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Abstract

:

Various studies have been conducted in the fields of sustainable operations management (SOM), optimization, and wastewater treatment, yielding unsubstantiated recovery. In the context of Europe’s climate neutrality vision, this paper reviews effective decarbonization strategies and proposes sustainable approaches to mitigate carbonization in various sectors such as buildings, energy, industry, and transportation and how these interlink with wastewater management. The study also explores the role of digitalization in decarbonization and reviews policies that can direct governments’ actions towards a climate-neutral society. This paper presents a review of optimization approaches applied in the fields of science and technology, incorporating modern optimization techniques based on various peer-reviewed published research papers. It emphasizes non-conventional energy and distributed power-generating systems along with the deregulated and regulated environment. Additionally, this paper critically reviews the performance and capability of the micellar-enhanced ultrafiltration (MEUF) process in the treatment of dye wastewater. The review presents evidence of the simultaneous removal of co-existing pollutants and explores the feasibility and efficiency of biosurfactants instead of chemical surfactants. Lastly, the paper proposes a novel Firm–Regulator–Consumer-Technology Enablers/Facilitators interaction framework to study operations, decisions and interactive cooperation considering the relationships between the four agents through a comprehensive literature review of SOM. The proposed framework provides support for exploring future research opportunities and holistic sustainability initiatives.
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1. Introduction


The topic of study, known as sustainable operations management (SOM), centres around the incorporation of sustainability principles into the management of operations inside organizations. The primary objective of the SOM approach is to mitigate adverse environmental and social consequences associated with operational activities, while concurrently maximising economic advantages. In recent years, there has been a notable increase in interest towards this topic, mostly driven by the heightened recognition of the influence that corporate activities exert on both the environment and society. The concept of SOM encompasses the integration of sustainable practices across various domains, including supply chain management, product design, energy management, waste management, and transportation. The use of SOM practices has the potential to yield financial benefits through cost reduction, enhance the reputation of a business, and enhance its competitive advantage [1,2]. An integral part of SOM is waste management, which sets the foundation of a sustainable circular economy. The environmental impact of waste products, such as industrial and municipal garbage, is substantial because of their capacity to cause contamination and the inefficient use of resources. The scope of SOM should include the implementation of methods aimed at effectively managing and repurposing waste products to mitigate their impact on the environment. The recent literature on waste management includes the application of innovation technology. The authors of [3] explore a plethora of various applications of waste materials, such as their use in energy production, H2 storage, catalysis, adsorption, and CO2 capture. Integrating findings from this paper into the proposed SOM framework can help organizations identify sustainable ways to repurpose waste materials for energy generation, carbon capture, and more. Moreover, paper [4] examines how waste materials can also find applications in the pharmaceutical industry, such as drug delivery and detection. Incorporating insights from this paper allows firms to explore sustainable alternatives in drug manufacturing and delivery, potentially reducing the environmental impact of pharmaceutical operations, and finally, ref. [5] discusses the potential of waste material (orange peels) in cancer therapy. By leveraging waste materials for solar cell production, firms can contribute to renewable energy generation while reducing waste disposal burdens.



In the following paragraphs, emphasis is placed on innovative technologies, non-conventional energy, distributed power-generating systems, as well as deregulated and regulated environments. These systems and environments are pivotal in the transition towards more sustainable and resilient energy landscapes. The integration of renewable energy sources, such as solar, wind, and hydro, is emphasized, reducing the reliance on fossil fuels and mitigating the impacts of greenhouse gas emissions [6]. Furthermore, a critical appraisal of the MEUF process performance and capability in dye wastewater treatment is conducted. Evidence of the simultaneous removal of co-existing pollutants is presented, affirming the process’s effectiveness. An investigation into the feasibility and efficiency of biosurfactants in lieu of chemical surfactants is explored. Furthermore, the use of biosurfactants not only enhances the MEUF process but also offers an eco-friendly alternative, reducing the chemical footprint and contributing to environmental preservation. The adaptability and efficiency of the MEUF process have instigated a broader application scope, addressing complex wastewater treatment challenges. Innovative modifications and optimizations are continually being researched to enhance its performance, reduce operational costs, and ensure compliance with environmental regulations. Finally, a novel firm–regulator–consumer interaction framework is proposed for studying operations decisions and interactive cooperation, considering interactions among four agents through an exhaustive literature review on SOM. This framework offers a foundation for delving into future research opportunities. It underscores the necessity for collaborative efforts, synergizing the capabilities and resources of firms, regulators, and consumers to achieve sustainability objectives. The inclusion of stakeholders’ perspectives ensures comprehensive solutions, balancing economic viability, environmental preservation, and social responsibility. Future research, as guided by this framework, will likely focus on the development of integrated models and tools for decision making, enhancing the synergy between technological innovations, policy regulations, and consumer behaviours. The alignment of these elements is instrumental in fostering a sustainable transition, characterized by reduced emissions, resource optimization, and enhanced societal well-being. The evolution of SOM is predicated on continuous improvement, innovation, and adaptability (see Figure 1). The diagram provides an overall view of how SOM is linked to waste management. Decarbonization strategies vary from region to region and sector to sector based on local conditions, available resources, and policy priorities. They are a critical component of global efforts to limit global warming to well below 2 degrees Celsius above pre-industrial levels, as outlined in international agreements like the Paris Agreement. Achieving decarbonization goals requires a combination of government policies, private sector initiatives, technological advancements, and changes in individual behaviour to reduce emissions and transition to a low-carbon economy. This paper focuses on wastewater treatment strategies). As new challenges emerge, the integration of cutting-edge technologies, advanced methodologies, and collaborative strategies will be imperative, and the firm–regulator–consumer interaction framework serves as a catalyst, fostering multi-dimensional approaches to addressing the complexities of sustainability in a rapidly evolving global landscape.



1.1. Background and Motivation


Spanning back to the Minoan civilization around 3200 BC, Greece’s wastewater management history is enriched with the initial development of drainage and sewerage systems, along with other sanitary infrastructures. Progressively, these technological advancements were adopted on the Greek mainland during subsequent eras of Greek civilization, encapsulating the Mycenaean, Classical, Hellenistic, and Roman periods [7]. During these periods, the ingenuity of engineering and architectural designs marked significant milestones in public health and sanitation. Aqueducts, for instance, became prominent, channelling clean water into urban centres, while intricate sewerage systems facilitated the efficient disposal of waste. These innovations were not only functional but also artistic, mirroring the aesthetic values intertwined with utility in ancient Greek culture. As civilization advanced, there was a noticeable enhancement in the complexity and efficiency of these systems. Urban planning incorporated sophisticated designs of wastewater management, reflecting an intricate understanding of hydraulics and environmental science. Fast forwarding to the contemporary era, the legacies of these ancient innovations continue to influence modern wastewater management and sanitation practices in Greece and beyond. The integration of technology and innovation, rooted in the foundational principles established thousands of years ago, underscores the enduring significance of ancient Greek contributions to this field. In the modern context, challenges such as population growth, urbanization, and industrialization have necessitated the evolution of wastewater management practices and SOM under the prism of sustainable development [8]. The principles and innovations instituted by ancient Greek civilizations provide foundational knowledge, offering insights for developing sustainable, efficient, and adaptable solutions to contemporary challenges. Nowadays, research in Greece has advanced and recommends the use of modern techniques focusing on coastal zones [9] aiming to develop an integrated approach for a sustainable blue economy in a coastal ecosystem using Sustainable Development Goals (SDGs) and ecosystem services frameworks. The study created a decision-making tool for this, classifying SDGs based on importance and helping stakeholders prioritize actions, taking the Elefsis Gulf as a case study, a coastal ecosystem near Athens, Greece. As humanity is mobilizing to preserve biodiversity and protect natural ecosystems through Protected Areas, the European Union directive requires national and local authorities and coastal communities to be involved in designing and managing Marine Protected Areas. A face-to-face questionnaire was conducted to improve the governance of the National Marine Park of Alonissos Northern Sporades, involving residents, hunters, and fishermen. Stakeholders have good knowledge of park issues and have neutral-to-negative opinions about the park’s management [10]. Moreover, concerning reservoirs in mainland Greece like Lake Karla [11], which was recently affected by two major storms, aftermaths of the climate crisis, a study explored the provisional, regulating, and cultural ecosystem services, utilizing literature data and a dynamic GIS hydrologic and management model. Additional benefits included flood control, biodiversity maintenance, aesthetic improvement, and touristic opportunities. Finally, educating younger generations through small-scale initiatives like the Summer Academy for Environmental Educators in Greece, established by the Skyros Project in 2016, is an environmental communication service aimed at raising environmental awareness and transforming future generations into environmental stewards. The academy provides trainees with the necessary skills to effectively communicate environmental and public health concerns, aiming to enrich society with committed environmental stewards capable of championing sustainability issues. The academy’s distinctive approach stems from its didactic approach and effective environmental communication [12].




