases studied, which identifies the integration of resources in waste, water, energy, and carbon.



3.5.1. Waste Integration


An essential aspect of IS is companies’ involvement in the collection, management, utilization, and exchange of waste and the maximization of its advantages, allowing related industries to benefit [25,179]. Waste, mainly biomass, can be used and integrated into power networks to produce energy. A study conducted in Brazil by Oliveira Pavan et al. [105] converted biomass residues into bioelectricity, based on the anchoring dynamics between sugar and alcohol plants. The research was conducted in the state of São Paulo and explored the use of different urban solid-waste feedstocks, such as vinasse, animal waste, and sludge through circular business models. Chen and Liu [137] developed an interactive IS query information system, which explores by-product synergies from industrial waste data in Taiwan and offers users three types of interactive data visualizations. In China, a waste material recycling and exchange decision model was developed using a constraint approach to solve a multi-objective model, identifying that material price is the most important factor affecting decision-making through parameter robustness analysis [64]. In Singapore, Kerdlap et al. [83], in a food waste valorization network, assessed the life-cycle environmental impacts of seeking to convert food waste into valuable resources through the M3-IS-LCA methodology, which was designed to perform a process-based life-cycle assessment of any IS scenario. Momirski et al. [169] conducted research with the objective of finding out if there are strategies in the selected companies for waste exchange that support the emergence, existence, and development of IS in Slovenia, identifying the fact that in this country, IS processes are in the early stages, with a slower development than expected.




3.5.2. Water Integration


To ensure sustainability, market competitiveness, and the reduction of impacts generated by industrial activities on climate change, water consumption in all processes must be reduced [180]. Misrol et al. [144] developed an optimal water reclamation recovery and reuse network that integrates domestic and industrial sources. Such a model considered techno-economic elements, including water quality freshwater reduction and revenue generation from reclaimed resources as an IS strategy. Chertow et al. [142] developed an algorithm based on life-cycle assessment. This sought to identify the public benefits to cities by converting the maximum quantity of resources recoverable by local businesses into an estimate of the capacity of the retained municipal infrastructure, in terms of landfill space and water demand. Vimal et al. [86] modeled a network and quantified the economic benefits using multi-objective mixed-integer linear programming. Data were obtained from the organization and simulated using the optimization package, GAMS. The model was able to calculate the economic benefit achieved through circular operations in the case study’s organization. The water flow of elements through the network was also obtained, and the flow of different elements. Therefore, studies were developed that sought the integration of water in industrial processes, including implementing a circular business model to provide safe drinking water in Brazil. The water filtration business model was structured to maximize the use of the product. Consequently, the resulting product satisfies a social need while generating fewer adverse environmental effects than water in plastic bottles [73].




3.5.3. Energy Integration


In the industrial sector, energy is vital for developing business activities. A gradual increase in energy demand was identified due to electrical advances in increasing comfort, industrial demands, access to technology, and the population increase [181]. Yong et al. [143] analyzed an urban–industrial symbiosis system through an energy-targeting framework. The proposed system incorporates energy integration and storage, heat integration and storage, renewable energy sources, and waste heat cogeneration. Sun et al. [117] evaluated and quantified the energy-saving and CO2 emission reduction effects of different municipal solid-waste treatment options to promote sustainable development in the Chinese city of Shenyang. They identified the fact that with an urban–industrial symbiosis strategy, 8.05 × 106 GJ of energy could be recovered from the system, and carbon emission could be reduced by 1.3%. S. Wang et al. [66] evaluated, through life-cycle assessment in an energy-intensive industrial park, a way to reduce environmental impacts and obtain economic benefits by identifying effective impact reductions; this can be achieved through symbiosis linkages, including 9456 TJ of primary energy, in which the greatest contribution is from steam exchange between the power plants, methanol/ethylene glycol chemical plant, and other enterprises. Ng, Hassim, et al. [147] introduced a bioenergy-based disjunctive fuzzy optimization approach to determine the optimal pathways, based on the stated interests of the processing plants. Mantese and Amaral [110] simulated IS indicators through extreme-condition scenarios. The indicators were simulated through an agent-based model in two different scenarios, one in a stable environment and one with significant changes.




