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Abstract

:

This paper develops a framework for the identification, assessment and analysis of the water reuse-carbon-energy-food-climatic (WEFC) nexus in an integrated peri-urban wastewater treatment and reuse system. This methodology was applied to the municipal wastewater treatment plant (WWTP) of Peschiera Borromeo (Milan, Italy) and its peri-urban district to define the most possible affirmations and conflicts following the EU regulations 741/2020. Results of this work showed that transferring the WEFC nexus from theory to practice can realize sustainable resource management in the operating environment by providing a reduction in greenhouse gas (GHG) emissions, overall energy savings, reduction in water stress and optimization of agricultural practices. Particularly, it was found that if the plant configuration is upgraded to reach water quality class C for water reuse, instead of wastewater discharge, energy savings are estimated to reach up to 7.1% and carbon emissions are supposed to be reduced up to 2.7%. In addition, enhancing water quality from class C to class A resulted in increments in energy and carbon footprint of 5.7% and 1.7%, respectively. Nevertheless, higher quality crops can be cultivated with reclaimed water in class A, with bigger economic revenues and high recovery of nutrients (e.g., recovery of 154,450 kg N/y for tomato cultivation).
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1. Introduction


Water is rooted and highly interlinked to natural resources and their productivity [1]. Water management is indeed one of the pillars for the efficiency of the balance and resilience of many productivity sectors such as energy production and transmission [2]. Fragmented management of interrelated sectors, as well as their separated analysis without considering the integrated system, hide a potential risk of not achieving the desired outcomes [3]. This is caused by underestimated or even unexplored synergies, antagonisms, and ripple effects. The shift of integrated management (so-called nexus approach) requires a shift towards integrated approaches for systems analysis and assessment as well [4]. Hence, the aim should be at using water-related nexus, targeting the holistic systems analysis, and revealing the multiple and complex interactions and feedback loops between technical and biological cycles [5]. A multi-sectoral system analysis framework symbiotically managing different resources (e.g., water, energy) is needed for modelling both socio-economic (e.g., food) and non-economic (e.g., climate) sectors to investigate the complex interactions and interdependencies between the sectors in order to promote synergies and reduce antagonisms between them [6,7]. The water-energy-food-climate (WEFC) nexus is a systematic approach to scientific investigation and design of coherent policy goals and instruments that focuses on synergies, conflicts and related trade-offs emerging in the interactions between water, energy, food and climate at bio-physical, cyber-physical, socio-economic, and governance level [8].



Urban water management considers water supply, wastewater treatment and disposal as an integrated system. The increasing demand for good quality water brings a higher necessity for treatment that enables water reuse, which in turn demands more energy use and associated greenhouse gas (GHG) emissions [9]. The energy-intensive nature of wastewater treatment creates an important part in sustaining urban water systems [10]. The modern thinking about urban water systems not only regards augmenting the existing water supply with new and alternative water sources but also ensuring that adaptive measures are applied for climate change mitigation by reducing energy use and GHG emissions [5,11].



Some authors discussed the nexus addressing issues through water and energy use in agriculture [7,12], while others focused on WWTP boundaries [13] or on water supply and treatment lines [10]. In most cases, the Water-Energy-Food (WEF) nexus is applied, and climate is often neglected in the nexus approach [14]. However, climate change has been considered one of the most threatening factors that put the sustainability of the WEF nexus at risk [15], especially considering water availability [16].



