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Abstract

:

The current organization of water supply systems demands drinking standards for all the households’ usage of water. Few dual water systems, i.e., systems in which the quality of the water supplied is differentiated by types of use, exist but are mainly circumscribed to developing countries. Besides, bath and showers are so far considered as a potable use of water despite only drinking and cooking activities requiring the high-quality standards of potable water. The present work demonstrates how the principles of dual water systems can be incorporated into the sustainable concept of product-service system (PSS) using a dual water system of a municipal water supply treatment plant in France as a case study. The PSS is based on the water quality, and the bathing activity of households is considered with a dedicated standard for the first time. Two systems are considered, S1 and S2, supplied with the same raw water quality and treated with drinking (S1) bathing standards (S2). The quality parameters considered are total organic carbon (TOC) and turbidity (T) and the potential savings related to costs, material, and energy consumptions are assessed using EVALEAU as a process modeling tool. The treatment lines consisted of powdered activated carbon (PAC) addition, coagulation, flocculation, settling, and rapid sand filtration. Results show that material consumption can be reduced by 41% mainly through the decrease in chemical consumption associated with the change of requirement for the TOC parameter. On the opposite, energy consumption was found dependent on the water of volume treated rather than its quality leading to only marginal savings. The cost was decreased by 37% as a result of the reduction of the chemicals consumed.
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1. Introduction


Decoupling environmental impacts from human activities is one of the important targets for achieving sustainable development. As underlined by Kanda and Nakagami [1], the linkage between wealth and environmental impact is complex combining policies related to production (cleaner production, resource productivity) and consumption (service intensity and sufficiency). Though the literature on production and consumption indicators is abundant [2,3,4,5], the combination of the two approaches seems to be the appanage of product-service systems (PSS). Product service systems can be defined as a mix of tangible products and intangible services designed and combined so that they are jointly capable of fulfilling final customer needs [6]. The sustainability effect of PSS is hypothesized from an aligned incentive between producers and customers on reducing the need for production compared to traditional business models in which producers’ benefits are directly dependent on the amounts produced [7]. Though environmental benefits have been observed, they are not automatic [8] or are difficult to assess because of the intangible part of the PSS [9]. Besides, the implementation of PSS in the economy is still rare, making it difficult to assess its efficiency for decoupling policies [10].



Product service systems focus on the service provided to the consumer. In the field of water supply, the main service is the quality of the water supplied. Indeed, the water quality is of core importance as 88% of the 1.8 million annual deaths due to diarrheal diseases are attributable to unsafe water supply, sanitation, and hygiene [11]. Besides, the absence of a safe water supply can severely impede economic development and the associated reduction of poverty. Consequently, access to drinkable water has been recognized as a core target of the millennium development goals [12]. The quality standard of drinking water is established by the World Health Organization [13] and declined at national levels as drinking water norms. The present research focuses on turbidity (T) measured in Nephelometric Turbidity units (NTU) and total organic carbon (TOC) as physical quality parameters. Turbidity standards exist in 85 countries and vary between 0.3 to 25 NTU with a median value of 5 NTU [14]. In developed countries such as Japan and France, where large municipal supplies are common, the standard is in the lower range and equals 2 NTU [15,16]. In practice, however, the water supplied in France has a turbidity of 0.1 NTU [17] following the WHO recommendations of 0.2 NTU or less for large municipal supplies [13]. The standard values for TOC are 3 mg/L in Japan [16] and 2 mg/L in France [15]. In practice, French water suppliers use the value of 1.3 mg/L [17].



The difference in quality between the extracted water and the quality standards demands the use of treatment processes. These processes consume energy, materials, and financial resources. The municipal water system indeed accounts for approximately 3–4 percent of direct energy use in the United States and represents as much as 30–40 percent of the total energy used by many local authorities [18]. Typical energy efficiency values for conventional treatment processes are 0.05–0.15 kWh/m3 but it reaches as much as 5.5–8.0 kWh/m3 for desalination processes [19]. The energy consumption for distribution process is 0.10 kWh/m3 in Sweden [20], 0.03–0.58 kWh/m3 in Germany, and 0.18–0.32 kWh/m3 in California [21]. Material consumption is also large combining materials used during the treatment processes (ozone, chlorine, coagulants, sand, etc.) and those related to the treatment plant and distribution infrastructures such as tanks and pipelines.