1.2. Objectives and Scope of the Study


Research on achieving climate neutrality and greenhouse gas emission reduction incorporates investigation into governance, economic tools, technology, and dialogue to promote sustainable development and mitigate climate change. The potential of non-conventional vehicles like battery, compressed natural gas, and hydrogen fuel cell electric vehicles for greenhouse gas emissions reduction from land transportation are analysed [13,14]. The control of greenhouse gas emissions might be significantly influenced by economic instruments such as carbon pricing and carbon tax [15], with green finance and the circular economy providing support for the transition towards carbon neutrality. Gaining an understanding of climate change economics’ principles and methodologies provide crucial insights. Lastly, advancements in wastewater infrastructure construction in Greece have been witnessed, yet challenges persist [16,17]. In this discourse, the role of interdisciplinary approaches is underscored [18], highlighting the integration of science, policy, and practice in addressing the multifaceted challenges of climate change and sustainability. The synergistic application of technological innovations and economic mechanisms is pivotal in driving transformative actions at both micro and macro levels. Public–private partnerships emerge as instrumental conduits, fostering collaborations that enhance resource mobilization, innovation, and the implementation of climate-resilient initiatives [19]. Adaptation and mitigation strategies are being refined to align with the dynamic landscape of climate change impacts. Emerging trends in research focus on the customization of solutions, tailoring interventions to the unique socio-economic and environmental contexts of different regions and communities. This nuanced approach facilitates the development of targeted strategies, optimizing the efficacy and impact of climate actions. Furthermore, the international community’s concerted efforts are encapsulated in global frameworks and agreements aimed at galvanizing collective actions to combat climate change [20,21,22]. These include commitments to reduce greenhouse gas emissions, enhance adaptive capacities, foster resilience, and lower greenhouse gas emissions development in a manner that does not threaten food production. The integration of intelligent transportation systems, smart infrastructure, and policies promoting the use of clean and renewable energy sources is central to this transformation. Concerted efforts are aimed at not only reducing greenhouse gas emissions but also enhancing the efficiency, safety, and accessibility of transportation systems. In the context of Greece, investments in modernizing and expanding wastewater infrastructure are informed by the dual objectives of enhancing service delivery and environmental conservation [23]. The incorporation of innovative technologies and best practices is aimed at optimizing the treatment processes, resource recovery, and reuse, minimizing the environmental footprint and ensuring compliance with regulatory standards. The convergence of technological, economic, and policy interventions underscores the complexity of the climate change conundrum. It accentuates the need for a holistic and integrative approach, where diverse yet complementary strategies are mobilized to address the interconnected challenges of climate change, environmental degradation, and sustainable development.




1.3. Structure of the Paper


Initially, an introduction on SOM was provided, whereby context and background information were elucidated, and the objectives and scope of the study were outlined. Following this, the current regulatory framework in EU is briefly outlined. Subsequently, a chapter on achieving climate neutrality in Europe through decarbonization strategies is presented, wherein various approaches and technologies are thoroughly examined, and their effectiveness in reducing greenhouse gas emissions is assessed. A discussion follows, wherein findings are critically analysed, and potential limitations, implications, and areas for further research are identified [6] through the use case on a university campus and two use cases on wastewater management (Greece and Sweden) are elaborated. Lastly, a conclusion is drawn, synthesizing key insights gleaned from chapters and highlighting contributions made to the field of climate change mitigation.





2. Regulatory Framework


2.1. Council Directive 91/271/EEC of 21 May 1991 concerning Urban Wastewater Treatment Directive 91/271/EEC


The Urban Waste Water Treatment Directive (UWWTD), officially known as Council Directive 91/271/EEC [24], is a European Union legislation designed to safeguard the environment from the detrimental impacts of urban wastewater discharge. The directive especially pertains to the gathering, processing, and release of urban wastewater, as well as the processing and release of wastewater from designated industrial sectors. The UWWTD mandates that EU member states guarantee the following:




	
The gathering and processing of sewage in all urban regions with a population exceeding 2000 individuals.



	
The application of secondary treatment to all effluents originating from urban areas with a population exceeding 2000 individuals.



	
Enhanced measures for metropolitan areas with a population over 10,000 residing in watershed areas with vulnerable water sources.








Urban wastewater entering collecting systems must be released into specific designated regions, which are categorized as follows:




	
Sensitive areas refer to natural freshwater lakes, other freshwater bodies, estuaries, and coastal waters that are either already eutrophic or at risk of becoming eutrophic if no protective measures are implemented. They also include surface freshwater intended for drinking-water extraction and areas where additional treatment is required to meet the requirements of council directives.



	
Less vulnerable regions include exposed bays, estuaries, and other coastal waterways with efficient water circulation and that are not prone to eutrophication or oxygen depletion, or those that are deemed unlikely to experience eutrophication or oxygen depletion because of urban wastewater discharge.








The UWWTD, which has been in effect for almost three decades, has led to a substantial enhancement in the condition of European rivers, lakes, and oceans since its implementation. Nevertheless, there remains pollution that necessitates attention and is not encompassed by the existing regulations. In response to this issue, the European Commission has put out a proposal to revise the directive.




2.2. Directive 2009/125/EC of the European Parliament and of the Council of 21 October 2009 Establishing a Framework for the Setting of Ecodesign Requirements for Energy-Related Products


The Ecodesign Directive, sometimes referred to as Directive 2009/125/EC [25], was enacted by the European Parliament and Council on 21 October 2009. It provides a structure for establishing rules for eco-design of energy-related products. The directive seeks to attain a superior standard of environmental safeguarding by diminishing the probable ecological repercussions of energy-related items. The main aspects of the directive comprise:




	
This regulation is applicable to all products related to energy, which contribute significantly to the consumption of natural resources and energy usage inside the European Union.



	
The directive establishes a framework for the creation of community eco-design requirements for energy-related items. These requirements provide the essential environmental performance standards that items must satisfy prior to their availability for sale or use.



	
Energy-related items that meet the eco-design requirements specified in the implementing measures of this directive must display the “CE” designation and relevant information. This labelling allows the products to be placed on the domestic market and circulate without restrictions.



	
Enforcement: The strict implementation of measures is crucial to diminish the environmental consequences of regulated energy-related items and to guarantee equitable competition.








For more than ten years, the eco-design Directive has been in effect and has played a role in the advancement of energy-efficient and ecologically conscious products within the European Union. This is a component of a wider range of policies and measures implemented by the European Union with the purpose of fostering sustainability and tackling climate change.




2.3. Regulation (EU) 2019/2088 of the European Parliament and of the Council of 27 November 2019 on Sustainability-Related Disclosures in the Financial Services Sector


The European Parliament and the Council adopted Regulation (EU) 2019/2088 [26], commonly referred to as the Sustainable Finance Disclosure Regulation (SFDR), on 27 November 2019. The rule seeks to create a structure for disclosing sustainability-related information in the financial services industry, in order to encourage sustainable investment and guarantee that investors may obtain trustworthy and clear data. The main aspects of the regulation encompass:




	
Regulations regarding the disclosure obligations of financial market players and financial advisers: The SFDR imposes further disclosure obligations regarding the environmental and social consequences of investment choices. Asset managers, insurance undertakings, and pension providers, among other financial market participants, are required to reveal how they include sustainability risks into their investment decision-making process. Financial advisers are required to furnish details regarding the incorporation of sustainability risks into their recommendations.



	
Financial market participants who take into consideration the primary detrimental consequences on sustainability must provide an explanation of how their financial products include these implications. This entails the disclosure of the methodology employed and the outcomes of the assessment of the impacts.



	
European supervisory authorities are mandated by the regulation to create technical standards and guidelines that guarantee uniform and comparable disclosures pertaining to sustainability.








The SFDR encompasses a broad spectrum of financial goods, encompassing investment funds, insurance-based investment products, and pension products. The regulation’s objective is to ensure that end investors are provided with transparent, easily understandable, and readily available information, empowering them to make well-informed decisions. Financial market participants are obligated to verify the level of sustainability of their financial products through pre-contractual and periodic disclosures. The SFDR incorporates the principle of “do no significant harm”, which mandates that financial market players declare the degree to which their financial products are in line with environmental goals and elucidate any adverse effects on these goals. The SFDR is a component of the European Union’s comprehensive sustainable finance strategy, which seeks to activate private money for sustainable initiatives and facilitate the shift towards a more sustainable economy.




2.4. Directive (EU) 2022/2464 of the European Parliament and of the Council of 14 December 2022 Amending Regulation (EU) No 537/2014, Directive 2004/109/EC, Directive 2006/43/EC and Directive 2013/34/EU, as Regards Corporate Sustainability Reporting


The European Parliament and Council adopted Directive (EU) 2022/2464 on 14 December 2022 [27]. This directive modifies many existing directives and rules in order to improve corporate sustainability reporting within the European Union (EU). The main aspects of the directive are:




	
The directive broadens the range of non-financial reporting obligations to encompass sizable businesses and publicly traded small and medium-sized enterprises (SMEs) with a workforce exceeding 250 individuals. These entities must provide information regarding their environmental, social, and governance (ESG) performance, policies, and risks.



	
The European Commission is responsible for implementing sustainability reporting standards that align with internationally recognised standards and frameworks, such as the Global Reporting Initiative (GRI) and the Task Force on Climate-related Financial Disclosures (TCFD). The implementation of these standards will establish a shared structure for reporting and guarantee the ability to compare and trust the reported information.



	
The directive highlights the significance of materialism in sustainability reporting. Companies must provide disclosure of pertinent and essential information regarding their ESG performance and the ramifications of their activities on society and the environment.



	
The guideline promotes the acquisition of external verification for organisations’ sustainability reporting. Although not obligatory, independent verification can bolster the credibility and dependability of the revealed material. The directive advocates for the utilisation of digital tools and technologies for the purpose of reporting. Companies are advised to utilise structured data and the European Single Electronic Format (ESEF) in order to enhance the accessibility, comparability, and analysis of their sustainability information.



