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Abstract

:

Freshwater is a precious resource, and shortages can lead to water stress, impacting agriculture, industry, and other sectors. Wastewater reuse is increasingly considered as an opportunity to meet the freshwater demand. Legislative frameworks are under development to support the responsible reuse of wastewater, i.e., to balance benefits and risks. In an evaluation of the proposed European regulation for water reuse, we concluded that the proposed regulation is not practically feasible, as the water provider alone is responsible for the risk assessment and management, even beyond their span of control. The required knowledge and resources are extensive. Therefore, without clear guidance for implementation, the regulation would hinder implementation of reuse programs. As a consequence, the current practice of uncontrolled, unintentional, and indirect reuse continues, including related risks and inefficiency. Therefore, we provide an outline of the interdisciplinary approach required to design and achieve safe, responsible water reuse. Responsible water reuse requires knowledge of water demand and availability, quality and health, technology, and governance for the various types of application. Through this paper we want to provide a starting point for an interdisciplinary agenda to compile and generate knowledge (databases), approaches, guidelines, case examples, codes of practice, and legislation to help bring responsible water reuse into practice.
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1. Introduction


Freshwater is a precious resource, and shortages can lead to water stress impacting agriculture, industry and other sectors [1]. To reduce this, treated municipal (domestic) or industrial wastewater is increasingly considered as a freshwater resource. By wastewater reuse, the pressure on water resources can be reduced, which fits within the circular economy objectives [2]. However, water should only be reused in a responsible, sustainable manner, i.e., if no unacceptable additional risks for human health and the environment are introduced beyond current water sources. The main challenge for achieving such responsible water reuse is that there is considerable variation in (potential) risks and hazards, related to differences in water sources, application, and type of water treatment methods, and thus in water quality, and the use, practice, or method of application [3,4,5,6,7,8,9,10].



Applications of wastewater reuse in Europe include reuse of municipal wastewater for drinking water (e.g., Torrelee, BE [11]), as cooling water in industry (e.g., Tarragona, ES [12]) and for agricultural irrigation (e.g., Braunschweig, DE; Clermont-Ferrand, FR; Puglia, IT [13,14,15]), and of wastewater from the food industry for irrigation in agriculture (Lieshout, NL [16]) and horticulture (Dinteloord, NL [17]).



The EU’s blueprint to safeguard Europe’s water resources, stresses the need to use treated wastewater as a water resource for irrigation [3,18]. The Water Framework Directive and the Urban Wastewater Treatment Directive provide requirements for treatment of wastewater. For effluent reuse, however, the EU’s blueprint identifies a lack of common standards, which led to a risk management framework by the Joint Research Centre to establish minimum quality requirements for water reuse in agriculture [19].



At current, there is no explicit EU regulation with regard to irrigation water. However, the proposed EU regulation for direct reuse of domestic wastewater for irrigation [20] has very recently been adopted by the EU Council and awaits adoption by the European Parliament [21]. It includes harmonized minimum quality requirements and risk management practices, as well as specific processes related to permits and obligations on the sharing of information on reuse. The proposed EU regulation for the direct reuse of domestic wastewater for irrigation asks for a detailed understanding of the benefits and risks of reuse for agricultural practices for each reuse program. This proposed regulation states that a water reuse risk management plan (WRRMP) is required for reclamation sites, to manage microbial and chemical risks in a proactive manner. Minimum quality requirements are proposed for different types of agricultural reuse, depending on crop category and irrigation method. Additional water quality requirements that are relevant to the specific reuse program should be added based on the WRRMP.



Earlier evaluations by independent experts [22] concluded that although many important elements are included in the proposed water quality requirements, several key aspects were inadequately addressed—in particular contaminants of emerging concern, spread of antibiotic resistance, disinfection by-products, and the potential of effect-based bioanalytical tools—and that the selection of minimum quality requirements is unclear. In this paper, the different aspects that should be considered in every water reuse case are addressed, i.e., water demand and availability, water quality (health and safety), treatment technology and governance (policy and regulations, economics, stakeholder participation and public acceptance) (Figure 1). The proposed EU guidelines for the reuse of domestic wastewater for irrigation and the WRRMP were critically reviewed with respect to practical feasibility for a specific water reuse case in the Netherlands [23]. This led to the identification of knowledge requirements for responsible water reuse. This paper provides an outlook on how the proposed regulations could be improved to encourage innovation in technically achieving, managing, monitoring, and regulating responsible water reuse.