In the wastewater reuse-based agricultural sector, energy-carbon and water footprints are highly interconnected and exhibit a great example of the Water-Energy-Food-Climate (WEFC) nexus [17]. WWTPs are great energy carriers [18,19] and responsible for up to 26% of the GHG emissions of the whole water supply chain [20]. From an environmental and economic point of view related to climate change, any reduction in energy consumption and associated with GHG emissions is valuable [21]. Furthermore, the nutrients and reuse potential of reclaimed wastewater are valuable and can be reutilized in urban agriculture as a potential strategy to support local communities. Between 50% and 90% of the total water demand is represented by agriculture, and the reuse for agricultural irrigation is by far the most established end-use for reclaimed water and is seen as a solution to overcome global water stress [22]. Hence, integrated wastewater treatment and reuse systems are a typical case of WEFC interactions both at city and farm levels, bridging the gap between food and climate sectors. For instance, Gondhalekar and Ramsauer [11] applied the urban WEF nexus for climate change adaptation in a neighborhood of Munich, Germany. The authors provided 26% saving of current freshwater supply by wastewater recycling and reuse coupled with rainwater harvesting as well as 66% of local demand for fruit and 246% of local demand for vegetables by intensive urban agriculture.



In recent years, EU regulations such as 2020/741 “Regulation on minimum requirements for water reuse” [23] and strategies such as “Farm to Fork” have enabled the valorization of wastewater. In the meantime, many wastewater utility managers are seeking to implement nexus-oriented projects to support their city’s energy transition policy [24]. However, the nexus has remained conceptual so far and eventually many operators and/or reclamation managers do not know how this approach can bring added value to the operating environment. Currently, innovative ways such as serious games, participatory processes, and bottom-up approaches are adopted to make the nexus more tangible and usable by water utilities, policymakers and citizens [25,26]. The nexus analysis in urban development requires a common matrix to measure the carbon, energy and water efficiency of proposed scenarios and technical options. In many cases, relative carbon, energy and water footprints are calculated and evaluated to quantify environmental impacts [27]. According to the European Environmental Agency (EEA), in 2007, at least 11% of Europe’s population and 17% of the territory were estimated to be affected by water scarcity, with a related cost of droughts over the past thirty years at EUR 100 billion. In the Mediterranean region, 20% of the population lives under constant water stress, which increases up to over 50% in summer. Moreover, water losses are important issues to be addressed for a more efficient distribution system. Non-conventional water resources, e.g., reclaimed wastewater reuse for irrigation, are innovating solutions to be implemented by a smart water management system. It can guarantee safe and good quality of reclaimed water for irrigation, and it will help to satisfy the high-water demand of the agriculture sector. In this paper, we therefore wanted to showcase a practical application of the WEFC nexus in an integrated peri-urban system for wastewater treatment and reuse system in Milan, Italy, to highlight the relationships between different sectors including wastewater treatment, irrigation infrastructure and agricultural district. In this regard, the nexus approach was adopted to define connections and interactions between water reuse, carbon and energy footprint, as well as food production in various water reuse scenarios and conditions.




2. Materials and Methods


2.1. Description of the WWTP and Peri-Urban Area


The peri-urban district of Peschiera Borromeo WWTP is geographically located in the Lombardy Padana Plain. The treatment capacity of the plant is 566,000 population equivalent (PE) with a total average inflow rate of 216,000 m3/d treated in two different wastewater lines. Line 1 consists of a conventional activated sludge process followed by biological filtration to remove inorganic nitrogen and a final chemical disinfection using peracetic acid. Line 2 is designed and will be used for reuse purposes that include a two-stage upflow biological filtration (Biofor®) and two parallel lines of ultra-violet (UV) disinfection. The water demand of the peri-urban areas in the south of Milan (near Parco Agricolo Sud Milano) is mainly required for irrigation purposes. The surrounding agricultural land has an area of approximately 2500 ha and its main crop is corn, and its water demand can be widely covered by the treated effluent of Line 2 of the WWTP. Agriculture is a crucial sector for the economy of the region. The most common irrigation techniques are still traditional and rely on border irrigation, which implies a water demand of about 1.5–2 L/s/ha of over the agricultural season. The current water sources come from rivers, and it is distributed by gravity through a network of open unlined canals. The irrigation network of canals and the related water delivery systems that supply water to farmers is managed by the consortium Est Ticino Villoresi, which is one of the most important irrigation consortia in Italy. Current water distribution and irrigation systems are still characterized by poor efficiency and are affected by significant losses. In addition, a decrease in freshwater availability is observed in the territory, which makes water reuse a valid option.