3.5.4. Carbon Integration


Global warming generates enormous adverse effects on the environment due to greenhouse gases, especially CO2 or carbon dioxide. Therefore, the manufacturing and industrial sectors are making many efforts to mitigate or eliminate its effects [25]. Air pollution can generate political costs for companies that pollute, resulting in reducing their revenues. These costs can be interpreted in two ways. Firstly, it can result in punishments from the central government, which is detrimental to the firm’s good name. Secondly, public opinion against air pollution can also lead to regulations being imposed on firms [182]. It is essential to consider that well-designed environmental regulation can incentivize firms to enter a virtuous circle of continuous learning and improve their efficiency in production processes [183]. In this context, it is necessary for commitment and effectiveness from business management, in terms of reducing environmental emissions in production and operational processes, to reduce the company’s environmental impact on the community and, thus, reduce operating costs [20].



In China, the implementation of low-carbon IS systems with financial constraints and environmental regulations was conducted using an evolutionary game model; it was identified that external financing, an appropriate financial mix, and environmental regulations promote the low-carbon industrial symbiosis system [114]. Cao et al. [115] evaluated the environmental and economic performance of national IS in China quantitatively for the first time; the technological structure of IS was simulated by bottom-up modeling, identifying that the proposed IS system can save 35.7 million tons of coal equivalent and reduce 189 kt of SO2 emissions, 139 kt of NOx emissions, and 64 kt of PM emissions. Dong et al. [121] analyzed urban IS as an innovation system using a hybrid life-cycle assessment approach; planned symbiosis would enable the reduction of CO2 emissions by 29.66, 557.42, and 520.13 kt-CO2/year in power purchase, material consumption, and waste disposal stage. The results highlight that urban IS can “green” industries and use industry to contribute to urban development. Yeşilkaya et al. [155] analyzed the potential environmental and economic benefits, using a multi-objective multi-period mathematical model for an IS network. The model achieves reduced costs and emissions compared to the scenario where material exchange is not available. Santos and Magrini [109] proposed a bio-succinic acid biorefinery symbiotic network in Brazil. They analyzed the CO2 produced per ethanol produced, considering the main production processes, the current destinations of their waste streams, and the existing waste exchange practices.






4. Discussion


Emerging and frontier market countries face a significant challenge related to the socio-economic improvement of the business sectors and the reduction of waste and emissions of polluting particles, in order to move toward economic reconversion, which will allow the modernization of the productive apparatus, the strengthening of emerging economic sectors and the promotion of business development.



Identifying the barriers and drivers that promote or inhibit companies’ participation in IS is of great importance for the development and feasibility of this approach in emerging and frontier countries. Some IS practices work well, while some IS attempts have problems or fail, even though, at first glance, IS appears to present a mutually beneficial relationship for the parties involved. The answer is closely related to the barriers and drivers that influence the development of such activities [118] and, hence, the importance of identifying those factors that influence the participation of firms from emerging and frontier countries in IS activities.



4.1. Barriers to IS in Emerging and Frontier Countries


4.1.1. Financial Barriers to Promoting IS


Limited access to financial resources is one of the most important barriers to promoting IS [163]. The cost of processing hinders the return on investment and current macroeconomic constraints drive companies to cut costs, so there is a lack of financing to encourage the adoption of new eco-industrial concepts [81]. In addition, the high logistical cost is also a factor that hinders the development of IS activities [104].




4.1.2. Lack of Knowledge of the Concept of Waste Trading


Since landfilling has been the ordinary waste disposal option for decades, many industries in emerging and frontier countries have never opted for recycling opportunities; stakeholders believe that it is cheaper to divert waste materials to landfills than to participate in symbiosis networks. There is a lack of awareness and sensitization regarding the benefits of undertaking IS; some stakeholders are only concerned with making profits from product sales and are unaware of the revenues associated with trading waste materials [100]. Industrial plants should be susceptible to forming synergies and adapt to structural and market changes [163].




4.1.3. Lack of Awareness of IS Projects


Few case studies develop IS in emerging and frontier countries, except in China, Brazil, Singapore, and India. The business sector understands the need to combine recycling options with factors such as technology and the integration of resources focused on the sustainable use of inputs. The lack of knowledge of IS in top-level management is a significant inhibitor to the development of integrated resource-use activities; therefore, the development of IS must be fully integrated into the management and planning system.



While commercial, economic benefits are or can be a major factor to encourage companies to participate in material exchanges, senior management generally does not have the time, commitment, or capabilities to identify and take advantage of these opportunities, or they have insufficient understanding of IS terminologies, due to the lack of mechanisms to educate potential stakeholders [118,163].