All the usages of water by households do not, however, require the drinking standards. Usages such as toilet flushing, bath or showers, laundry, cooking, gardening, and house cleaning indeed require lower quality water so that a reduction in the energy and material consumption associated with water treatment could be achieved. Water systems with differentiated water quality targets have been denominated as dual water systems in the literature. Barker et al. [22] showed the reuse of treated wastewater effluent for non-potable purposes in North Carolina could consume less energy than when using the potable network. Rainwater harvesting potential was investigated in Malaysia [23] and Vietnam [24] whereas the deterioration of source water quality in China [25] made a dual water distribution system both more economical and practical than the conventional system. For developed countries, the investigation of dual water systems is important in the context of aging infrastructure as a possibility for improving the efficiency of the current centralized municipal water system [26]. For developing countries, the poor quality and the absence of maintenance of the distribution system have often led to water leakages and poor water quality. The delivery of bottled water for potable use and non-potable water by pipelines has been proposed [27] as a solution but at the cost of the high energy consumption associated with the production of bottled water, 316–370 kWh/m3 [28].



Another issue of dual water systems is the determination of the share of the household water consumption associated with non-potable purposes. The amount of water consumed varies indeed among developed countries from 130 L/capita/day in Hamburg, Germany to 350 L/capita/day in Winnipeg, Canada and is associated with different usages [29]. These differences are due to cultural differences, e.g., washing cars at home instead of at a car-washing facility, and technical differences such as those related to flushing technologies. The potable use of water concerns the cooking activity, which represents 15–25% of the household water consumption in developed countries [29]. Dual water systems studied in the literature are nonetheless stricter considering bath and showers as part of the potable use. This is understandable as most countries have only bathing regulations related to recreational activities. In this context, it may be safer for health authorities to qualify as non-potable the activities for which the water does not enter into contact with the human body. This safety net has, however, consequences on the interest of developing dual water systems since the water consumption associated with bath accounts for as much as 25–40% of household water consumption [29]. In Japan, however, due to the ancestral culture of public baths, a bathing regulation exists and recommends a water quality of 2 NTU for turbidity and of 2 mg/L for TOC [30]. The consequence of considering bathing activities as a non-potable usage on cost, material, and the energy consumption is investigated in the present research. In this regard, our analysis of the literature on dual water systems revealed that material, energy, and cost savings are rarely investigated simultaneously and that dual water systems have so far not been integrated into the broader concept of product-service systems. This may be explained by the technical difficulties of linking water quality targets to cost, material, and energy consumption of treatment processes. Such an integrated model does not exist yet in Japan for example, but recent developments such as the EVALEAU model used in the present study propose process modeling life cycle assessment models to analyze the characteristics of treatment processes based on the delivered water quality [31,32]. The EVALEAU model deals with the municipal water supply in France where Euzen and Levi [33] estimated that 17% and 39% of household water were consumed for cooking and bathing activities, respectively. The application of the Japanese bathing standard on this framework means that as much as 83% of the water supplied to French households could be considered as non-potable.



The present research has several objectives. First, dual water systems are incorporated into the broader concept of product-service system using water quality as the service indicator and the functional hierarchy model. Second, bathing activities are, to our knowledge, investigated for the first time with lower quality standard requirements than drinking standard. Third, contrary to most researches on dual water systems that are focused on the use of reclaimed water [22,23] and the comparison of the energy efficiency between dual and conventional systems, the present work assesses simultaneously the material, energy, and cost savings induced by the differentiation of water quality by usage. The integrated model EVALEAU is applied to a conventional treatment system of French municipal water supply as an illustration of how material, cost, and energy can be saved when degrading the water quality requirements. Three steps are considered:




	(1)

	
The description of the water quality framework, the treatment line, and the important input parameters retained for our case study.




	(2)

	
The detailed analysis of the material and energy savings obtained by the differentiation of water quality targets.




	(3)

	
A thorough discussion of the implications of the observed savings for the future of water supply.










2. Material and Methods


2.1. The Water Quality Framework


Two types of requirements are necessary to conduct our study:




	(1)

	
A quality framework differentiating quality norms between potable and non-potable activities.




	(2)

	
A modeling framework linking the costs, material, and energy consumption of treatment processes to the water quality objectives.









The modeling issue was solved by using the integrated process modeling model EVALEAU [31]. The model considers many treatment processes used in water treatment plant: Powdered activated carbon (PAC) addition, coagulation, flocculation, media filtration, disinfection, neutralization, and sludge treatment. A mathematical model linking the quality parameters of the input and output water to the material and energy consumption is built for each process [32]. The quality parameters considered in the model are physical, chemical, and biological. However, according to the model, the main quality parameters governing the design of the treatment processes are physical: Total organic carbon (TOC) and turbidity (T). These two parameters were therefore used to frame our differentiated quality framework.