2.2. Nexus Approach


For the evaluation of the WEFC nexus, single sector footprints and single subsystem’ stages were initially considered, to define the significative elements that characterized each impact. Footprints were first calculated individually for each sector, from energy to carbon and water, and were determined separated for each stage of the integrated system, from the WWTP to the field. Where available, standardized methods were used.




2.3. Energy Footprint


The recently standardized ENERWATER methodology [19] was adopted to assess the energy audit of the WWTP. All the electromechanical equipment serving the treatment units was listed, defining for each the working hours, the absorbed power, and the functioning characteristics. Measured data from the energy meters installed along the treatment units were collected and elaborated, to evaluate the monitored consumptions and assign to each unit the respective energy demand. Moreover, energy bills were collected to verify effective consumption. Each electromechanical equipment was assigned to one of the 5 stages in which the plant layout was divided into. In this way, consumption could be normalized in respect to the parameter that most affected the single stage, i.e., the entering flowrates (in m3) for the preliminary treatments (stage 1), the amount of total solids removed (kg TSS removed) for primary treatments (stage 2), the amounts of organics and nutrients removed for the biologic unit (stage 3) expressed in terms of total pollutant equivalent (kg TPE removed), the pathogen log reduction for m3 of treated water for the disinfection unit (stage 4), and the solids load processed expressed as total solid equivalent (kg TSE processed) for sludge treatment (stage 5). In this way, key performance indicators (KPIs) were calculated according to the standard method [19]. Calculations were performed considering one year operation of the plant. Finally, a global indicator of plant performances, the “water treatment energy index” (WTEI), was calculated and a label describing the global efficiency of the plant was assigned as reported in Table 1.




2.4. Carbon Footprint Assessment


The Italian Regulatory Authority for Energy, Networks and Environment (ARERA) introduced the additional indicator G5.3 “Carbon Footprint of the water treatment service” according to the standard ISO 14064-1, 2019. This guideline provides general information for the assessment of the carbon footprint of activity, but it does not include specifications for single sectors, such as water or wastewater service. International guidelines, such as IPCC [28], can support providing Emission Factors (EFs) groped in sectorial activities, but site-specific conditions can differ significantly from the ones assumed.



In this work, emissions were calculated according to Equation (1) in agreement with IPCC Guidelines [28].


  E m i s s i o n  (    t o n C  O 2  e  y   )  = A c t i v i t y   d a t a    (    q u a n t i t y  y   )  × E F    (    t o n G H G s   q u a n t i t y    )  × G W P      



(1)




where, for each greenhouse gas (GHG), emissions were calculated multiplying an Activity Data (AD), which is the representative quantity of an activity or a service that cause the emission, by an Emission Factor (EF), which represent the specific contribution, and a Global Warming Potential (GWP) to convert each GHG into CO2 equivalents.



In general, AD represents a quantity generated or used, of energy, mass, or volume, representing the key parameter for each emission category. As concerning WWTP, the main activities are related to the amount of wastewater and pollutants treated (m3/y, tonCOD/y, tonN/y, …), chemicals (ton/y) and energy consumed (MWh/y), as explained by Gustavsson and Tumlin [29]. Annual operational data were collected from the plant and elaborated to obtain the needed activity data to describe GHG emissions from a WWTP operation.



Applied EFs were collected from literature, guidelines, and national and international databases, such as IPCC guidelines [28,30,31,32] and ISPRA [33,34,35].