4.1.4. Deficiency of Regulatory Frameworks


Regulatory frameworks are critical to fostering IS activities. Government policy should be designed and implemented to play an “enabling role” by providing policy, coordination, and educational and infrastructure support. The lack of favorable policies indicates that IS participants’ economic incentives, especially regarding support for the utilizers of waste or products, are too weak [118]. This barrier is supported by the fact that less stringent environmental legislation or enforcement governing industrial waste results, for example, regarding industrial (often hazardous) waste being mixed with other waste materials before disposal [100]. To be successful, environmental strategies must encompass a combination of innovative policy tools that build on creating a demand for compliance and enforcement [99]. In addition, government policies (e.g., tax relief) should be implemented to stimulate and regulate IS [92,163].




4.1.5. Absence of Landfill Fees


In most emerging and frontier countries, it seems easier to divert waste to a nearby transfer station or landfill than to establish a mechanism for waste exchange at the factory level. The situation is made worse by the absence of a landfill fee for non-hazardous waste. For one industry, in particular, the fact that there are fewer personnel involved in diverting waste to landfills than in conducting waste exchanges makes the practice of IS even more difficult [184]. In addition, current regulations on pollution abatement and resource conservation are generally relaxed, coupled with lax enforcement in some areas, allowing companies to dump waste illegally [118].




4.1.6. Business Confidentiality


Confidentiality issues are one of the main reasons preventing the creation of an industrial network, as the lack of trust and communication between companies prevents the sharing of waste characteristics, which consequently inhibits any possibility of recycling. Trust between collaborating members in an IS network is a prerequisite for collaboration, as most industries have minimal or no prior cooperation mechanism, which can lead to concerns about intellectual property or trade-secret leakage [24,163]. Concerns about intellectual property or trade-secret leakage constitute a significant obstacle for waste and by-product producers, while difficulties in reaching agreements often affect waste and by-product users. These problems indicate that IS development needs much coordination [118].




4.1.7. Lack of Innovation in the Business Sector


The lack of research requires technical actions that foster innovation. The participation of new regional actors, existing SMEs or innovative startups, and local institutions can support these technical actions [113]. It is necessary to identify and integrate the best available technologies for innovation that will strengthen efforts to develop IS activities, i.e., energy conservation technologies, the cleaner production of energy, water, and materials in industrial manufacturing processes, and the adoption of efficient technology [92,96].




4.1.8. Lack of Green Technology


Many local industries and companies lack access to green technology and still rely on conventional technology, especially in emerging and frontier countries. In addition, institutional, regulatory, and financial barriers further exacerbate technology barriers by impeding the creation of new technology. If these barriers are not addressed and green technology is not created, it will be even more challenging to address climate change, biodiversity loss, and other environmental problems in the future [92].




4.1.9. Lack of Infrastructure


Sustainable by-product exchange requires a well-built infrastructure [92,163]. Obsolete infrastructure is widespread in both developed countries and emerging and frontier countries. Without replacing this obsolete infrastructure, it is not easy to take on the necessary tasks to build green supply chains. Without the most basic infrastructure, such as roads and communication networks, emerging and frontier countries cannot transfer and implement successful IS activities [92]. In a specific geographic area, there may be an abundance of primary input with low purchase cost, which could significantly decrease the likelihood of IS implementation. On the other hand, the scarcity of inputs in a given geographic area could reduce barriers against IS implementation in terms of replacing this primary input with waste [185].




4.1.10. Social Barriers


Social barriers are prerequisites for the participation of companies in the establishment of technological and logistic solutions. More socially oriented barriers, including information, cooperation, community, and commitment to sustainable development, are identified as impacting the success of IS applications, which is why it would be necessary to overcome these social barriers for companies to share common strategies on the implementation of waste conversion and utilization that enable a migration toward the circular economy system [81]. The role of Brazilian managers in addressing sustainability issues has been analyzed, establishing that, although they express a commitment to respecting people and protecting the natural environment, there is in fact a cultural barrier that implies a “selfish attitude” [186].




4.1.11. Imbalance between Availability and Demand


The availability of materials and the imbalance generated when the supply of materials is greater than the demand, or when the demand for materials is greater than the supply, also hinder the relationships between IS companies. The continuity of material exchange relationships depends on additional research in each particular case, to find new applications for the materials and wastes generated that need to be used in an integrated manner [104]. The imbalance between availability and demand is an asymmetry, a constraint that requires technical actions, such as developing tools to share information and optimize material exchange networks [187].