As stated in the introduction, the present paper considers bath and showers as a non-potable use of water by households. Figure 1 shows how the functional hierarchy modeling (FHM) used in the characterization of product-service systems [34] was applied to link the water quality requirement (demand level) to the treatment processes (structural level). The functional requirement is set to drinking standard (F1) for cooking and drinking activities and bathing standard (F2) for other uses of water. The drinking standards are those of French suppliers: 1.3 mg/L for TOC (F11) and 0.1 NTU (F12) for turbidity [17]. As explained in the introduction, the bathing standards are based on Japanese regulations: 2 mg/L for TOC (F21) and 2 NTU for turbidity (F22) [30]. TOC is the sum of particulate organic matter (POC) and dissolved organic matter (DOC) whereas turbidity (T) is related to the concentration of suspended matter in water (SM). The respect of standards is thus conditioned to the capacity of the water treatment system to reduce the concentration of DOC (F111/F211), POC (F112/F212), and suspended matters (F121/F221). These reductions are operated at the structural level of the FHM as shown in Figure 1 and are dependent on the treatment processes considered.




2.2. The Studied Treatment Line


The drinking water treatment line considered is based on an EVALEAU case study situated in the region of Paris, France. The raw water quality input is 3 mg/L for TOC and 15 NTU for turbidity and is characteristic of the Seine River [32]. The treatment line is constituted of PAC addition, coagulation, flocculation, settling, and rapid sand filtration processes as shown in Figure 2. Each treatment process has its main reduction objective, DOC removal for the powdered activated carbon (PAC) addition, coagulation, and flocculation processes; and SM removal for the settling and rapid sand filtration processes. The value retained for the ratio between organic matter and organic carbon is 2 gSM/gPOC [32]. The initial concentration ratio of POC: DOC is 10% and the SM: NTU relationship is 2.068 g/(m3.NTU) [32]. The transport of water between the processes is ensured by pumps and is identified as the pumping process in Table 1 and Table 2 of the result section. The amount of water treated is 114,150 m3/day.



DOC could be removed through the coagulation and flocculation processes alone but it would require huge amounts of coagulants and flocculants. The advantage of adding powdered active carbon is indeed its high efficiency in the removal of DOC. Due to the higher cost of PAC, the trade-off that keeps the operation cost minimal consists of removing 40% of the DOC content of the raw water by the PAC addition process and 21% of the DOC content of the water exited the PAC addition process by the coagulation and flocculation process [32]. It should also be noted that PAC is a particulate and that coagulation turns a share of DOC into POC. Therefore, the concentration of suspended matter, hence the turbidity, is higher after the coagulation and flocculation process than in the raw water. As a result, the SM removal objectives set for settling and rapid sand filtration processes are high, 95% and 91%. For the treatment line delivering the water respecting the bathing standard (BS), the same processes are considered but with different removal objectives as shown in Figure 2. PAC addition was kept to optimize operation costs. Regarding turbidity treatment processes, the rapid sand filtration processes removal objective was set to 29% to optimize the amount of filter media (sand) used.



The materials considered in the analysis are chemicals (coagulant, flocculant), sand, cast iron pipes, and concrete for tanks. Besides, the produced sludge amount occurring during the settling process was accounted for though not included in the total material consumption. The energy consumptions related to pumping concerned the injection of chemicals, the circulation of the backwash water in the rapid sand filtration process, the evacuation of sludge during the settling process, and the transportation of water between the processes were considered. The mixing of chemicals with water (stirring), the air compressing, and the scraping of sludge were also considered. The calculation processes of the energy, chemical, and sand consumption can be found in [32] and the associated parameters used in the study are reported in Appendix A. The details of the estimation of the material consumption related to the infrastructure are presented in Appendix B.




2.3. Cost Analysis


The material and energy consumption were translated into costs by multiplying the amounts of materials and energy with the unitary costs of each item. Chemical and electricity costs were taken from the EVALEAU study [32]: 700 €/ton (PAC), 220 €/ton (aluminum sulfate [coagulant]), 2200 €/ton (flocculant), and 0.0591 €/kWh (electricity). Cast iron price was taken from a US trading site [35]: 800 $/ton or 680 €/ton considering an average exchange rate of 1.18 $/€. The concrete and sand prices were taken from the life cycle Inventory Database for Environmental Analysis version 2.1.3 (hereafter “IDEA2”) developed by the National Institute of Advanced Industrial Science and Technology, and Environmental Management Association for Industry (JEMAI), Tokyo, Japan [36]. The prices of pre-stressed concrete products and silica sand considered respectively as the concrete used for water tanks and the filter media in our analysis were reported as 33,411 JPY/ton and 2906 JPY/ton, i.e., 268 €/ton and 22.5 €/ton considering an average exchange rate of 124 JPY/€.