	
Member states must create penalties that are effective, proportionate, and deterrent in order to address non-compliance with the reporting requirements.








The directive also establishes a mechanism for the European Commission to evaluate the efficiency of the reporting system and suggest additional measures if deemed appropriate.




2.5. Regulation (EU) 2020/852 of the European Parliament and of the Council of 18 June 2020 on the Establishment of a Framework to Facilitate Sustainable Investment, and Amending Regulation (EU) 2019/2088


Regulation (EU) 2020/852 [28], commonly referred to as the Taxonomy Regulation, is a framework enacted by the European Parliament and the Council on 18 June 2020 with the aim of promoting sustainable investment. The regulation’s objective is to establish a standardised terminology for businesses and investors to assess the extent to which economic activities can be classified as ecologically sustainable. The Taxonomy Regulation came into effect on 12 July 2020. The Taxonomy Regulation encompasses the following essential aspects:




	
The regulation establishes a comprehensive EU-wide classification system or “framework” to identify economic activities that make a significant positive impact on at least one of six environmental objectives. It also ensures that these activities will not cause significant harm to any of the other five objectives and will meet minimum safeguards.



	
The amendment to Regulation (EU) 2019/2088 stipulates that an investment can be deemed sustainable only if it does not cause substantial damage to any environmental or social purpose outlined in the regulation.



	
Member states and the EU have a duty to enforce the Taxonomy Regulation when regulating the availability of environmentally friendly financial instruments or corporate bonds.








The Taxonomy Regulation establishes four fundamental criteria that an economic activity must fulfil in order to be considered environmentally sustainable; these conditions encompass the requirement of making a major contribution to at least one of the six environmental objectives, avoiding considerable harm to any of the other purposes, and complying with minimum safeguards. In conclusion, the European Commission is tasked with establishing technical screening criteria for each environmental objective through delegated and implementing acts.





3. Achieving Climate Neutrality in Europe through Decarbonization Strategies


Climate neutrality in Europe has been envisioned as a critical objective, with decarbonization strategies being extensively pursued to achieve this goal [29]. Simultaneously, innovative wastewater treatment methods, such as MEUF, have been employed to address environmental concerns. Through the amalgamation of Europe’s climate neutrality vision, decarbonization efforts, and the implementation of cutting-edge technologies like MEUF, a sustainable future is being forged for the region with different strategies. By intertwining these essential topics, a comprehensive understanding of the multifaceted approach to environmental preservation and climate action can be gleaned. These strides towards sustainability are bolstered by policy frameworks and regulations that incentivize green innovation and penalize environmental degradation. In the energy sector, the transition to renewable energy sources is paramount. Solar, wind, and geothermal energy are being harnessed at an unprecedented scale, replacing fossil fuels and reducing greenhouse gas emissions significantly. The modernization of energy infrastructure, including smart grids and energy storage solutions, facilitates the integration of these renewable sources, ensuring energy reliability and security. Public awareness and engagement are also integral to this journey towards climate neutrality. Educational initiatives, public campaigns, and community involvement activities are vital in fostering a culture of environmental responsibility and sustainability. Citizens are empowered with knowledge and tools to contribute to climate action, enhancing the collective impact of individual efforts. In the context of wastewater management, advancements in technologies like MEUF signify a revolution in pollution control and resource recovery. As Europe marches towards achieving climate neutrality, the synergies between various sectors—from energy to waste management and from policymaking to public participation—are becoming increasingly evident. Each element is a piece of a complex puzzle, and their effective integration is indicative of the comprehensive strategy required to address the intricate challenges posed by climate change and environmental degradation, a summary of measures and strategies is presented at Table 1. The collective efforts, innovations, and policies are weaving a tapestry of resilience, sustainability, and climate neutrality that is expected to define Europe’s future.



3.1. Advancing towards Europe’s Climate Neutrality Ambitions


Progress towards Europe’s climate neutrality ambitions has been steadily advanced through the implementation of comprehensive decarbonization strategies. The adoption of innovative technologies, such as MEUF, that is analysed at a later chapter has been promoted to ensure effective wastewater treatment and to address environmental concerns. A sustainable future for the region has been facilitated by the harmonious integration of these efforts, thereby enabling a multi-faceted approach to environmental preservation and climate action. Consequently, a deeper understanding of the intricate interplay between climate neutrality, decarbonization, and cutting-edge technologies has been provided, highlighting the commitment of European nations to achieving a sustainable and environmentally responsible future for the geographical region [29,30].




3.2. Decarbonization Strategies in Key Sectors


Decarbonization strategies in key sectors have been increasingly prioritized as a crucial component of Europe’s climate neutrality efforts. In the energy sector, a significant transition to renewable sources has been witnessed, while the reliance on fossil fuels has been gradually diminished. The transportation industry has been revolutionized by the widespread adoption of electric vehicles, and improvements in public transport systems have been made to reduce the carbon footprint. Industrial processes have been reevaluated and optimized to minimize greenhouse gas emissions, and sustainable practices have been integrated into agriculture and land use. Technological innovations and policy reforms are synergistically driving this transformation, enhancing efficiency and sustainability across sectors [31]. Collaboration among governments, businesses, and civil society is fostering a collective approach, amplifying the impact of individual contributions. As a result, the transition towards a low-carbon economy has been accelerated, and the ambition of achieving climate neutrality in Europe has been brought closer to realization.



3.2.1. Building Sector


Significant steps have been made in the building sector as part of the concerted efforts towards achieving climate neutrality in Europe. Energy-efficient practices and the use of eco-friendly materials have been increasingly prioritized, leading to the construction of greener, more sustainable buildings [32]; additionally, the construction sector is placing more emphasis on optimising energy processes in infrastructure construction using the concepts of embodied energy and lifecycle assessment. Embodied energy is the complete amount of energy needed to manufacture a product, whereas lifecycle assessment is a technique employed to examine the environmental consequences linked to every phase of a product’s existence. Exploration is underway to utilise Building Information Modelling (BIM) software for the purpose of optimising energy processes. Furthermore, EU energy policy places a high level of importance on promoting energy efficiency. The civil sector, encompassing both residential and tertiary buildings, presents significant opportunities for enhancing energy efficiency. The implementation of policy instruments, such as tax deductions and economic incentives, has proven to be successful in generating significant opportunities for energy savings by addressing inefficiencies in the civil sector [33]. The adoption of passive house designs and the incorporation of renewable energy sources, such as solar panels and geothermal heating systems, have been embraced across the region. Retrofitting older buildings with improved insulation and energy-efficient technologies has been widely implemented to reduce overall energy consumption and greenhouse gas emissions attributable to the built environment [34].



In addition, building certifications promoting sustainability, like LEED and BREEAM, have gained prominence, setting stringent standards for environmental performance, and encouraging the adoption of green building practices. These certifications not only validate the sustainability credentials of a building but also enhance its value, fostering a market transformation towards sustainability [35]. The European Union (EU) has established a standardized set of fundamental sustainability indicators, called Level (s), for office and residential buildings. This framework aims to establish a consistent structure for certifying the sustainability of buildings throughout all EU member countries. This framework is utilized for the purpose of comparing the predominant Green Building Rating Systems (GBRSs) in the European Union, which encompass BREEAM, “Deutsche Gesellschaft für Nachhaltiges Bauen (DGNB)”, “Haute Qualité Environnementale (HQE)”, and LEED [36]. The cumulative impact of these innovations and initiatives is profound. The building sector is transitioning from being a significant contributor to environmental degradation to becoming a catalyst for sustainability and climate action. The holistic approach, encompassing technology, policy, and societal engagement, is paving the way for a future where buildings are not only structures for habitation and work but also embodiments of ecological and social values.




3.2.2. Energy Sector


Identified as a crucial component for pursuing climate neutrality in Europe, the energy sector’s significant greenhouse gas emissions are attributed to energy production and consumption. Nevertheless, there has been a gradual reduction in carbon emissions from energy systems in Europe, primarily due to the substitution of fuels and the growing adoption of renewable energy sources. This phenomenon has been notably apparent in the industry, buildings, and transport sectors [37]. The exploration and implementation of diverse low-carbon, renewable energy sources across Europe, for replacing fossil fuels, have resulted in a considerable carbon footprint reduction [38]. Intensified efforts for energy efficiency enhancement, prevention of losses [39] and conservation promotion have centred on energy consumption optimization in various sectors like electric vehicle charging [40]. Electric vehicle charging integration with the electricity grid is a crucial component of Europe’s 2050 low-carbon plan. This approach promotes the use of sustainable energy sources and aids in mitigating the release of greenhouse gases. Innovative technologies for improved renewable energy integration into grids, investment encouragement in research and development, and the promotion of breakthrough energy technologies contribute to resilience, sustainability, economic growth, and job creation, underlining a green economy’s potential [41]. The utilisation of renewable energy has a substantial influence on reshaping the global fuel and energy distribution. Promoting the advancement of renewable energy and a sustainable economy with reduced carbon emissions is a key objective of contemporary energy and international economic policies in numerous nations; for example, wind energy in Europe has been empirically proven to have a favourable influence [42]. The efforts to incorporate renewable energy sources (RES) into power networks, specifically transmission grids, are a primary area of emphasis. This encompasses the use of cutting-edge materials, novel electrical components, sophisticated electronic devices, automated control systems, intelligent technologies, and innovative management mechanisms. The formulation of comprehensive policies and regulatory frameworks has further accelerated this transition, ensuring that sustainable energy practices are not only technologically viable but also legislatively supported and economically incentivized.