4.2. Drivers of IS in Emerging and Frontier Countries


It should be noted that the use of residues, by-products, and waste from industrial activities is well below their potential in these countries and that fossil energy sources, such as coal and gas, are in the process of depletion due to years of exploitation of these resources, along with the environmental problems generated. From an analysis of the IS cases reported in the literature in emerging and frontier countries, it has been identified that the factors that promote the creation of IS relationships can be classified as follows:



4.2.1. Finance—Controlling Costs and Reinforcing Efficiency


The most cited driver is cost reduction [64], mainly related to market changes that sharpen competition, such as raw material replacement, virgin material, by-products, payment for the reduction of new material purchases, and energy recovery [104]. Companies achieve competitive advantage through cost reduction due to reuse; from an operational perspective, for the development of strategies in IS relationships using business dynamics. The literature widely recognizes that companies are driven to explore IS opportunities via the potential economic benefit of avoiding waste discharge, to reduce direct input purchase costs and additional cooperative costs [185]. For industrial purposes, many imported raw materials can be substituted by locally available industrial wastes or by-products, which can generate economic benefits for participating companies [100].




4.2.2. Governance—Creating Trust and Promoting Positive Financial Outcomes


The government and different sectors of the economy play an important role in driving companies to transform their operations toward sustainable development [188]. Therefore, governments should maintain good relations with local enterprises and create a more flexible and favorable business environment that motivates enterprises to participate actively and to develop IS activities. Environmental and social reasons are most frequently the drivers of government action to promote IS [22].



A great institutional effort and national policies are required to transform the opportunities from applying IS into tangible benefits that promote a reduction in the consumption of natural resources, energy, and raw materials that directly negatively impact environmental sustainability. For example, banks could cooperate with other financial institutions to build an information-sharing platform for industrial systems, which will improve the efficiency of loan regulation and reduce costs; meanwhile, manufacturers could allocate commercial loans and credits appropriately, to make full use of financial sources [114].




4.2.3. Legislation—Compliance with Environmental Protection Requirements


Compliance with regulations aimed at environmental protection is also mentioned as a stimulating factor for the take-up of IS. The practice of IS helps in correctly managing solid waste, preserving the environment, and eliminating pollution derived from the processing of raw materials from natural resources. One way to achieve this synergy is via promoting compliance with environmental regulations [189]. Therefore, environmental regulations foster the IS system. Furthermore, as an environmental regulator, the government should set reasonable carbon taxes and emission limits for manufacturers to improve their enthusiasm for realizing emission reduction and waste generation [114]. Mandatory provisions effectively promote IS implementation among enterprises [105]. For example, China declared eco-industrial parks to be one of the main components of its circular economy strategy. Similarly, Thailand, South Korea, and the Philippines are developing national strategies for eco-industrial parks, to help alleviate the widespread environmental degradation caused by failures in end-of-pipe pollution control approaches. It should be noted that strict environmental laws and standards are important driving forces for companies to adopt pollution prevention approaches, especially those projects that can provide economic gains and improved environmental performance, such as IS—provided that they are effectively monitored by the relevant government agencies [99].




4.2.4. Understanding the Broader Market and Recognizing Megatrends


It is necessary for emerging and frontier countries to reduce greenhouse gas emissions, the burning of waste, and the use of agro-industrial, forestry, and agricultural residues and energy crops to produce electricity and/or heat. These issues have gradually become increasingly important in the business environments of these nations, due to the successful cases reported in the literature around the world, mainly in developed countries such as the United States, Switzerland, the United Kingdom, Australia, and Japan, among others.



On the one hand, by considering IS and the circular economy, it is possible to propose, create and deliver value through new opportunities for innovative business models that are fundamental to maintaining a competitive advantage regarding sustainability by providing opportunities to propose, create and deliver value through cost efficiency and strategic management [107]. On the other hand, these situations become opportunities for government and business managers to continue their efforts to develop and create IS; this collaboration between different actors in society, such as private institutions, public agencies, governments, academia, and communities is essential if environmental sustainability, the adoption of innovative practices and the promotion of local economic development are to be achieved.




4.2.5. Digital—Embracing Technology and Improving Productivity


The modeling, optimization, and simulation of IS activities can be helpful for future development and potential applications in emerging and frontier countries, from which industries can implement cooperation resource-sharing and analyze the flows between enterprises in a symbiotic network [118]. The application of technological topics can generate optimal strategies for IS system participants under different conditions and constraints [114]. The simulation of IS processes should contain the technological structure of the symbiosis system, define the system boundaries, and achieve a performance evaluation of the IS system [115].