2. Water Demand and Availability and Reuse Applications


The most common freshwater sources are groundwater and surface water, often perceived as natural waters [24,25]. However, wastewater is already often indirectly (de facto) reused in agriculture, by irrigating with surface water in which treated domestic wastewater is discharged and diluted [26]. For several regions in Europe with agricultural irrigation the impact of wastewater effluent on irrigation water quality has been estimated to be significant [24]. Globally, it has been estimated that about 65% of irrigated croplands downstream of urban areas were located in catchments affected by urban wastewater flows [27]. The main drivers for the intentional reuse of effluent are declining groundwater levels and prolonged droughts [28]. Periods of drought in Europe, even in areas with an annual rainfall excess, have led to ad hoc use of treated wastewater for irrigation without adequate risk evaluations. Aquifer recharge or subsurface water storage to prevent or reduce salinization also creates demand for (reclaimed) freshwater [29].



Quantitatively, the reuse of domestic wastewater for irrigation has high potential to play an important role in water resource management. For direct water reuse, wastewater needs to be treated to such an extent that it is suitable for irrigation. Such intentional reuse offers better control and management possibilities than currently practiced de facto reuse. There is a lack of knowledge on the required water quality for safe use in agriculture, especially with respect to emerging compounds. Innovative treatment processes need to be applied to achieve this quality reliably, affordably, and sustainably. Since the demand is generally highest when there is least water available, concepts for underground buffering need to be developed. These in turn require sufficient water quality, but also may improve water quality [30,31]. Smart combinations of various reuse applications with varying demands will increase flexibility of the system, but require innovative business models to manage shared water resources. The proposed EU regulation for reuse is limited to direct reuse of treated domestic wastewater for irrigation. Therefore, it only applies to a selection of potential water reuse applications and is missing an integrated approach. The regulation asks for a detailed understanding of benefits and risks of reuse for agricultural practices. If a water provider does not have the specific expertise and realises that the required monitoring will be costly, the proposed regulation might discourage intended reuse and thus unintendedly stimulate an increase of indirect de facto reuse.




3. Health and Safety including Water Treatment


Current wastewater and sanitation systems were designed to efficiently remove wastewater from the home and release it into the environment to prevent contact with humans. A hazard related to wastewater reuse is that it may bring the contaminants from wastewater back to the living environment. Irrigation with treated wastewater may introduce pathogens and chemicals in the soil and to the plants, some of which may affect human health by transfer through the food chain, or via contamination through the air, surface water, or groundwater. Human health risks due to the presence of pathogens or chemicals can vary widely between cases of water reuse for irrigation, depending on the type of wastewater, land use, soil type, type of irrigation, exposure scenarios, and the hydrological conditions at the irrigation site [32]. Conventional wastewater treatment processes were not designed to remove pathogens and emerging contaminants [33]. Additional and innovative water treatment technologies based on sorption, oxidation and size exclusion principles, will thus be needed to produce fit-for-purpose water efficiently [34]. Recent activities to collect all knowledge on the removal of a wide variety of pathogens and (emerging) contaminants by common and advanced treatment technologies, such as activated carbon, the use of ozone and UV with or without H2O2, nanofiltration, and reverse osmosis, actually shows that knowledge is available but scattered, and continuously growing and expanding to new contaminants [34,35]. Also, different exposure routes and their respective relevance differ per situation and depend on type of irrigation, type of crop, and environmental fate of chemicals present in the reclaimed water in the soil. In each water reuse case, the following questions on water quality need to be addressed: Which risks related to the presence of pathogens or chemicals are relevant in this particular case and what water treatment technologies are effective?