Emissions were grouped into categories, distinguishing between direct and indirect ones. Regarding direct emissions, the main sources were biological processes of organic oxidation, nitrification and denitrification [36]. Indirect emissions were related to energy consumption, chemical dosing and waste disposal and were considered too, even if their sources were located outside the physical boundaries of WWTPs, since they were caused by specific management strategies under the responsibility of the water utility. The main sources of direct emissions included biogas combustion, WWTP processes and fugitive emissions, while emissions for dissolved gases on the water body, energy and chemical consumption, transports and sludge disposal were considered as indirect.



Utilized GWPs were obtained by the IPCC Fifth Assessment Report, AR5 (IPCC, 2019) [37].




2.5. Water Footprint


The water footprint was addressed by distinguishing four different cases of water quality, depending on the classes foreseen in EU Regulation 741/2020. The current discharge limits satisfy the requirements of class D, which was considered as the non-reuse option. The plant has to satisfy Italian Regulation 2006/52 for effluent quality, with stricter restrictions for nitrogen and phosphorus concentrations, which must be under 10 mg/L and 1 mg/L, respectively. Moreover, E.coli concentrations at the effluent must be lower than 5000 CFU/100 mL.



For the irrigation of crops where the edible part is not in direct contact with reclaimed water, class C could be used in case drip irrigation is applied to furtherly reduce risks; otherwise, a minimum of class B is necessary. Class A is required for food crops consumed raw where the edible part is in direct contact with reclaimed water. In this way, the quality class reached determined the possible applications available.




2.6. Water Reuse


Single footprints were interconnected to each other. For instance, energy consumption impacted both on energy footprint and on carbon footprint, since the emissions related to energy production must be included in the carbon footprint assessment. In the same way, the use of chemicals impacted both the GHG emitted and the energy requirements for their production. Moreover, to provide a certain quantity of water of a defined quality for irrigation, WWTP efficiency must be improved, increasing the energy demand to enhance treatment performances, especially in the disinfection unit, and increasing the related GHG emissions accordingly. Footprints at WWTP level were then extended, to include the agricultural sector. For water reuse applications, the cultivated crops to be irrigated with the reclaimed water were selected according to the requirements provided by the EU 741/2020 for each class and considering the most diffused species of the integrated peri-urban system in the surroundings of Peschiera Borromeo WWTP. Data on culture productivity, nutrient demand and carbon sequestration were collected from literature and national and international guidelines. Table 2 shows the demands of different crop types selected in this study. Water quality class influence the type of crops that could be irrigated, with varying water and nutrient demand, as well as different GHG emissions and carbon sequestration. Finally, it is important to highlight that the water demand for the cultivation of the three selected crops in the surrounding agricultural lands (2500 ha) of the peri-urban of Milan can be widely covered by the treated effluent of Line 2 of the WWTP (25,929,332 m3/y).



Different irrigation methods were taken into consideration to address the water demand of selected crops, varying from traditional to more technologic techniques, such as drip irrigation. Each irrigation method is characterized by a certain level of efficiency, considered as the ratio between the quantity of water that effectively reaches the crop in respect to the amount of water provided. In these terms, surface irrigation is characterized by the lowest efficiency level, equal to 0.5; sprinkler irrigation has an efficiency of 0.7; drip irrigation, which is the most efficient method, has an efficiency of 0.9.



It is evident that drip irrigation is by far the technology able to provide the highest saving of water during irrigation. Hence, drip irrigation was selected as irrigation technology to calculate water needs for crops and energy consumption during irrigation. Energy requirements for irrigation and the consequent carbon footprint were calculated, to evaluate the requirements connected to the production of each crop and define the specific relationships between irrigation method, water demand, energy and carbon footprint. Once calculated single-subsystem footprints, different combinations of WWTP treatment efficiency level and irrigated crop were considered, and their integrated cross-sectorial footprints were defined. The information was collected to provide a reliable database for the implementation of a serious game, based on the real data of the demo-case of the peri-urban area of Peschiera Borromeo WWTP.