4.2.6. Innovations—Circular Business Models as a Competitive Advantage


Operations based on ecosystem thinking will pose new challenges and require more technical and business adaptations than the centralized and linear production methods traditionally followed by industries [105]. An innovative and hybrid industrial–urban symbiosis that considered process synergy, municipal waste recycling, and waste energy utilization in a particular Chinese city is highlighted as a successful case. The results highlight the fact that industrial–urban symbiosis “greens” industries and uses industry to contribute to urban development, formulate next-generation urban planning policies, and shed light on sustainable urban development [121].




4.2.7. People—Retaining Employees and Developing High-Quality Teams


People, especially decision-makers in enterprises, play a crucial role in developing IS activities. From the standpoint of high environmental awareness of the company and the employees, it is possible to meet the requirements of an environmental management system, the environmental requirements, social responsibility, and the morale of the company [118].






5. Conclusions


An analysis of the literature review of IS experiences in emerging and frontier countries, such as China, Brazil, Singapore, India, Taiwan, and Malaysia, among others, shows that IS is a possible environmental planning strategy that can promote the circular economy, sustainable development, the improvement of business conditions and the use of waste materials and by-products that were previously considered waste. Furthermore, the literature review identified that using the IS approach can leverage economic dynamism through material synergies with the surrounding productive and research activities.



China, Brazil, Singapore, and India were the countries that reported the most cases in the literature on IS. Although the cases reported in African countries are extremely scarce, it was possible to find cases of symbiosis. The manufacturing sector was the most prevalent in IS relationships, due to the waste generated and the ability to integrate waste and by-products in the production cycle [22]. Within this category, the activities that occur most frequently in IS are biorefinery companies, waste utilization in industrial parks, forestry industries, waste treatment companies, wastewater treatment, and furniture manufacturing.



Emerging and frontier market countries have a long way to go if they wish to implement real, sustainable development actions by reducing the environmental impacts generated by business activity and economic diversification. In these countries, it is necessary to adopt innovative practices regarding sustainability and implement environmentally friendly business activities, with national policies that facilitate IS activities. Furthermore, collaborative behavior among the actors involved is fundamental for the successful development of IS, which is why private institutions, public agencies, governments, academia, and communities need to cooperate in an articulated manner, seeking sustainability through the adoption of innovative practices; these considerations are necessary if we want to advance in the construction of synergies and the promotion of local economic development.



Although the implementation of symbiotic business networks and IS are general and applicable to any country, it is necessary to analyze the particularities of each region in terms of norms, social and cultural considerations, and environmental regulations. Due to the limited number of publications in emerging and frontier market countries, it is recommended to assess the potential for new synergies, i.e., to examine in detail the industrial capacity of these countries at the local level and identify constraints and benefits, as well as to realize potential IS applications that promote the dissemination and positioning of these practices, focused on sustainable resource utilization.



Business models and regulatory frameworks that are tested and practiced in developed countries are not necessarily applicable to emerging market countries or frontier market countries, due to the difference not only in development stages but also in social, political, and cultural frameworks [190,191]. In this context, it is essential to identify differences in the fields of application of IS strategies that are applicable to industries in emerging market countries, the frontier market countries, and to those applicable in developed countries.



As a development opportunity, it is a requirement to stimulate the conservation of resources such as water and energy through numerical optimization and mathematical modeling, which presents little progress. The research conducted in China and Brazil addresses a broader spectrum than the rest of the countries, generating gaps between these nations’ industrial sectors. As a challenge, it is necessary to ensure IS processes that guarantee the integration of resources and that all parties involved will benefit economically. This presents an excellent opportunity to generate green energy harvesting techniques, due to the world’s high dependence on non-renewable energy sources and the waste of renewable resources incorporated into IS processes in these countries.



The proper implementation of IS strategies in emerging market countries requires economic, political, and planning capacity, as well as the development of large-scale physical and technical infrastructure from the national to the local level in these countries, which is not always possible for most developing nations [192,193]. Therefore, it is necessary to carry out more studies in the different business sectors of emerging and frontier countries. These should identify joint practices that can or should be adopted to establish standard agreements for the development of policies and strategies, from the perspective of IS, that generate social, environmental, and economic benefits from physical exchanges of waste, residues, and materials [194].



This study is one of the first attempts to investigate the development of IS in emerging and frontier market countries and, as such, contributes to defining a baseline against which strategies can be designed to move these countries toward the development of cleaner production technologies and environmentally sustainable processes.