Pathogens in domestic wastewater include bacteria, viruses, protozoa and helminths. These are mostly enteric pathogens causing gastrointestinal disease that enter the wastewater by excretion from infected persons. Pathogens are currently not monitored in wastewater, so what is known about the presence of common and rare pathogens in various wastewater types is coming from research and is scattered [36]. Real-time quantitative polymerase chain reaction (PCR) analyses could serve as a relatively simple and cheap screening tool for pathogens in wastewater [37], although it needs to be considered that these methods cannot make a distinction between DNA from living or dead pathogens and thus could result in false positives. Viruses, bacteria, and parasites are only removed or inactivated to a limited extent in conventional (activated sludge and sedimentation) wastewater treatment processes [36]. So, for many reuse applications in agriculture, microbial safety requirements will require additional treatment or other risk management actions. In the proposed EU regulation for reuse of domestic wastewater for irrigation, minimum requirements are set only for the microbial parameters Escherichia coli (E. coli), Legionella spp. and helminth eggs, and several technical minimum requirements are also associated to microbial safety. Choosing E. coli as the general indicator to evaluate whether a reuse system is capable of producing water that is safe for the different irrigation purposes could result in a false sense of safety, as E. coli is very sensitive to disinfection processes in comparison to other microbial hazards [38]. Reused wastewater will generally contain more organics which stimulates microbial growth including opportunistic pathogens like Legionella. The requirement for Legionella spp. is only in greenhouses where there is a risk of aerosolization. This is potentially a high-risk setting for Legionella pneumophila¸ given water temperatures in these irrigation systems. However, several urban wastewater systems have been associated with Legionella pneumophila outbreaks [39,40,41,42], particularly linked with wastewater influenced by high organic/high temperature waste streams such as from breweries or paper mills, so inclusion of reuse systems based on these waters is warranted. In addition, the proposed monitoring of Legionella spp. includes many non-pathogenic Legionella species that can be abundant in water systems, while the vast majority of severe infections is due to Legionella pneumophila. Its management might even increase the risk as Legionella species live in competition in biofilms. Disturbing the biofilm by disinfection of Legionella spp. might actually allow Legionella pneumophila to proliferate in the new situation [43]. Setting the requirement specifically for Legionella pneumophila would thus be a better indicator of risk.



There is discussion about the significance of the water route for human exposure to antibiotic resistant bacteria, but it is clear that many types of antibiotic-resistant bacteria and genes are present in wastewater [44]. WHO has indicated that discharge and exposure via domestic wastewater should be kept as low as reasonably achievable [45,46]. To demonstrate this, it would be beneficial to provide guidance and select a reference for antibiotic resistance, such as extended-spectrum betalactamase (ESBL) E. coli, given that it is widespread and one of the resistant bacteria of concern present at relatively high concentrations with good methods available for enumeration in wastewater.



Risks of chemicals for human health or the environment depend on the hazardous properties of the concerned chemicals and the margin between safe exposure levels and the realistic exposure that is occurring [47]. Exposure levels can be monitored, but in a risk management scheme exposure levels may also be predicted to some degree based on (expected) levels in wastewater, treatment efficiency, distribution and degradation in water, soil and air, and absorbance in plants [32,48]. Wastewater presents a continually evolving composition of chemicals in complex mixtures depending on human activities. Humans can thus be exposed to chemicals in reclaimed water via different exposure routes, partly depending on (professional) activities of the exposed individuals. For persistent chemicals, concentrations in wastewater-irrigated soils may even slowly rise with each successive wastewater application [32,49].



No minimum requirements for chemicals are included in the proposed regulation, but these are to be determined for specific chemicals in specific settings based on the outcomes of the WRRMP. This plan refers to existing EU legislation on chemicals in food and the environment. A list of relevant chemicals to consider for the validation and performance monitoring of reclamation plants can be based on their known or expected presence in wastewater, legislative criteria for (ground) water, and food safety requirements for crops such as maximum residue levels. Minimum requirements for these chemicals at the point of compliance, such as the outlet of the reclamation plant, can be defined based on relevant exposure routes and realistic worst-case fate and transport processes of chemicals from the release via STP towards human and environmental exposure. Wastewater also contains nutrients that can be useful for crop production, such as nitrogen, phosphorus, potassium and organic matter [50]. Required concentrations of nutrients vary in different crop production stages and there are some associated health hazards (e.g., nitrate). Reclaimed water for irrigation may also negatively impact agricultural productivity, especially through salt content [51]. Limit concentrations of chemicals in reused wastewater are either based on crop requirements or on human or environmental health concerns. Relevant chemicals can be derived by integrating information on occurrence in wastewater and their risks including legislative food safety requirements. Following the proposed regulation, environmental monitoring systems of water reuse systems would need to include the whole water pathway, i.e., at the reclamation plant, at the point of use and further downstream in the environment. This generally exceeds the span of control of individual water providers or managers.