3.2.3. Industrial Sector


The industrial sector has been recognized as a key contributor to greenhouse gas emissions, and as such, it is imperative that significant decarbonization efforts are focused on this domain. Various measures have been adopted to reduce the environmental impact of industrial processes, including optimizing energy consumption, using renewable energy sources, and implementing innovative waste management techniques. Additionally, the adoption of circular economy principles has been encouraged, in which resource efficiency and waste reduction are prioritized, thereby promoting sustainable industrial practices [43]. Developing economies such as Nigeria have examined the application of circular economy principles in the management of industrial solid waste. These concepts promote a regenerative approach to managing natural resources, which is in contrast to a linear strategy that is not sustainable because of the limited supply of raw resources for production and the resulting environmental degradation [44].



In recent years, the application of advanced technologies, such as MEUF, has been widely embraced in the industrial sector to address wastewater treatment challenges. By utilizing these cutting-edge methods, industries have been able to reduce their environmental footprint and support Europe’s climate neutrality ambitions. Furthermore, the collaboration between the public and private sectors has been instrumental in driving research and development in environmentally friendly technologies, leading to the creation of innovative solutions that support a cleaner and more sustainable industrial sector. A relatively recent case study undertaken at Volvo CE, a multinational corporation, emphasized the significance of effective leadership, prompt implementation, and cultural change at the organizational level in attaining sustainable energy management [45]. Finally, another dynamic model, the multi-objective dynamic model developed for the industrial sector context is a tool designed to analyse all variables that impact the overall energy consumption in the sector. This model considers multiple factors that impact energy usage, beginning with the extraction of raw materials, their transportation to manufacturers, the grid network, and ultimately the delivery of the final product to consumers, as well as the disposal or recycling of used products. The model is created to comprehensively account for all relevant elements concurrently, with a particular emphasis on the insufficiency of solely implementing some ways, such as solar panels, while disregarding other crucial factors like end-user considerations and life cycle analysis [46]. As Europe moves towards achieving its climate goals, the continued commitment to decarbonization within the industrial sector remains a crucial component of the overall strategy.





3.3. Digitalization as a Catalyst for Decarbonization Efforts


Digitalization’s role as a catalyst for decarbonization efforts across various sectors and businesses sizes in Europe is increasingly recognized [47]. Advanced technologies like artificial intelligence, big data, and IoT have resulted in substantial improvements in energy efficiency, resource management, and greenhouse gas emission reduction. Enhanced monitoring and control over energy consumption patterns have been facilitated, and processes have been optimized. A key enabler of Europe’s low-carbon economy transition, digitalization accelerates the transition from fossil fuels to renewables, contributes to reducing Europe’s carbon footprint, and encourages the adoption of electric vehicles through smart charging infrastructure. Industrial transformation through digitalization results in more sustainable practices, promotes the circular economy, minimizes energy consumption and waste, aligning with Europe’s decarbonization and climate neutrality goals. Digitalization fosters sustainable development and accelerates Europe’s transition towards a low-carbon future.





4. Discussion


Compliance with the UWWTD and the incorporation of water reuse into water resource management strategies are being pursued by Athens Water Supply & Sewerage Company (EYDAP S.A.) through several initiatives in Greece. EU Cohesion Fund co-financing has been authorized for two significant wastewater projects in East Attica, aimed at producing treated effluent wastewater suitable for limitless irrigation and urban reuse [48]. Additionally, another wastewater plan is being developed to produce reclaimed water for aquifer recharge, while public datasets related to water supply and wastewater management are being utilized for enhancing the efficiency of these initiatives. Greece is following the Swedish paradigm in wastewater management, learning from key success factors such as a holistic policy approach, the integration of recycling and energy recovery, and the use of economic instruments to incentivize positive practices, all while considering the country’s specific needs and alignment with European Union policies and international technological trends. The implementation of these wastewater management initiatives is further enhanced by the adaptation of cutting-edge technologies, particularly in the field of digital transformation. Sensor technologies, automation, and advanced analytics are being increasingly deployed to monitor, control, and optimize wastewater treatment processes. Moreover, the role of stakeholders in the wastewater management ecosystem is paramount. Engaging various stakeholders, including governmental bodies, non-governmental organizations, the private sector, and local communities, fosters a collaborative approach to addressing challenges. In the context of environmental sustainability, the development and implementation of green technologies are gaining prominence. Bioremediation, phytoremediation, and other eco-friendly wastewater treatment techniques are being explored and adopted. Thus, the complexity and multifaceted nature of wastewater management require an integrated, holistic approach. The amalgamation of technology, policy, stakeholder engagement, environmental sustainability, infrastructure development, regulatory frameworks, education, R&D, climate adaptation, circular economy principles, quality assurance, and international collaboration is essential. Each component plays a crucial role, and their synergistic interaction amplifies the effectiveness of wastewater management initiatives. As Greece navigates its journey towards enhanced wastewater management, drawing insights from successful paradigms like Sweden’s and integrating multifaceted strategies tailored to its unique context, a future characterized by sustainability, resilience, and environmental preservation is envisioned.



4.1. Wastewater Management in Greece


To comply with the UWWTD and include water reuse in its water resources management strategy, the Athens Water Supply & Sewerage Company (EYDAP S.A.) is working on several wastewater management initiatives. Two significant wastewater projects in East Attica (Rafina/Artemida and Marathon agglomerations) have been authorized for EU Cohesion Fund co-financing and implementation by EYDAP S.A. The goal of these programs is to create treated effluent wastewater that meets national criteria for limitless irrigation and urban reuse. Another wastewater plan is being developed incorporating the agglomerations of Koropi and Paiania, which will produce reclaimed water appropriate for aquifer recharge to restore the water quality of groundwater bodies. In addition, a plethora of public datasets related to water supply and wastewater management, such as the computer modelling of water supply and sewerage networks through the implementation of integrated supervisory control and data acquisition (SCADA) systems can prove valuable. The history of water supply and wastewater management in Paris and the historical data [49], could be used to further improve the efficiency of any recent initiatives. The integration of innovative technological solutions is pivotal in amplifying the effectiveness of these wastewater management projects. Machine learning and artificial intelligence are playing a crucial role in predictive maintenance, anomaly detection, and optimization of wastewater treatment processes. These technologies enable the processing of complex data, offering insights that facilitate informed decision making and strategic planning



Public–private partnerships are also emerging as a vital element in enhancing wastewater management. By leveraging the strengths of both sectors, these partnerships ensure that adequate resources, expertise, and technologies are mobilized to address the intricate challenges associated with wastewater treatment and water conservation. Furthermore, community engagement and education play an instrumental role in the successful realization of wastewater projects. Tailored awareness programs and interactive learning platforms can be instrumental in sensitizing the public about the importance of water conservation, recycling, and sustainable wastewater management practices. Informed communities are empowered to participate actively in initiatives that contribute to the preservation of water resources, fostering a collective approach to environmental sustainability.




4.2. Wastewater Management in Sweden


In 2013, the Swedish Environmental Agency recommended a national aim for increasing phosphorus recycling from wastewater sludge. Sweden has more than 80 years of experience protecting water quality, and the creation of phosphorus removal technology may be a Swedish contribution to advanced knowledge. Source separation systems have been found to be an efficient method of recovering nutrients and energy from wastewaters in both rural and urban settings, with research on the nutrient recovery potential and life cycle consequences of source separation systems undertaken in northern Finland and Sweden [50]. In Sweden, exploratory research looked at how local administration and municipally held enterprises influence the governance of industrial symbiosis in the water and sewage sectors. Finally, a special Issue was published on municipal wastewater management in 2021.




4.3. Greek Government following the Swedish Paradigm in Wastewater Management


Several key success factors from Sweden’s waste management paradigm can be learned and applied by Greece to enhance its waste management practices. Sweden employs a holistic policy approach, addressing diverse public demands by integrating waste management with other environmental and economic policies. Recycling and energy recovery are seamlessly integrated; 99% of municipal solid waste is recycled and energy is harnessed, with less than 1% going to landfills. Sweden utilizes taxes and tariffs as economic instruments to discourage harmful practices and incentivize positive ones, such as recycling and energy recovery. Autonomy is given to Swedish municipalities, empowering them with the economic and operational capacity to manage waste collection and treatment systems effectively. By adopting these key success factors, improvements can be made to Greece’s waste management practices, reductions in environmental pollution can be achieved, and sustainable development can be promoted. Careful consideration should be given to Greece’s specific needs, such as interactions with the extensive tourism sector, and alignment of waste management strategies with the European Union’s framework policies and international technological trends. In doing so, wastewater treatment plants can be transformed into sites where energy is efficiently used or produced, resources are recovered and reused, and environmental sustainability is practiced overall. Additionally, fostering partnerships between the government, private sector, and non-governmental organizations can further enhance waste management [51]. By pooling resources, expertise, and technology, innovative solutions can be developed and implemented to tackle waste management challenges effectively. Educational and awareness campaigns are also crucial in instilling a culture of recycling and environmental conservation among citizens. When people are informed and aware of the impacts of their actions, they are more likely to engage in behaviours that contribute to environmental preservation and sustainability. Implementing advanced technologies to automate waste sorting, recycling, and disposal processes can elevate the efficiency and effectiveness of waste management systems. Automation not only streamlines operations but also minimizes human errors, ensures consistency in waste treatment, and enhances the overall productivity of waste management ecosystems.