The main limitations of this study are due to the methodology implemented in the search for articles. By focusing only on publications written in English, some important documents on this topic were probably omitted. Since only research and conference articles were used, there should be more IS cases describing emerging and frontier countries that are not reported in this way, such as reports, book chapters, or public documents. The identification of barriers and drivers of this study can provide relevant information to the government sector and business decision-makers on the importance of applying IS systems in different business environments worldwide.
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Figure 1. The systematic literature review process. 
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Figure 2. Emerging and frontier countries that have registered cases of IS. 
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Figure 3. Distribution of the number of publications, sorted by activity (2008–2021). 
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Figure 4. Distribution of the number of case study publications, shown by country and by activity. 
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Figure 5. List of journals with the highest number of articles published. 
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Figure 6. Temporal distribution of IS cases in emerging and frontier countries. 
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Figure 7. Distribution of the number of publications by activity and year. 
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Table 1. Industrial symbiosis application, methods used, and economic activity in emerging and frontier countries (emerging = E, frontier = F).
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Country

	
Market

	
Activity

	
No. of Enterprises

	
Method






	
Africa

	

	

	

	




	
Egypt

	
E

	
Manufacturing

	
39

	
Literature review, interviews [98]




	
Electricity, gas, steam, and air conditioning supply

	

	
Statistical data collected from private and public sources, field visits, inspection reports of the factories [99]




	
Mauricio

	
F

	
Agriculture, agroindustry, forestry, plastic

	
3

	
Interviews, industrial waste audit reports, hazardous waste inventory and national issues [100]




	
Morocco

	
F

	
Transportation and storage

	

	
On-site visits, and individual or collective interviews performed on site [101]




	
America

	

	

	

	




	
Argentina

	
E

	
Water supply: sewerage, waste management, and remediation activities

	

	
Environmental impact assessment, conducted according to the surface multifunctionality and eco-efficiency assessment methods [102]




	
Brazil

	
E

	
Mining and quarrying

	
6

	
Literature review, exchange resources analysis [103]




	
Mining and quarrying

	
8

	
Literature review, guided tours by the plants, consultation of internal documents of the companies, open interviews, feedback from the respondents [104]




	
Agriculture, forestry, and fishing

	
172

	
Literature review, archetypal models—recycling, cascading, and repurposing, organic feedstock models [105]




	
Professional, scientific, and technical activities

	

	
Literature review [106]




	
Manufacturing

	
8

	
Quiz format, survey of opportunities [107]




	
Agriculture, forestry, and fishing

	
24

	
Questionnaire, visits to forestry companies [76]




	
Manufacturing

	
1

	
Semi-structured and non-structured interviews, onsite observations, and longitudinal data related to the business model’s implementation [73]




	
Manufacturing

	

	
Chemical synthesis, adsorption and desorption assays, statistical analysis [108]




	
Manufacturing

	
1

	
Survey of the material streams and synergy matrix, environmental impact assessment, inventory of the productive units, interviews with coordinators [109]




	
Manufacturing

	
24

	
Simulation of IS indicators through extreme conditions scenarios [72]




	
Manufacturing

	

	
Simulation of IS indicators through extreme conditions scenarios [71]




	
Agriculture, forestry, and fishing

	

	
Proposal of the design for IS [110]




	
Agriculture, forestry, and fishing

	

	
Literature review, questionnaire [78]




	
Construction

	
2

	
Direct observations; indicators of quantitative data analysis and SWOT analysis [111]




	
Electricity, gas, steam, and air conditioning supply

	

	
Agent-based modeling [79]




	
Electricity, gas, steam, and air conditioning supply

	
13

	
Survey of companies and institutions [81]




	
Agriculture, forestry, and fishing

	
1

	
Short-term potential implementation of rooftop greenhouses in industrial and logistic parks [77]




	
Electricity, gas, steam, and air conditioning supply

	

	
Systematic literature review [80]




	
Electricity, gas, steam, and air conditioning supply

	
2

	
Analysis of case studies [112]




	
Mexico

	
E

	
Manufacturing, textile industry

	
15

	
Open and face-to-face interviews, and on-site visits [113]




	
Colombia

	
E

	
Agriculture, forestry, and fishing

	
36

	
Workshops, surveys, semi-structured interviews [50]




	
Agriculture, forestry, and fishing

	
1

	
Short-term potential implementation of Rooftop Greenhouses in industrial and logistic parks [77]




	
Asia

	

	

	

	




	
China

	
E

	
Mining and quarrying

	
1

	
Material flow analysis, ecological energy analysis [63]




	
Mining and quarrying

	
2

	
Multi-objective model [64]




	
Manufacturing

	

	
Literature review, modeling, simulation [114]