Indirect potable reuse through drinking water production from domestic and industrial wastewater impacted surface water has provided several decades of experience on monitoring and managing water quality risks. Due to increased knowledge on possible adverse effects and increased analytical possibilities, the number of chemical parameters included in monitoring programs of water utilities increased exponentially in the last decade [52]. In accordance with the European Drinking Water Directive [53], utilities aim at a tailored risk-based monitoring program and this approach is also applicable to water reuse applications. Risk-based monitoring programs can be designed based on knowledge of the chemical composition of the wastewater and effluent, vulnerability of receiving groundwater and potential exposure routes. It is expected that a risk-based monitoring workflow for water reuse for irrigation can be based on the available technologies currently in use for drinking water purposes [47,54]. These can be complemented with bioanalytical tools that give information on the integrated effect of mixtures of chemicals related to a specific health effect [55,56]. By referring to a list of EU legislations on microbial and chemical risks from which requirements and obligations are also to be taken into account, many additional water quality requirements are indirectly included in the proposed regulation. Guidance on which requirements from these legislations should be included in a WRRMP needs to be further developed. Practical case studies can provide insight in what monitoring is practical, feasible and meaningful.



Awareness of the number of chemicals emitted to the aquatic environment in wastewater has also resulted in increased attention for and exploration of the merits of additional post-treatment at wastewater treatment plants [57]. Additional biological and technological treatments, such as activated sludge, membrane bioreactors, moving bed biofilm reactors, and nature-based solutions such as constructed wetlands may also be used in water reuse applications to mitigate risks [58]. The relevance of a treatment technology to a specific reuse case can be evaluated based on reliable removal efficiency data. Recently developed relevance and reliability criteria support the selection of appropriate technologies [59].




4. Governance


While water scarcity urges the practice of water reuse, large variation in potential hazards and risks forces to ensure responsible water reuse. This gives rise to a particular challenge in governance. A precautionary option for water reuse for irrigation would be to set a standard list of requirements, focused on expected exposures via food crops. Concentrations in harvested crop, environment, and biota can be measured or estimated based on fate and behaviour of chemicals and pathogens after release from the water treatment site [60,61]. The introduction of related uncertainty/extrapolation factors may lead to relatively conservative water quality standards that will need to be met and therefore monitored. Location specific risk-based approaches, where hazards and risk management measures are prioritized on a case-by-case basis, are expected to be more applicable. This avoids overly stringent quality standards that could discourage the development of reuse schemes by imposing burdensome treatment and/or costly monitoring requirements [62]. However, to require each reuse system to conduct their own specific evaluation of all relevant contaminants, their toxicity and uncertainties would make the regulations very difficult to implement and harmonize between reuse systems and member states. Hence, this risk-based approach requires additional efforts to provide guidance on how to define the minimum set of requirements relevant to specific water reuse cases.



The WRRMP evaluation process can be supported by the development of a database of relevant hazard and safety levels and guidance material on the development of monitoring requirements. Existing risk management methods, databases and tools such as the AquaNES Quantitative Microbial Risk Assessment (QMRA) tool [35] may be useful in this regard, even if they were not developed specifically for water reuse cases. Another applicable method is the framework for risk-based monitoring of groundwater sources for drinking water production established in the joint research program of Dutch and Flemish drinking water companies [52]. Also, EFSA has developed a guidance for predicting environmental concentrations of plant protection products and their transformation products [63]. Although this was originally developed for exposure assessment for soil organisms, this may also be applied for the evaluation of water reuse risks on human health and the environment.