5. Future Research and Novel Framework


5.1. Micellar-Enhanced Ultrafiltration (MEUF)


MEUF is a separation technology that utilises surfactants to combine the effectiveness and simplicity of traditional methods with the operational adaptability of membrane-based separation. The process, see Figure 2 entails utilising micelles, which are spontaneously formed clusters of surfactant molecules, to dissolve and convey specific solutes across a membrane while excluding larger molecules and particles [52]. Surfactants are compounds that have both hydrophobic (water-hating) and hydrophilic (water-loving) properties. When surfactants are added to water, they self-assemble into spherical structures known as micelles once the concentration of surfactants exceeds the critical micelle concentration (CMC). MEUF has been employed for the elimination of diverse contaminants from wastewater [53], encompassing:




	
Heavy metals;



	
Dyes;



	
Polyaromatic hydrocarbons (PAHs);



	
Novel compounds;



	
Chromium;



	
Phosphorus;



	
Phenolic compounds;



	
Organic and inorganic materials;



	
Aromatic hydrocarbons.








The examined literature [54,55,56] finds many advantages, such as the superior selectivity and efficacy in the elimination of pollutants, flexibility and adaptability in operations, and the fact that it can be integrated with additional treatment techniques, such as activated carbon fibre (ACF), to improve overall effectiveness. Last but not least, the reusability of surfactants is another advantage.



This solution has some drawbacks, the reagent and electricity costs are elevated in comparison to hybrid methods utilising MEUF. Additionally, it is limited to contaminants of a low molecular weight and performance is contingent upon multiple parameters, necessitating optimisation for particular applications. The chemical process in MEUF follows:



Surfactant addition in contaminated water: Surfactants are added to the contaminated water until the concentration is above the CMC. Above this concentration, surfactants form micelles.



Micelle formation: The hydrophobic tails of the surfactant molecules face inward, away from the water, forming the core of the micelle. The hydrophilic heads face outward, interacting with the water. These micelles can encapsulate hydrophobic contaminants within their core.



Interaction with contaminants: Charged micelles can also bind to oppositely charged contaminants through electrostatic interactions. For example, anionic surfactants can bind to positively charged heavy metal ions.



Ultrafiltration: The solution is then passed through an ultrafiltration membrane. The membrane has pore sizes that allow water and small, unbound molecules to pass through while retaining the larger micelle-bound contaminants.



Permeate and retentate separation: The water (permeate) that passes through the membrane is free of the micelles and the bound contaminants, which remain behind as a concentrated waste stream (retentate).



Post-treatment: the concentrated retentate containing the surfactant and bound contaminants can then be treated to recover the surfactant and remove the contaminants.



Overall, MEUF is a very adaptable approach with numerous diverse uses and real-world examples. Current research is dedicated to enhancing the efficiency of surfactant micelle generation and comprehending the interactions between micelles and desired solutes.




5.2. Biosurfactants Instead of Chemical Surfactants


Biosurfactants are surface-active molecules produced by a wide range of microbes, plants, animals, including bacteria, fungi, and yeast [57]. They are known for their diversity of structures and the possibility of production from a variety of substrates [58]. They have garnered attention as a potential substitute for chemical surfactants owing to their several benefits, including biodegradability, reduced toxicity, and enhanced efficacy at lower doses [59]. Nevertheless, there exist certain obstacles and restrictions linked to their utilisation. Biosurfactants has a broad spectrum of uses across many sectors, such as petroleum, food, pharmaceuticals, and environmental conservation. Biosurfactants have various applications, such as improving the extraction of oil, aiding in the removal of pollutants, facilitating food processing, and assisting in the delivery of drugs [60]. Biosurfactants offer environmental benefits like biodegradability, less toxicity, higher selectivity, and renewable resource production. However, they are often more expensive, complex, and influenced by environmental conditions. Despite these challenges, biosurfactants have a promising future as a sustainable alternative to chemical surfactants [61]. Biosurfactants are produced by microorganisms, with some yeasts presenting no risks of toxicity or pathogenicity, making them ideal for use in food formulations. The production of biosurfactants can be achieved using various substrates, including waste products. For example, cassava wastewater has been used as a cheap culture medium for the production of biosurfactants, contributing to a circular economy and an environmentally friendly production chain [62]. Similarly, oily wastewater has been used as a substrate for the production of rhamnolipid biosurfactants by Pseudomonas aeruginosa strains isolated from hospital wastewater [63]. The extraction and purification of biosurfactants are crucial steps in their production process. The most efficient downstream techniques for industries to achieve acceptable product quality in biosurfactant downstream processing focus on glycolipids and lipopeptides. For example, rhamnolipids, one of the most promising biosurfactants for commercialization, are typically identified and quantified using high-performance liquid chromatography with evaporative light scattering detection (HPLC-ELSD) [64]. In MEUF, biosurfactants overcome the drawback of relatively large pore size in traditional ultrafiltration [65]. MEUF processes can isolate and selectively separate valuable organics present in effluent streams, making them a potential broad-spectrum effluent treatment option. The use of biosurfactants in MEUF processes can enhance the cost-competitiveness of the process, making it a sustainable and efficient separation technique. In conclusion, biosurfactants are versatile compounds with a wide range of applications, from food formulations to wastewater treatment. Their production and extraction methods are continually being optimized to increase efficiency and reduce costs, contributing to a more sustainable and circular economy. Further research is needed to optimize production, develop new formulations, and evaluate their long-term environmental impact [66] that have area of application not only for waste water but sea water also [67].




5.3. Novel Firms–Regulators–Consumers–Technology Facilitators Interaction Framework


Based on the analysis of the literature review findings and the elaboration of the case studies, this paper proposes a novel four-agent framework to be researched further (see Figure 3), which builds upon the paradigm presented for SOM and entails the cooperative intersectoral engagement and interplay of four primary stakeholders: corporations, regulatory bodies, consumers, and Technology Facilitators/Enablers. The objective of this framework is to enhance the implementation of sustainable and environmentally conscious practices within organizations while simultaneously optimizing economic benefits. Presented below is an outline of the framework and an explanation of how these agents collaborate with one another; the proposed framework is currently a work in progress.



Organizations and Companies (private and public) play a crucial role in the implementation of sustainable operations. The individuals in question bear the responsibility of incorporating sustainable practices into several areas, including but not limited to supply chain management, product design, energy management, waste management, and transportation. These bodies are incentivized to embrace sustainable operations management (SOM) practices to attain economic advantages, bolster their standing, and gain a competitive edge. Additionally, it is their responsibility to allocate resources towards the adoption and integration of cutting-edge technology and methodologies aimed at mitigating their impact on the environment.



Regulators serve as middlemen between corporations and governmental entities. The instruments in question bear the responsibility of formulating and implementing policies, laws, and standards pertaining to the promotion and maintenance of sustainable operations. Regulatory bodies employ a range of mechanisms, including tax incentives, emissions targets, and environmental reporting obligations, to encourage and enforce the adoption of sustainable practices by enterprises. The regulatory authorities engage in the monitoring and evaluation of firms’ adherence to these regulations while also exercising oversight to assure the achievement of sustainability objectives.



Consumers assume a pivotal position in exerting influence over the actions and behaviours of organizations. Firms are compelled to implement SOM practices due to the influence of consumer preferences, purchasing patterns, and demands for sustainable products and services. The cultivation of consumer awareness and education on environmental and social issues has a crucial role in influencing the strategic decisions of firms. Furthermore, customers have the potential to offer direct criticism to companies regarding their sustainability initiatives and to enforce accountability for their actions.



Technology enablers encompass a diverse group of individuals and entities, including innovators, researchers, and technology suppliers. Their primary objective is to create and provide solutions that contribute to the improvement and optimization of sustainable operations. Their primary emphasis lies in the development of cutting-edge technology, alternative energy sources, decentralized power generation systems, and other breakthroughs in waste management, energy conservation, and the integration of renewable energy. Technology enablers assume a pivotal role in providing organizations with the necessary tools and methodologies to effectively accomplish their sustainability objectives.



The aforementioned paradigm establishes a collaborative ecosystem wherein enterprises, regulators, consumers, and technology enablers collectively collaborate to attain the goals of SOM. The framework has dynamic and adaptive characteristics, enabling a continual process of improvement, innovation, and adaption in response to emerging challenges and opportunities.



Significant attention must be put on waste management and its derivatives that possess intrinsic value as a resource. Firms, regulators, consumers, and technological enablers have the potential to engage in collaborative efforts aimed at optimizing the utilisation of waste materials to enhance the sustainability of their operations. Important elements to incorporate into the framework encompass the following:



Firms can investigate and implement novel technologies and methodologies that facilitate the conversion of waste materials into viable sources of energy. This approach is in line with the ongoing shift towards renewable energy sources. The utilisation of waste materials as catalysts or adsorbents in diverse industrial processes can provide environmentally sustainable and highly efficient operations. The utilisation of waste materials by organizations for the purpose of carbon capture and storage can effectively contribute to the mitigation of greenhouse gas emissions.



Pharmaceutical applications: Companies operating within the pharmaceutical business have the potential to embrace sustainable practices through the integration of waste materials into drug delivery systems and detection methodologies. The incorporation of waste materials into the manufacture of solar cells facilitates the transition towards sustainable energy alternatives.