2.7. Assessment of Water Reuse Scenarios


For each scenario considered, single sector and single stage footprints were calculated and combined, linking energy requirements needed to achieve a defined water quality class, the water demand required to the cultivated crop depending also on the irrigation method used, and the related carbon footprint. Water quality impacted on energy consumptions and carbon footprint of the WWTP, but also limited the kind of crops that could be irrigated, as well as the irrigation method. On the other side, crop quality and irrigation techniques influenced the amount of water needed, as well as the energy and fuel consumption, GHG emissions and carbon sequestration. A summary of requirements needed for each scenario is provided in Table 3, where standard limits are related to the EU regulations 741/2020.



2.7.1. Non-Reuse Scenario


The baseline scenario was the non-reuse case (Figure 1), where the WWTP treats wastewater to meet the minimum regulatory limits for discharge. Since in this case, the discharged wastewater is not in direct contact with cultures, no particular attention needs to be paid to toxicity issues for chemical overdosing. Considering that the conventional treatment line of Peschiera Borromeo WWTP was not designed for water reuse and was characterized by a chemical disinfection unit with peracetic acid, the same chemical was considered to simulate the non-reuse scenario. The destination for sludge disposal considered was the production of defecation gypsum, as it is one of the most common pathways in the area.




2.7.2. Reuse Scenarios


Different reuse scenarios were analyzed, combining water quality class, irrigation method used and cultivated crop (Figure 2). On WWTP level, the treatment configuration included UV disinfection instead of chemical dosing.



Treatment Line 2 of Peschiera-Borromeo WWTP used biological filtration as secondary treatment, and it was already able to respect standards for BOD5 and TSS related to Reuse class A (Table 3). In any case, standard limits for BOD5 and TSS could be easily accomplished by adding a sand-filtration unit after the biological stage. UV doses were selected to respect limits for E. coli provided by the EU regulations 741/2020 for the different water quality classes [32,33].



In the peri-urban district of Milan, water reuse was practiced, according to crop demand, for five months between April and August.



Reuse class C



Class C was characterized by the lowest quality requirements for food crop irrigation but implied additional measures to guarantee an acceptable level of risk. Edible parts of crops must have no direct contact with reclaimed water and must be irrigated using more precise techniques, such as the drip method. Even if nutrient content in reclaimed water is usually not sufficient to compensate crop demand, part of the synthetic fertilizer commonly used for crop growth could be saved anyway. It is specified that in the application in the exam, nutrients concentration in wastewater were assumed to be in compliance with discharge limits of current Italian regulation 152/2006, since in case of non-acceptability for reuse, water quality is needed in any case to satisfy requirements for discharge. Further improvements could consider fertigation practices or sludge application on the cultivated fields, to optimize resources recovery and further decrease impacts due to nutrient removal from the water line or sludge disposal. However, all analyzed reuse scenarios were focused on the water line, while sludge application in the cultivated fields was not considered, since further considerations on the type of post-treatment and final product quality were needed.



Reuse class B



If reclaimed water was provided with class B standards, any irrigation method could be applied for food crops without edible parts in direct contact with water. In this way, the reclaimed water provided by the WWTP could be used for a wider range of potential users, that did not need to satisfy specific requirements of irrigation techniques applied. On the other side, the energy and carbon footprint of WWTP would increase, since more efforts were required to provide a higher quality reclaimed water, especially as concern tertiary treatments for pathogen reduction.



Reuse class A



Reclaimed water in class A had the strictest quality standards. All food crops consumed raw where the edible part is in direct contact with reclaimed water and root crops consumed raw could be irrigated and all irrigation methods could be used. WWTPs must increase the efficiencies of their tertiary and disinfection treatments, to guarantee concentration of E. coli as low as 10 CFU/100 mL. Where UV disinfection units were applied, higher energy consumptions for lamps and consequently higher carbon footprint were foreseen; meanwhile, for chemical units, the higher dosage of reagents was necessary, which implied an increase in energy and carbon footprint related to their production. Moreover, overdosage must not impact health and environmental risk for water reuse [38].