	
Electricity, gas, steam, and air conditioning supply

	

	
Comprehensive bottom-up technology structure simulation and energy conservation and emission reduction effects evaluation system [115]




	
Water supply: sewerage, waste management and remediation activities

	

	
An integrated framework to uncover symbiotic performance quantitatively [65]




	
Manufacturing

	

	
Literature review, modelation [116]




	
Water supply: sewerage, waste management and remediation activities

	

	
Cost-benefit analysis, feasibility analysis [117]




	
Water supply: sewerage, waste management and remediation activities

	

	
Data analysis [118]




	
Mining and quarrying

	
9

	
Life cycle assessment [66]




	
Mining and quarrying

	

	
Analysis of industrial processes [67]




	
Mining and quarrying

	

	
Centrality and centralization measures, average clustering coefficient, average path length, and power law distribution of degree [119]




	
Mining and quarrying

	

	
Input-output matrix, fuzzy goals programming, optimization model, simulation [68]




	
Mining and quarrying

	

	
Mathematical analysis, simulation, and theorem validation [120]




	
Water supply: sewerage, waste management and remediation activities

	

	
A hybrid model with the integration of process-based life cycle assessment (or material flow analysis), and input-output analysis [121]




	
Mining and quarrying

	
14

	
Participant observation, interviews, questionnaire-based survey, and simulation analysis [122]




	
Water supply: sewerage, waste management and remediation activities

	

	
Material flow analysis [123]




	
Professional, scientific, and technical activities

	

	
Analysis of documents, networks, projects, national programs, and national statistical sources [124]




	
Mining and quarrying

	
19

	
Material flow analysis [125]




	
Water supply: sewerage, waste management and remediation activities

	

	
Literature review, evaluation of direct and indirect environmental impacts [126]




	
Water supply: sewerage, waste management and remediation activities

	

	
Material flow analysis [127]




	
Mining and quarrying

	

	
Data analysis, reports of the enterprise, expert interviews, and literature reviews [128]




	
Mining and quarrying

	
13

	
Surveys, material flow analysis [128]




	
Mining and quarrying

	

	
Literature review, analysis of documents, data analysis [129]




	
Mining and quarrying

	
5

	
Questionnaires and field surveys, flow analysis and resource productivity indicator [130]




	
Manufacturing

	
20

	
Literature review, data analysis [131]




	
Manufacturing

	
31

	
Data analysis, literature review, interview, questionary, material flow analysis [132]




	
Mining and quarrying

	

	
Analysis of the IS network [133]




	
Mining and quarrying

	
1

	
Material flow analysis [134]




	
Mining and quarrying

	

	
Carbon flow analysis [135]




	
Mining and quarrying

	
7

	
Material flow analysis, cost analysis [136]




	
Taiwan

	
E

	
Water supply: sewerage, waste management, and remediation activities

	

	
Analysis industrial waste database [137]




	
Mining and quarrying

	

	
Historical background and development analysis [138]




	
Water supply: sewerage, waste management, and remediation activities

	

	
Big data and internet of things [139]




	
Mining and quarrying

	
27

	
Material flow and energy flow analyses [92]




	
Agriculture, forestry, and fishing

	

	
Material flow and energy flow analyses [92]




	
Mining and quarrying thermoelectric

	
482

	
Material flow and energy flow analyses [92]




	
India

	
E

	
Agriculture, forestry, and fishing

	

	
Biochemical analysis, statistical analysis [140]




	
Construction

	
1

	
Analysis material flow, data analysis [141]




	
Manufacturing

	
1

	
Multi-objective mixed-integer linear programming model and sensitivity analysis [86]




	
Water supply: sewerage, waste management, and remediation activities

	
1

	
Public and private data sources, list of industrial and manufacturing establishments [142]




	
Manufacturing

	

	
Literature review [87]




	
Agriculture, forestry, and fishing

	

	
Direct observations, literature review, data analysis [88]




	
Mining and quarrying

	
12

	
Field surveys, structured interviews, material flow analysis, social network analysis, statistical network correlation analyses, and quantitative and qualitative measures [90]




	
Mining and quarrying

	
>14

	
Structured interviews with managers and material flow analysis [91]




	
Agriculture, forestry, and fishing

	
13

	
Field data collection, interviews, material flow analysis, and network analysis [89]




	
Malaysia

	
E

	
Electricity, gas, steam, and air conditioning supply

	

	
Pinch-based targeting methodologies [143]




	
Water supply: sewerage, waste management, and remediation activities

	