The heterogeneity of water reuse cases and risk management needs, stresses the value of a progressive and enabling regulatory regime [64]. For a mature governance arrangement, it is critical to engage stakeholders and pursue the normalization of water reuse in society. Ensuring long-term collaboration and engagement of stakeholders and customers is one of the key success factors in the development of water reuse schemes [62]. Building confidence and gaining trust through early consultation allows for a location specific approach that deals with uncertainty regarding risks and their perception. Involvement of stakeholders is also advocated by Goodwin and co-workers in a water reuse safety plan approach [65]. An important element in the engagement of stakeholders, in particular the general public, is the societal legitimation of water reuse [66]. The use of long-term narratives around the benefits of adopting water reuse and the recognition that de facto reuse is common practice could support public acceptance [67]. A clear explanation of risks and risk management can support public acceptance by applying the principles of risk communication [68]. Unfortunately, the WRRMP in the new EU regulation for direct reuse of domestic wastewater [20] does not include stakeholder engagement requirements. This is however critical, since this WRRMP points to risk management actions that are generally beyond the control of the water provider in reuse utilities.



The governance arrangement of water reuse cases needs to address economic aspects as well. An important factor hampering the development of water reuse is related to the total costs of treatment and of monitoring the reuse system as a whole [15,62]. For those cases in which reclaimed water is used for agricultural purposes, there will also be substantial costs associated with the conveyance system and delivery management for irrigation [15]. On the other hand, water reuse cases are often undervalued as the range of (environmental) benefits are not accounted for. Giannoccaro et al. [15] point out that also often transaction costs are not considered. The costs for water reuse treatment are incurred by different organisations (public or private water industry) than those organisations benefitting from the availability of reclaimed water (e.g., farmers). This is a general challenge for the transition to the circular economy in which a new distribution of societal values is needed that goes beyond a cost–benefit analysis of a particular (e.g., water) reuse case. The circular economy will require systematic changes in the whole value chain for water, benefitting the economic development of water reuse practices [69,70].




5. Feasibility of the Proposed Regulation for a Specific Water Reuse Case


The practical feasibility of the proposed regulation was evaluated by going through the WRRMP key risk management tasks for a sub-surface irrigation (SSI) case (research pilot) using effluent of a sewage treatment plant (STP) at Haaksbergen, the Netherlands. In this SSI case, STP effluent is actively added to a controlled drainage system. Such systems allow to control groundwater levels and soil moisture conditions at an agricultural field [71]. By actively adding water, controlled drainage systems become infiltration systems, or sub-irrigation systems (SSI). SSI systems can supply STP effluent to crops while the soil is used as filter and buffer zone [3]. The research pilot in Haaksbergen runs since 2015 [72].



The proposed regulation focuses on risks for water quality and health, and not on the potential benefits, or the risks of the current situation (irrigation with surface water that receives domestic wastewater). As opportunities (benefits) are not considered and the proposed risk analysis is very extensive, it is not possible to find a balance and implement responsible water reuse with this currently proposed regulation. Some specific shortcomings were identified. (i) Roles and responsibilities of the different stakeholders are not clearly described. (ii) Although needed to assess potential risks, the operator likely does not have detailed information on and jurisdiction over the infrastructure from the point of release (effluent) to the point of use (irrigation). In the Haaksbergen case, irrigation takes place using an innovative subsurface system that reduces the risks from direct application of water on crops or through aerosols. However, the proposed regulation does not address subsurface irrigation and requires measurements and (environmental) monitoring which may be less relevant for this type of irrigation. (iii) In particular, for emerging chemicals and pathogens, site-specific information on their occurrence in this case study wastewater is not readily available. Also, their fate and behaviour in the soil and in crops that will be consumed by humans or cattle is unknown. Determining whether additional requirements are needed requires the operator to perform a risk assessment and compare the outcome to acceptable levels of risk or water quality. (iv) Without guidance it is an exhaustive effort to monitor all relevant exposure routes and, in practice is outside the influence of the operator, who nevertheless has this responsibility according to the proposed regulation. (v) There is no guidance on adequate validation monitoring, and this is needed to support operators and to harmonize validation monitoring.