3. Results


Benefits and Applications from Reuse Scenarios


Considering only at the WWTP level, delivering a lower quality effluent seems to imply fewer impacts, since the plant consumes less energy and thus produces fewer carbon emissions. However, it is also characterized by less efficient configuration. In the same way, on the agriculture side, when the treated wastewater is discharged, high-quality fresh water is consumed for irrigation purposes and a greater quantity of synthetic fertilizers is required for crop growth.



Footprint assessments showed the interconnections between water, energy and carbon in an application of water reuse for agricultural irrigation. Carbon emissions and energy consumptions varied depending on the water quality required to be delivered (Table 4). For example, upgrading plant performances to reach higher quality classes of treated wastewater implied an increase in the energy and in the carbon footprint of the plant, but higher quality crops could be cultivated with the reclaimed wastewater. In Table 4 calculations have also taken into account the energy consumption (1160 MWh/y) and GHGs emission (515 tonCO2eq/y) for drip irrigation of the investigated district.



If the WWTP is upgraded to reach water quality class C, instead of wastewater discharge, energy savings were estimated to reach 7.1%, in agreement with results of previous studies [39,40], and carbon emissions were supposed to be reduced up to 2.7%. When the water quality was aimed to reach class B, then 5.8% energy footprint reduction was achieved, while the carbon footprint was reduced by 2.0%. However, enhancing water quality from class C to class A implied the additional WWTP increments on energy and carbon footprint of 5.7% and 1.7%, respectively. On a more global and complex view, however, lower quality effluent wastewater means more contamination and bigger impacts on health and the environment. Moreover, higher quality crops can be cultivated with reclaimed water in class A, with bigger economic revenues for farmers. To provide the readers with additional information on carbon footprint calculation, details of GHG emissions grouped for categories and related to the operation of Peschiera-Borromeo WWTP are reported in Table 5.



In a similar way, information about energy consumptions of the different units of Peschiera-Borromeo WWTP are reported in Table 6 in terms of KPI and WTEI in agreement with the standardized ENERWATER methodology [19]. Particularly, it is interesting to observe that the upgrade of the disinfection units did not determine changes in the classification of the energy efficiency of the plant, which remained in class F.



Finally, in Table 7 are resumed data on saved energy, reduced GHG emission, recovered water and nutrients for the irrigation of corn, carrot and tomato with reclaimed water compared to the non-reuse scenario. During drip irrigation, the edible part of corn is not in direct contact with reclaimed water. Hence, this crop can be irrigated by class C water. On the contrary, tomato and carrot need to be irrigated by class A water. Particularly, the lowest energy consumption and GHG emission were obtained during corn irrigation, due to the smallest energy need for UV disinfection (Table 4). On the contrary, during irrigation of carrots and tomatoes, which have a higher water demand (Table 2), it was possible to have a higher recovery of nutrients and water. In addition, these two crops can have a higher economic revenue (Table 1).





4. Discussion


Stricter environmental regulations, the requirements for wastewater and for higher efficiency in the removal of pollutants at a lower cost, as well as the generation of energy from wastewater treatment clarify the need for attention to the new methods and technologies [41]. The description and the quantification of the water reuse-based WEFC nexus in an integrated peri-urban wastewater treatment and reuse system includes cross-sectorial analysis, linking energy, carbon and water footprints, as well as cross-stage assessments of all the sub-systems involved. More energy and carbon emissions must be considered to improve wastewater quality to satisfy reuse requirements. Different crops and different irrigation methods can be combined, always keeping regulatory requirements and technological level achievable in mind. Once defined all the interlinkages that construct the nexus, those relationships can be used to develop applications to show and evaluate all the inter-related outcomes, explaining and communicating the efforts and the benefits for the sustainable development of a peri-urban system.