Regulatory compliance is of utmost importance in waste management and recycling as regulators assume a crucial role in the establishment and enforcement of standards. One potential approach is to offer incentives to enterprises to promote the use of waste-to-product technologies. Additionally, establishing rules for the safe disposal of pharmaceutical waste can be an effective strategy. Furthermore, encouraging the implementation of sustainable practices that entail the utilisation of waste materials can contribute to the overall goal of waste management. Consequently, the advancement of technology should prioritize the development and enhancement of technologies that facilitate the utilisation of waste materials, while also maintaining compliance with environmental and safety regulations.



Additionally, consumer engagement plays a pivotal role in influencing enterprises to innovate with waste materials by catering to consumer demands for products and services that have a decreased environmental impact. The promotion of products crafted from recycled or repurposed materials can effectively cater to customer preferences for sustainability.



The efficacy of this framework relies on the establishment of efficient communication and collaboration among the involved agencies, ensuring that their objectives and tactics are harmonized to facilitate a sustainable transition. This paradigm assists organizations in contributing to a more sustainable and resilient global landscape by considering the environmental and social repercussions connected with their operational operations, while also maximising economic rewards. Additionally, it serves as a basis for forthcoming investigations, with a specific emphasis on the creation of comprehensive frameworks and resources for the purpose of decision making, policy formulation, and analysis of consumer actions. Consequently, this contributes to the progression of SOM as a discipline.





6. Conclusions


In compliance with the UWWTD, several wastewater management initiatives are being undertaken by the Athens Water Supply & Sewerage Company (EYDAP S.A.) to incorporate water reuse into Greece’s water resources management strategy. Authorization for EU Cohesion Fund co-financing has been granted for two significant wastewater projects in East Attica (Rafina/Artemida and Marathon agglomerations), which are being implemented by EYDAP S.A [48]. National criteria for limitless irrigation and urban reuse are aimed to be met by the creation of treated effluent wastewater through these programs. Another wastewater plan is being developed, which will incorporate the agglomerations of Koropi and Paiania, with the production of reclaimed water appropriate for aquifer recharge to restore the water quality of groundwater bodies [48].



The utilization of advanced technologies like artificial intelligence and machine learning in analysing and processing vast datasets ensures the predictive maintenance, real-time monitoring, and efficient management of water and wastewater systems. These technologies enhance the decision-making process, facilitating timely interventions and optimal resource allocation to ensure the sustainability and resilience of these vital utilities. Furthermore, the efficiency of such initiatives can be improved by utilizing a plethora of public datasets related to water supply and wastewater management, such as the computer modelling of water supply and sewerage networks, the implementation of integrated SCADA systems, and the history of water supply in Paris and wastewater management evolution [49]. Public awareness and participation play a crucial role in the successful implementation of wastewater management projects. Community engagement initiatives, educational programs, and awareness campaigns are instrumental in fostering a sense of collective responsibility and participation in conserving water resources and promoting sustainable wastewater management practices. The integration of green infrastructure in wastewater management is another area receiving significant attention. Natural systems like wetlands, bioswales, and green belts are being incorporated into urban landscapes to enhance the treatment of wastewater, manage stormwater runoff, and contribute to urban biodiversity. These nature-based solutions offer cost-effective, sustainable, and aesthetically pleasing alternatives to traditional grey infrastructure. Legislative frameworks and policy guidelines are continually being refined to align with the evolving challenges and opportunities in wastewater management. Regulatory bodies are focused on establishing standards that promote innovation, ensure public health and safety, and safeguard the environment. Compliance with these regulations is enforced through monitoring, inspections, and penalties for violations, ensuring that wastewater management practices adhere to the highest standards of quality and safety. International cooperation and knowledge exchange are pivotal in enhancing the global response to wastewater management challenges. Collaborative projects, joint research initiatives, and technology transfer programs facilitate the sharing of knowledge, expertise, and technologies among countries and regions. These collaborations contribute to the development of innovative solutions, capacity building, and the formulation of policies and strategies that are tailored to diverse environmental, social, and economic contexts. In the context of climate change, the adaptation of wastewater management systems to cope with extreme weather events, fluctuating precipitation patterns, and rising temperatures is a priority. Strategies such as the diversification of water sources, the enhancement of storage capacities, and the integration of climate-resilient technologies are being implemented to ensure that wastewater management systems remain functional and efficient under changing climatic conditions. In conclusion, the multifaceted approach to wastewater management in Europe, exemplified by initiatives like those of EYDAP S.A., underscores the complex interplay of technology, policy, community engagement, and international cooperation in achieving sustainable water and wastewater management. As challenges and opportunities evolve, a dynamic, responsive, and integrative strategy is essential to ensure that water resources are managed sustainably, public health is safeguarded, and environmental integrity is preserved for current and future generations. Finally, the adoption of a complete framework for the implementation of best practices and promotion of intersectoral collaborations will benefit all agents and increase social welfare.







Author Contributions


Conceptualization, V.A. and I.G.; methodology, I.G. and V.A.; validation, V.A., I.G. and A.K.; formal analysis, I.G.; investigation, A.K.; writing—original draft preparation, V.A.; writing—review and editing, I.G. and A.K.; visualization, I.G.; supervision, V.A.; project administration, V.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Andersen, P.H. Sustainable Operations Management (SOM) Strategy and Management: An Introduction to Part I: New Research Perspectives. In Operations Management and Sustainability: New Research Perspectives; Palgrave Macmillan: London, UK, 2019; pp. 15–25. ISBN 978-3-319-93211-8. [Google Scholar]

	



Sarkis, J. A Boundaries and Flows Perspective of Green Supply Chain Management. Supply Chain Manag. Int. J. 2012, 17, 202–216. [Google Scholar] [CrossRef]

	



Benny, L.; John, A.; Varghese, A.; Hegde, G.; George, L. Waste Elimination to Porous Carbonaceous Materials for the Application of Electrochemical Sensors: Recent Developments. J. Clean. Prod. 2021, 290, 125759. [Google Scholar] [CrossRef]

	



Liu, A.; Wu, H.; Naeem, A.; Du, Q.; Ni, B.; Liu, H.; Li, Z.; Ming, L. Cellulose Nanocrystalline from Biomass Wastes: An Overview of Extraction, Functionalization and Applications in Drug Delivery. Int. J. Biol. Macromol. 2023, 241, 124557. [Google Scholar] [CrossRef] [PubMed]

	



Iannazzo, D.; Celesti, C.; Espro, C.; Ferlazzo, A.; Giofrè, S.V.; Scuderi, M.; Scalese, S.; Gabriele, B.; Mancuso, R.; Ziccarelli, I.; et al. Orange-Peel-Derived Nanobiochar for Targeted Cancer Therapy. Pharmaceutics 2022, 14, 2249. [Google Scholar] [CrossRef]

	



Bumbiere, K.; Barisa, A.; Pubule, J.; Blumberga, D.; Gomez-Navarro, T. Transition to Climate Neutrality at University Campus. Case Study in Europe, Riga. Environ. Clim. Technol. 2022, 26, 941–954. [Google Scholar] [CrossRef]

	



Angelakis, A.N. Urban Waste- and Stormwater Management in Greece: Past, Present and Future. Water Supply 2017, 17, 1386–1399. [Google Scholar] [CrossRef]

	



Lekakis, J.N. Environmental Management in Greece and the Challenge of Sustainable Development. Environmentalist 1995, 15, 16–26. [Google Scholar] [CrossRef]

	



Pournara, A.; Sakellariadou, F.; Kitsiou, D. Toward a Sustainable Blue Economy in the Coastal Zone: Case Study of an Industrialized Coastal Ecosystem in Greece. Sustainability 2023, 15, 11333. [Google Scholar] [CrossRef]

	



Karantoni, M.E.; Panagopoulos, T.; Tampakis, S.; Karanikola, P.; Tampaki, Z. Stakeholder Views on Environmental Protection Policies in the National Marine Park of Alonissos Northern Sporades, Greece. Sustain. Horiz. 2023, 7, 100065. [Google Scholar] [CrossRef]

	



Panagopoulos, Y.; Karpouzos, D.; Georgiou, P.; Papamichail, D. Ecosystem Services Evaluation from Sustainable Water Management in Agriculture: An Example from An Intensely Irrigated Area in Central Greece. Environ. Sci. Proc. 2023, 25, 4. [Google Scholar] [CrossRef]

	



Sardi, C.; Skanavis, C. Training a New Generation of Environmental Stewards in Greece. In Educating the Sustainability Leaders of the Future; Leal Filho, W., Lange Salvia, A., Pallant, E., Choate, B., Pearce, K., Eds.; World Sustainability Series; Springer Nature: Cham, Switzerland, 2023; pp. 125–145. ISBN 978-3-031-22856-8. [Google Scholar]

	



Sokolowska, J. Non-Conventional Vehicles as a Way Towards Carbon Neutrality in Iceland. 2020. Independent Study Project (ISP) Collection. 3374. Available online: https://digitalcollections.sit.edu/isp_collection/3374 (accessed on 27 August 2023).