The evaluation of the proposed guideline shed light on the challenges of the implementation of the guideline to promote responsible water reuse. It provides guidance for research agendas and needs to make practical implementation feasible. Using novel, innovative methods, feasible and uncomplicated monitoring strategies can be developed for analyses of effluent water quality at the point of release without the need to monitor (inaccessible) points of use. Rather than requesting extensive monitoring at each reuse site, decision-making tools and databases with information on environmental fate could be developed to identify whether a water reuse application may result in increased environmental exposure (soil, surface water and groundwater, crops) on or near the irrigation site, potentially resulting in risks for ecology or humans. Measuring or modelling site-specific exposure of humans, cattle, and the environment to compare to safe concentration is extensive and complex. Alternatively, national or river-basin specific risk assessments can, to some extent, be based on national concentrations of hazards in urban wastewater, efficacy of treatment processes and public health and environmental water quality standards [47,48,59]. This can be used to define a manageable set of indicator chemicals from different classes of use and with different physicochemical properties. Additional site-specific requirements may be derived by risk-based approaches. A database with acceptable risk levels or water qualities for different reuse purposes, and relevant preventive measures, would facilitate the implementation of the proposed regulations. Agriculture can benefit from treated wastewater as freshwater resource, and risks can be managed by precautionary regulations based on the most relevant exposure route. If needed, reuse can be limited to those applications with limited risk potential.



Ongoing research and innovation is already providing a basis for these goals with existing databases, novel analysis methods and innovative treatments. The EU regulation on minimum requirements for water reuse [19,20] is part of a legislative framework that is under development in the EU to support responsible reuse of wastewater for irrigation purposes. Other legislative frameworks related to water reuse are being developed worldwide (Table 1) allowing international sharing of knowledge and experience. New contaminants and new treatment technologies will continue to emerge. An integrated research agenda in the field of water reuse will support the efficient acquirement of necessary knowledge and steer innovation in the needed direction. User-friendly tools need to be developed together with end users that encapsulate this knowledge and allow stakeholders to apply this also in a non-scientific environment.




6. Conclusions


Wastewater reuse is increasingly considered as an opportunity to meet the freshwater demand. This means a shift of paradigm from “safe treatment and discharge of wastewater” to “transforming used water to fit-for-purpose water”. The following questions need to be addressed. To what degree are pressures on freshwater sources reduced by exploitation of treated wastewater? Which risks related to the presence of pathogens or chemicals are relevant in this particular case, and how does this impact selection of suitable water treatment technologies? What is the relevant legislation to be complied? Who are the responsible authorities and stakeholders for each of the elements of a reuse program, and are they all sufficiently involved?



The minimum requirements for microbial and chemical hazards in the proposed EU regulation do not sufficiently cover relevant risks to protect human and environmental health. The water reuse risk management plan in the proposed EU regulation is an interdisciplinary and exhaustive task and the proposed approach is not practically feasible, because it is very complex and operator influence and proposed responsibilities do not match. To support responsible water reuse, the evaluation of water reuse cases requires expert knowledge on both the benefits and risks regarding water availability, quality, and governance. Databases (on hazards, risks, background exposures and preventive measures) are needed to consistently and efficiently develop scientific, expert, and practical knowledge. Guidance material and decision-making tools are needed to disseminate expert knowledge and support decision makers and stakeholders for responsible water reuse, i.e., to make expert knowledge available for risk managers and stakeholders.
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Figure 1. Different disciplines are needed for the practice of responsible water reuse. 
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Table 1. Overview of existing and developing legislative frameworks of water reuse for industry, agriculture, or drinking water.
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	ISO Guidelines 20426, 20468, 20469 (2018)



	WHO Guidelines for the safe use of wastewater, excreta and greywater (2006, revision ongoing)



	WHO’s Guidance of potable reuse (2017)



	USEPA Guidelines for water reuse (2012)



	US and California’s Title 22 (updated in 2015)



	Colorado incorporated water reuse in regulatory framework (no other states or US federal rules)



	US federal regulation Food Safety Modernisation Act (2017) (relevant for crop irrigation in Latin America)



	Australian Guidelines for Water Recycling (2006)



	Oman national guidelines for water reuse



	National standards of EU Member States (e.g. Spain Royal Decree 1620/2007)



	EU Minimum requirements for water reuse in agriculture (legislation in consultation phase)



	United Arab Emirates develops legal framework for water reuse (feasibility studies ongoing)



	Saudi Arabia restructured water-related organizations and ministries to clarify responsibilities
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