Based on our assessment of the agricultural water reuse scenarios for Peschiera Borromeo WWTP, remarkable reduction in carbon and energy footprints were obtained. Within the reuse scenarios, energy footprint increased as the water quality (reuse class) increased due to required high standards and associated treatment technologies/methods. On the other hand, carbon footprint remained almost the same in all reuse scenarios. Similarly, Lahlou and co-authors [42] used the WEF nexus approach to identify the optimal allocation of 13 sources of treated wastewater to be used in cultivating alfalfa, achieving reductions in greywater footprint, energy and carbon footprints in Qatar that faces severe food insecurity due to its limited water resources. The authors found greywater footprint, energy for transportation, and carbon footprint associated with the growth of 1 ton of alfalfa as −917 m3, 70 kWh and −34 kg-CO2eq for Erakhiya farm, and −1770 m3, 68 kWh and −18 kg-CO2eq for Wadi Al Araig farm.



Considering the major resource savings (including water and energy) and reduction in GHG emissions, farmers, policymakers, reclamation managers and agronomists recognize the necessity for WEFC nexus in integrated wastewater and reuse systems, and propose and implement innovative solutions based on this concept especially in the local dimension [43]. This approach can help to measure and monitor the indicators of the complex interactions between water treatment/reuse, carbon emission, energy consumption, smart agriculture and climate variability [17]. Furthermore, digitalization can improve the collection of the data required for the footprint assessments, providing a common space for their storage and elaboration. Standardized offline data from periodic lab analyses or other traditional management practices can be supported and improved with real-time signals from the monitoring network of sensors in the WWTP and in the field, improving the frequency and the level of control. Moreover, coupling inputs from the field and from WWTP can optimize water and resources management.




5. Conclusions


The evaluation of complex and multi-sectorial practices, such as water reuse for agricultural irrigation, must be performed considering the WEFC nexus of the integrated system. Single audits or partial sub-stage considerations may not be representative of the whole system, since they may not include significative aspects or counterbalances. In this paper, the nexus approach was used to evaluate water reuse practices in a peri-urban integrated system, analyzing different sectorial footprints, from energy to water and carbon, for different sub-stages that constituted the integrated system, from WWTP to the irrigated field. Only by using a nexus approach and considering all the integrated systems can a comprehensive assessment be performed, and the benefits of water reuse (i.e., energy and carbon footprints) can be clearly highlighted. The nexus approach is fundamental for a better understanding of all the connections that interlink water, energy, carbon, food and climate sectors and allows evaluating all the impacts and consequences of different strategies on water reuse practices. The nexus approach can be used to increase awareness of all the efforts required for the application of sustainable practices and the benefits that can be apported, improving the acceptability and willingness to pay for more sustainable water and resource management actions.
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Figure 1. Scheme of the non-reuse scenario. 
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Figure 2. Scheme of the reuse scenarios. 






Figure 2. Scheme of the reuse scenarios.



[image: Sustainability 13 10952 g002]







[image: Table] 





Table 1. Labels for the general representation of a WWTP energy efficiency according to the WTEI (adapted by Longo et al. [19]).
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	ENERGY EFFICIENCY
	WTEI





	A
	X < 0.110



	B
	0.110 ≤ X < 0.220



	C
	0.220 ≤ X < 0.330



	D
	0.330 ≤ X < 0.440



	E
	0.440 ≤ X < 0.550



	F
	0.550 ≤ X < 0.775



	G
	X ≥ 0.775
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Table 2. Characteristics and requirements for crops cultivated in the peri-urban area of Peschiera Borromeo.
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	Parameter
	Unit
	Corn
	Carrot
	Tomato