	
Mathematical model [144]




	
Agriculture, forestry, and fishing

	
5

	
On-site survey, stakeholder analysis [145]




	
Agriculture, forestry, and fishing

	
4

	
Mathematical model [146]




	
Agriculture, forestry, and fishing

	

	
Multi-objective design [147]




	
Singapore

	
E

	
Agriculture, forestry, and fishing

	

	
Data analysis, literature review [83]




	
Professional, scientific, and technical activities

	

	
Teaching method based on usage of online resources [148]




	
Agriculture, forestry, and fishing

	

	
Matrix-based model [149]




	
Professional, scientific, and technical activities

	

	
Text analytics [150]




	
Manufacturing

	

	
Literature review [151]




	
Water supply: sewerage, waste management, and remediation activities

	

	
Data analysis [152]




	
Agriculture, forestry, and fishing

	

	
Simulation subsystem [82]




	
Manufacturing

	

	
Literature review [153]




	
Water supply: sewerage, waste management, and remediation activities

	

	
Data analysis [154]




	
Turkey

	
E

	
Agriculture, forestry, and fishing

	
10

	
Life cycle assessment method. Multi-objective multi-period mathematical mode [155]




	
Agriculture, forestry, and fishing

	
10

	
Literature review, establishment of a pilot scale network, creation of database, site visits and discussions with local stakeholders [156]




	
Vietnam

	
F

	
Electricity, gas, steam, and air conditioning supply

	
57

	
Survey, company interventions, policy development [97]




	
Electricity, gas, steam, and air conditioning supply

	
58

	
Survey, company interventions, policy development [97]




	
Electricity, gas, steam, and air conditioning supply

	
22

	
Survey, company interventions, policy development [97]




	
Manufacturing

	

	
Fuzzy set theory, fuzzy Delphi method, factor analysis and fuzzy importance-performance analysis [157]




	
Indonesia

	
E

	
Agriculture, forestry, and fishing

	

	
Literature review, data analysis, designing models [158]




	
Wholesale and retail trade: repair of motor vehicles and motorcycles

	

	
Theoretical analysis [159]




	
Mining and quarrying

	
1

	
Data analysis [160]




	
South Korea

	
E

	
Manufacturing

	
11

	
Theoretical analysis. Three by-product impact allocation methods [161]




	
Manufacturing

	
2

	
Cost-benefit analysis [94]




	
Mining and quarrying

	
21

	
Theoretical analysis [95]




	
Manufacturing

	
41

	
Theoretical analysis [96]




	
Manufacturing

	
7

	
Describe national policies and the developmental activities [162]




	
Philippines

	
E

	
Electricity, gas, steam, and air conditioning supply

	
1

	
On-site survey and questionnaires [163]




	
Electricity, gas, steam, and air conditioning supply

	

	
Mathematical model [164]




	
Thailand

	
E

	
Transportation and storage

	

	
On-site visits, and individual or collective interviews performed on site [101]




	
Manufacturing

	
61

	
Surveys of the surrounding communities, participative observations [165]




	
Bangladesh

	
F

	
Wholesale and retail trade: repair of motor vehicles and motorcycles

	

	
Interviews [166]




	
Europe

	

	

	

	




	
Czech Republic

	
E

	
Water supply: sewerage, waste management and remediation activities

	

	
A pinch analysis-based method for solid waste integration [167]




	
Water supply: sewerage, waste management and remediation activities

	

	
IS model considering the cost and environmental objectives [168]




	
Slovenia

	
F

	
Water supply: sewerage, waste management and remediation activities

	

	
Analysis of documents, networks, projects, national programs and national statistical sources [169]




	
Professional, scientific, and technical activities

	
7

	
Literature review [47]




	
Greece

	
E

	
Water supply: sewerage, waste management and remediation activities

	

	
Knowledge graphs, data analysis [170]




	
Mining and quarrying

	
1

	
Ontology engineering, tacit knowledge from experts with explicit knowledge from participants [171]




	
Mining and quarrying

	
15

	
A new ontological framework that supports processing technologies participation in IS [172]




	
Croatia

	
F

	
Mining and quarrying

	
19

	
Characterization of raw materials, evaluation of the potential of waste materials [173]




	
Russia

	
E

	
Professional, scientific, and technical activities

	

	
Literature review, semi-structured interviews [174]




	
Professional, scientific, and technical activities

	

	
Literature review [174]




	
Poland

	
E

	
Water supply: sewerage, waste management, and remediation activities

	

	
Data analysis [175]
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