	



Shafiei, E.; Davidsdottir, B.; Leaver, J.; Stefansson, H.; Asgeirsson, E.I. Energy, Economic, and Mitigation Cost Implications of Transition toward a Carbon-Neutral Transport Sector: A Simulation-Based Comparison between Hydrogen and Electricity. J. Clean. Prod. 2017, 141, 237–247. [Google Scholar] [CrossRef]

	



Pan, J. Lowering the Carbon Emissions Peak and Accelerating the Transition Towards Net Zero Carbon. Chin. J. Urban Environ. Stud. 2021, 9, 2150013. [Google Scholar] [CrossRef]

	



Prochaska, C.; Zouboulis, A. A Mini-Review of Urban Wastewater Treatment in Greece: History, Development and Future Challenges. Sustainability 2020, 12, 6133. [Google Scholar] [CrossRef]

	



Paraskevas, P.A.; Giokas, D.L.; Lekkas, T.D. Wastewater Management in Coastal Urban Areas: The Case of Greece. Water Sci. Technol. 2002, 46, 177–186. [Google Scholar] [CrossRef]

	



Hong, Z.; Zhang, H.; Gong, Y.; Yu, Y. Towards a Multi-Party Interaction Framework: State-of-the-Art Review in Sustainable Operations Management. Int. J. Prod. Res. 2022, 60, 2625–2661. [Google Scholar] [CrossRef]

	



Harrison, N.E.; Mikler, J. Corporate Investment in Climate Innovation; Harrison, N.E., Mikler, J., Eds.; Palgrave Macmillan UK: London, UK, 2014; pp. 127–163. [Google Scholar]

	



Narita, D.; Sato, I.; Ogawada, D.; Matsumura, A. Integrating Economic Measures of Adaptation Effectiveness into Climate Change Interventions: A Case Study of Irrigation Development in Mwea, Kenya. PLoS ONE 2020, 15, e0243779. [Google Scholar] [CrossRef] [PubMed]

	



Quandt, A.; O’Shea, B.; Oke, S.; Ololade, O.O. Policy interventions to address water security impacted by climate change: Adaptation strategies of three case studies across different geographic regions. Front. Water 2022, 4, 935422. [Google Scholar] [CrossRef]

	



Hallberg Sramek, I. Tailoring Forest Management to Local Socio-Ecological Contexts: Addressing Climate Change and Local Stakeholders’ Expectations of Forests. Acta Univ. Agric. Sueciae 2023, 2023, 19. [Google Scholar] [CrossRef]

	



Angelakis, A.N.; Capodaglio, A.G.; Dialynas, E.G. Wastewater Management: From Ancient Greece to Modern Times and Future. Water 2022, 15, 43. [Google Scholar] [CrossRef]

	



Council Directive 91/271/EEC of 21 May 1991 Concerning Urban Waste-Water Treatment; European Union: Brussels, Belgium, 1991; Volume 135.

	



Directive 2009/125/EC of the European Parliament and of the Council of 21 October 2009 Establishing a Framework for the Setting of Ecodesign Requirements for Energy-Related Products (Recast) (Text with EEA Relevance); European Union: Brussels, Belgium, 2009; Volume 285.

	



Regulation (EU) 2019/2088 of the European Parliament and of the Council of 27 November 2019 on Sustainability-related Disclosures in the Financial Services Sector (Text with EEA Relevance); European Union: Brussels, Belgium, 2019; Volume 317.

	



Directive (EU) 2022/2464 of the European Parliament and of the Council of 14 December 2022 Amending Regulation (EU) No 537/2014, Directive 2004/109/EC, Directive 2006/43/EC and Directive 2013/34/EU, as Regards Corporate Sustainability Reporting (Text with EEA Relevance); European Union: Brussels, Belgium, 2022; Volume 322.

	



Regulation (EU) 2020/852 of the European Parliament and of the Council of 18 June 2020 on the Establishment of a Framework to Facilitate Sustainable Investment, and Amending Regulation (EU) 2019/2088 (Text with EEA Relevance); European Union: Brussels, Belgium, 2020; Volume 198.

	



Rando Burgos, E. El Pacto Verde Europeo Como Antesala de La Ley Europea Del Clima. Bioderecho 2021, 12, 7. [Google Scholar] [CrossRef]

	



Radovanović, M.; Filipović, S.; Vukadinović, S.; Trbojević, M.; Podbregar, I. Decarbonisation of Eastern European Economies: Monitoring, Economic, Social and Security Concerns. Energ. Sustain. Soc. 2022, 12, 16. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.; Wang, W.; Zhang, Y.; Song, J.; Zhu, L. Research on Energy-Saving Design Strategies of Libraries in Severe Cold Regions: Taking a University in Xinjiang as an Example. Energy Rep. 2021, 7, 1101–1113. [Google Scholar] [CrossRef]

	



Górecki, J.; Calleja, S. Growing Importance of Energy Efficiency in Building Sector. 2019. Available online: https://depot.ceon.pl/bitstream/handle/123456789/17083/Journal_Current_Construction_Issues_CEPPIS_2019-146-159.pdf?sequence=1&isAllowed=y (accessed on 4 September 2023).

	



Falconi, P. The Evaluation of Energy Efficiency Policies in the Building Sector: A Regional Analysis Based on the Stochastic Frontier Approach and on the Energy Environmental Kuznets Curve (EKC) and Policy Implications. Tec. Ital.-Ital. J. Eng. Sci. 2021, 65, 422–432. [Google Scholar] [CrossRef]

	



Bertelsen, N.; Vad Mathiesen, B. EU-28 Residential Heat Supply and Consumption: Historical Development and Status. Energies 2020, 13, 1894. [Google Scholar] [CrossRef]

	



Kanafani, K.; Rasmussen, F.N.; Zimmermann, R.K.; Birgisdottir, H. Adopting The EU Sustainable Performance Scheme Level(s) in the Danish Building Sector. IOP Conf. Ser. Mater. Sci. Eng. 2019, 471, 092070. [Google Scholar] [CrossRef]

	



Sánchez Cordero, A.; Gómez Melgar, S.; Andújar Márquez, J.M. Green Building Rating Systems and the New Framework Level(s): A Critical Review of Sustainability Certification within Europe. Energies 2019, 13, 66. [Google Scholar] [CrossRef]

	



Lamb, W.F.; Wiedmann, T.; Pongratz, J.; Andrew, R.; Crippa, M.; Olivier, J.G.J.; Wiedenhofer, D.; Mattioli, G.; Khourdajie, A.A.; House, J.; et al. A Review of Trends and Drivers of Greenhouse Gas Emissions by Sector from 1990 to 2018. Environ. Res. Lett. 2021, 16, 073005. [Google Scholar] [CrossRef]

	



Nurdiawati, A.; Urban, F. Towards Deep Decarbonisation of Energy-Intensive Industries: A Review of Current Status, Technologies and Policies. Energies 2021, 14, 2408. [Google Scholar] [CrossRef]

	



Wołowiec, T.; Kolosok, S.; Vasylieva, T.; Artyukhov, A.; Skowron, Ł.; Dluhopolskyi, O.; Sergiienko, L. Sustainable Governance, Energy Security, and Energy Losses of Europe in Turbulent Times. Energies 2022, 15, 8857. [Google Scholar] [CrossRef]

	



Colmenar-Santos, A.; Muñoz-Gómez, A.-M.; Rosales-Asensio, E.; López-Rey, Á. Electric Vehicle Charging Strategy to Support Renewable Energy Sources in Europe 2050 Low-Carbon Scenario. Energy 2019, 183, 61–74. [Google Scholar] [CrossRef]

	



Viktorovna, F.I.; Yurievich, N.V.; Viktorovna, P.I.; Mikhailovna, O.L. Impact of renewable energy sources consumption on economic growth in Europe and Asia-Pacific Region. Int. J. Energy Econ. Policy 2021, 11, 270–278. [Google Scholar] [CrossRef]

	



Somma, M.D.; Falvo, M.C.; Graditi, G.; Manganelli, M.; Scanzano, M.; Valenti, M. Integration of Renewable Energy Source in Transmission Grids: Issues and Perspectives. In Proceedings of the 2021 IEEE International Conference on Environment and Electrical Engineering and 2021 IEEE Industrial and Commercial Power Systems Europe (EEEIC/I&CPS Europe), Bari, Italy, 7–10 September 2021; pp. 1–8. [Google Scholar] [CrossRef]

	



Sovacool, B.K.; Geels, F.W.; Iskandarova, M. Industrial Clusters for Deep Decarbonization. Science 2022, 378, 601–604. [Google Scholar] [CrossRef] [PubMed]

	



Ezeudu, O.B.; Ezeudu, T.S. Implementation of Circular Economy Principles in Industrial Solid Waste Management: Case Studies from a Developing Economy (Nigeria). Recycling 2019, 4, 42. [Google Scholar] [CrossRef]

	



Sannö, A.; Johansson, M.T.; Thollander, P.; Wollin, J.; Sjögren, B. Approaching Sustainable Energy Management Operations in a Multinational Industrial Corporation. Sustainability 2019, 11, 754. [Google Scholar] [CrossRef]

	



Pirouz, B.; Arcuri, N.; Maiolo, M.; Talarico, V.C.; Piro, P. A New Multi-Objective Dynamic Model to Close the Gaps in Sustainable Development of Industrial Sector. IOP Conf. Ser. Earth Environ. Sci. 2020, 410, 012074. [Google Scholar] [CrossRef]

	



MGIMO University, Moscow, Russia; Financial University under the Government of the Russian Federation, Moscow, Russia; Platonova, I.N.; Maksakova, M.A.; MGIMO University, Moscow, Russia; Institute of Economics of the Russian Academy of Sciences, Moscow, Russia. Promoting Small and Medium-Sized Businesses in Europe for Sustainable Development in the Digitalization Era. In Proceedings of the Sustainable and Innovative Development in the Global Digital Age; Dela Press Publishing House: Laragh, Republic of Ireland, 2022; Available online: https://dpcsebm.delapress.com/index.php/dpcsebm/article/view/198/188 (accessed on 4 September 2023).