	Crop productivity
	ton/ha
	10
	50
	100



	Nutrient demand—N
	kg N/ha
	135–235
	150
	250



	Nutrient demand—P
	kg P/ha
	58–80
	70
	65



	Emissions/Carbon sequestration
	tonCO2e/ha
	3.52
	2.27
	2.11



	Crop water demand
	m3/ha
	5000
	5200
	5400



	Expected revenue
	€/kg
	0.26
	0.48
	0.78
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Table 3. Water reuse requirements for different scenarios according to EU Regulation 741/2020.
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	Parameter
	Unit
	Non Reuse
	Reuse Class C
	Reuse Class B
	Reuse Class A





	E.coli
	CFU/100 mL
	5000
	1000
	100
	10



	Biochemical Oxygen Demand (BOD5)
	mg/L
	25
	25
	25
	10



	Total Suspended Solids (TSS)
	mg/L
	35
	35
	35
	10



	Turbidity
	NTU
	-
	-
	-
	5



	Irrigated crop
	-
	-
	Corn
	Corn
	Corn-Tomato-Carrot



	Irrigation method
	-
	-
	Drip irrigation
	All irrigation methods
	All irrigation methods
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Table 4. Footprints for reuse and non-reuse scenarios.
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Category

	
Unit

	
Non-Reuse

	
Reuse Class C

	
Reuse Class B

	
Reuse Class A






	
Energy footprint

	
MWh/y

	
16,374

	
15,196

	
15,427

	
16,121




	
Carbon footprint

	
tonCO2eq/y

	
24,505

	
23,849

	
23,952

	
24,260




	
Treated wastewater

	
millions of m3/y

	
25.9




	
Nutrients in the wastewater effluent

	
mgN/L

	
7.8




	
mgP/L

	
0.6
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Table 5. GHGs emissions at Peschiera-Borromeo WWTP grouped by categories.
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GHG Emission Category

	
Unit

	
Value






	
Biogenic emission due to WWTP operation

	
tonCO2eq/y

	
7278




	
Transport

	
tonCO2eq/y

	
66




	
Use of chemicals

	
tonCO2e/y

	
2787




	
Dissolved gases in the effluent

	
tonCO2eq/y

	
6937




	
Waste management (production of defecation gypsum from sludge)

	
tonCO2eq/y

	
753




	
Energy consumption for WWTP operation

	
tonCO2eq/y

	
4718




	
Disinfection

	
tonCO2eq/y

	
Chemical

	
UV-Class C

	
UV-Class B

	
UV-Class A




	
1451

	
795

	
898

	
1206
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Table 6. KPIs for energy consumptions at Peschiera-Borromeo WWTP grouped by treatment stages and WTEI related to one year of operation.
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Stage

	
Treatment Unit

	
Unit

	
Value






	
Stage 1

	
Pre-treatments

	
kWh/m3

	
0.101




	
Stage 2

	
Primary treatment

	
kWh/kg TSS rem

	
0.646




	
Stage 3

	
Secondary treatment

	
kWh/kg TPE

	
0.535




	
Stage 4

	
Disinfection

	
kWh/(m3 logred)

	
Chemical

	
UV-Class C

	
UV-Class B

	
UV-Class A




	
0.025

	
0.011

	
0.012

	
0.013




	
Stage 5

	
Sludge treatment

	
kWh/kg TSE

	
0.223




	
WWTP

	
WTEI

	
-

	
0.719

	
0.686

	
0.686

	
0.691




	
Global efficiency

	
-

	
F

	
F

	
F

	
F
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Table 7. Saved energy, reduced GHG emission, and recovered water and nutrients during water reuse.
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	Crop
	Water Quality Class
	Saved Energy (MWh/y)
	Reduced GHG Emission

(ton-CO2eq/y)
	Recovered Water

(Millions of m3/y)
	Recovered Nitrogen

(kg N/y)
	Recovered Phosphorus

(kg P/y)





	Corn
	C
	1178
	656
	17.8
	139,140
	10,703



	Carrot
	A
	253
	245
	19.1
	149,026
	11,464



	Tomato
	A
	253
	245
	19.8
	154,450
	11,881
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