	



Papadopoulou, A.; Stefanakou, G.; Fougias, E. Promotion of Environmental Projects to Conform with UWWTD and Integrated Water Management. Water Pract. Technol. 2022, 17, 1421–1432. [Google Scholar] [CrossRef]

	



Chatzis, K. Alimenter En Eau et Assainir Les Immeubles Parisiens, 1850–1930: La Généralisation Du « système Belgrand ». Flux 2015, 97–98, 30–36. [Google Scholar] [CrossRef]

	



Wang, X.; Teigland, R.; Hollberg, A. A Pathway to Climate Neutral Buildings: Definitions, Policy and Stakeholder Understanding in Sweden and China. IOP Conf. Ser. Earth Environ. Sci. 2022, 1078, 012122. [Google Scholar] [CrossRef]

	



Vitenko, T.; Marynenko, N.; Kramar, I. European Experience in Waste Management. In Proceedings of the Innovations-Sustainability-Modernity-Openness Conference (ISMO’21), Bialystok, Poland, 14 May 2021; MDPI: Basel, Switzerland, 2021; p. 17. [Google Scholar]

	



Ankita, A. A Brief Review of Micellar Enhanced Ultrafiltration (MEUF) Techniques for Treatment of Wastewater in India. Proc. J. Water Eng. Manag. 2020, 1, 14–30. [Google Scholar] [CrossRef]

	



Rafique, R.; Chowdhury, Z.; Moon, J.; Lee, S. Application of Micellar Enhanced Ultrafiltration (MEUF) and Activated Carbon Fiber (ACF) Hybrid Processes for the Removal of Nickel from an Aqueous Solution. Int. J. Innov. Eng. Technol. 2018, 10, 112–120. [Google Scholar]

	



Schwarze, M. Micellar-Enhanced Ultrafiltration (MEUF)–State of the Art. Proc. Environ. Sci. Water Res. Technol. 2017, 3, 598–624. [Google Scholar] [CrossRef]

	



Yusaf, A.; Usman, M.; Ahmad, M.; Siddiq, M.; Mansha, A.; Al-Hussain, S.A.; Zaki, M.E.A.; Rehman, H.F. Highly Selective Methodology for Entrapment and Subsequent Removal of Cobalt (II) Ions under Optimized Conditions by Micellar-Enhanced Ultrafiltration. Molecules 2022, 27, 8332. [Google Scholar] [CrossRef]

	



Venkataraman, S.; Rajendran, D.S.; Kumar, P.S.; Vo, D.-V.N.; Vaidyanathan, V.K. Extraction, Purification and Applications of Biosurfactants Based on Microbial-Derived Glycolipids and Lipopeptides: A Review. Environ. Chem. Lett. 2022, 20, 949–970. [Google Scholar] [CrossRef]

	



Ribeiro, B.G.; Guerra, J.M.C.; Sarubbo, L.A. Biosurfactants: Production and Application Prospects in the Food Industry. Biotechnol. Prog. 2020, 36, e3030. [Google Scholar] [CrossRef]

	



Banat, I.M.; Franzetti, A.; Gandolfi, I.; Bestetti, G.; Martinotti, M.G.; Fracchia, L.; Smyth, T.J.; Marchant, R. Microbial Biosurfactants Production, Applications and Future Potential. Appl. Microbiol. Biotechnol. 2010, 87, 427–444. [Google Scholar] [CrossRef] [PubMed]

	



Desai, J.D.; Banat, I.M. Microbial Production of Surfactants and Their Commercial Potential. Microbiol. Mol. Biol. Rev. 1997, 61, 47–64. [Google Scholar] [CrossRef]

	



Karnwal, A.; Shrivastava, S.; Al-Tawaha, A.R.M.S.; Kumar, G.; Singh, R.; Kumar, A.; Mohan, A.; Yogita; Malik, T. Microbial Biosurfactant as an Alternate to Chemical Surfactants for Application in Cosmetics Industries in Personal and Skin Care Products: A Critical Review. Biomed. Res. Int. 2023, 2023, 2375223. [Google Scholar] [CrossRef]

	



de Oliveira Schmidt, V.K.; de Vasconscelos, G.M.D.; Vicente, R.; de Souza Carvalho, J.; Della-Flora, I.K.; Degang, L.; de Oliveira, D.; de Andrade, C.J. Cassava Wastewater Valorization for the Production of Biosurfactants: Surfactin, Rhamnolipids, and Mannosileritritol Lipids. World J. Microbiol. Biotechnol. 2023, 39, 65. [Google Scholar] [CrossRef]

	



Rezaee, A.; Dehghani, S.; Zamanian, M.; Hamedrahmat, M. Rhamnolipid Biosurfactants in Heterologous. J. Rafsanjan Univ. Med. Sci. 2022, 17, 143–156. [Google Scholar]

	



Kumar, R.; Das, A.J.; Kumar, R.; Das, A.J. Extraction, Detection, and Characterization of Rhamnolipid Biosurfactants from Microorganisms; Springer: Singapore, 2018; pp. 15–28. [Google Scholar]

	



Das, P.; Sharma, A.; Singh, Y.; Upadhyay, S.; Verma, S. MEUF for Removal and Recovery of Valuable Organic Components Present in Effluents: A Process Intensified Technology. Water Environ. Res. 2022, 94, e10761. [Google Scholar] [CrossRef] [PubMed]

	



Nagtode, V.S.; Cardoza, C.; Yasin, H.K.A.; Mali, S.N.; Tambe, S.M.; Roy, P.; Singh, K.; Goel, A.; Amin, P.D.; Thorat, B.R.; et al. Green Surfactants (Biosurfactants): A Petroleum-Free Substitute for Sustainability—Comparison, Applications, Market, and Future Prospects. ACS Omega 2023, 8, 11674–11699. [Google Scholar] [CrossRef] [PubMed]

	



Bahmani, P.; Maleki, A.; Rezaee, R.; Mahvi, A.H.; Khamforoush, M.; Dehestani Athar, S.; Daraei, H.; Gharibi, F.; McKay, G. Arsenate Removal from Aqueous Solutions Using Micellar-Enhanced Ultrafiltration. J. Environ. Health Sci. Eng. 2019, 17, 115–127. [Google Scholar] [CrossRef] [PubMed]

	



Tortora, F.; Innocenzi, V.; Mazziotti di Celso, G.; Vegliò, F.; Capocelli, M.; Piemonte, V.; Prisciandaro, M. Application of Micellar-Enhanced Ultrafiltration in the Pre-Treatment of Seawater for Boron Removal. Desalination 2018, 428, 21–28. [Google Scholar] [CrossRef]








[image: Pollutants 03 00036 g001] 





Figure 1. The diagram provides an overall view of how SOM links to waste management. Decarbonization strategies vary from region to region and sector to sector based on local conditions, available resources, and policy priorities. They are a critical component of global efforts to limit global warming to well below 2 degrees Celsius above pre-industrial levels, as outlined in international agreements like the Paris Agreement. Achieving decarbonization goals requires a combination of government policies, private sector initiatives, technological advancements, and changes in individual behaviour to reduce emissions and transition to a low-carbon economy. This paper focuses on wastewater treatment strategies. The strategy level refers to policy makers and long-term planning; both initiatives and delivery have shorter timespans. 
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Figure 2. Conceptual Chemical Process in MEUF. 
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Figure 3. SOM framework. 
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Table 1. The table outlines key strategies and measures for decarbonization across various sectors, including transitioning to renewable energy, promoting electric vehicles, enhancing building and operational efficiency, integrating circular economy principles, and utilizing technology and innovative methods to reduce emissions and waste. These comprehensive approaches span from sustainable agricultural practices and methane emission reduction to advanced wastewater treatment, emphasizing a multifaceted approach to mitigate climate change. Key Strategies and Measures per Sector.
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	Sectors
	Key Decarbonization Strategies and Measures
	Description





	All
	Sustainable Operations

Management

(SOM)
	Strategies for eco-friendly

operations.



	All
	Optimization
	Maximizing efficiency and

effectiveness.



	Energy
	Transition to Renewable Energy Sources
	Shifting from fossil fuels to

renewables.



	Transportation
	Electric Vehicles
	Promoting the use of EVs for

reduced emissions.



	Buildings
	Energy-Efficient Building Practices
	Enhancing energy efficiency in

construction.



	Industrial
	Circular Economy Integration
	Prioritizing resource efficiency and waste reduction.



	Policy and Regulation
	Carbon Pricing and Carbon Taxes
	Economic instruments to discourage carbon emissions.



	All
	Technological Innovation
	Research and development of cleaner technologies.



	Agriculture and Land Use
	Sustainable Agricultural Practices
	Implementing eco-friendly farming methods.



	Waste Management
	Methane Emission Reduction
	Reducing methane emissions from landfills and waste sites.



	All
	Digitalization and IoT
	Using technology for enhanced efficiency and sustainability.



	Wastewater Treatment
	Advanced Wastewater Treatment
	Employing modern methods like MEUF for eco-friendly wastewater treatment.



	Wastewater Treatment
	Biosurfactant Use in Wastewater Treatment
	Exploring the efficiency of biosurfactants as an alternative to chemical surfactants in wastewater treatment.
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