3. Results


3.1. Evolution of the Water Quality, Costs, and the Consumption of Materials and Energy


The evolution of the water quality is presented in Figure 3a for the drinking standard (DS) and in Figure 3b for the bathing standard (BS). PAC and coagulation processes have the objective of diminishing dissolved organic carbon (DOC) but have different impacts on the water quality parameters. PAC is a particulate matter so that its addition increases the suspended matter (SM) concentration. As a result, turbidity increased by 59% from 15 NTU to19.2 NTU during the PAC addition in S1 and by 28% in S2. The coagulation and flocculation process transform the distribution of the concentrations of dissolved organic carbon (DOC) and particulate organic carbon (TOC). During this process, TOC remains constant while POC concentration increases by 126% in S1 and 70% in S2. DOC concentration diminishes to reach 47% in S1 and 71% in S2 of the initial DOC concentration of the water entering the treatment plant (raw water). Settling and rapid sand filtration processes diminish POC and SM concentrations but do not affect DOC concentration. In the end, the remaining shares of TOC and turbidity are 43% and 0.7% for drinking standard, and 66% and 13% for bathing standard, following the treatment objectives presented in Figure 1.



The structure of the cost and material and energy consumption is presented in Figure 3c. Material consumption is dominated by PAC and coagulation processes as they totalize 91% and 86% of the material consumption of S1 and S2. For energy consumption, coagulation and pumping are the main contributing processes accounting for 84% and 86% in S1 and S2. PAC represents as much as 57% of the cost in S1 and 44% in S2. This relates to the high cost of PAC but as mentioned in Section 2.2, there is a cost trade-off between PAC and coagulant consumption. Settling and rapid sand filtration represent a minor share of the cost and the material and energy consumption in both systems. The degradation of the water quality in S2 impact greatly the material consumption of PAC and coagulation processes and to a lesser extent the rapid sand filtration process. This is understandable as the consumption of chemicals and sand directly relates to water quality. On the opposite, the degradation of water quality has a small impact on the energy consumption of PAC, coagulation, and water pumping processes. The energy consumption of rapid sand filtration and settling processes in S2 nonetheless represents 74% and 69% of the related energy consumption in S1. Cost is mainly driven by material consumption since the 26% reduction in the energy consumption of the settling process only translates into an 8% reduction in cost against 22% for the 57% reduction in the material consumption of the coagulation process. S2 outperforms S1 on all the criteria for all processes except pumping. Indeed, the doubling of the treatment line results in an 8% increase in material consumption despite the downsizing of pipes. The next sections detail further the structure of the cost, material, and energy consumption.




3.2. Decomposition of Material Consumption


The decomposition of material and energy consumption at the process level is presented in Table 1. The differentiation of water quality in S2 results in 41% material savings compared to S1. It corresponds to 1788 kg/day saved of which 98% are related to chemical consumption. On the other hand, material consumptions associated with the sand, pipeline, and water tanks are only reduced by 20%, 10%, and 4%. The savings associated with the differentiation of water quality thus primarily concern materials directly influencing the water quality (chemicals, sand).



Chemical consumption in S1 and S2 amounts to 3764 and 2008 kg/day, respectively. Fifty-five percent and 49% are consumed during PAC addition, the remaining share being mainly consumed during coagulation/flocculation. Sand is only consumed during rapid sand filtration for which the 20% decrease observed in S2 leads to a reduction of the size of filters and a 21% decrease of the associated tank material consumption. For all other processes, as the tank volume is designed based on the water volume, the material consumption is similar for S1 and S2. Pipeline material consumption decreases by 11%, 5%, and 15% for coagulation/flocculation, settling, and rapid sand filtration processes, respectively. These decreases are respectively linked to the diminution of chemical consumption, the amount of sludge produced, and the diminution of water and air flows used during the backwash of filters. The amount of sludge produced indeed diminishes by 27% when shifting from S1 to S2. However, the pipeline material consumption linked to the transport of water increases by 8% from 1.71 kg/day to 1.85 kg/day because of the doubling of the number of pipelines in S2. The material consumption associated with the infrastructure (tank, pipes) thus diminishes when related to materials directly connected to water quality (chemicals, sludge, sand) but is either insensitive or increases when related to the volume of water treated. In conclusion, PAC addition and coagulation/flocculation are the processes with the highest reduction in material consumption. As these processes are ruled by DOC removal objectives (see Figure 1), this implies that TOC is the important water quality parameter controlling material consumption.




3.3. Decomposition of Energy Consumption


The shift from system 1 to system 2 leads to a small energy saving of 1.4%. Most of it comes from the 26% energy saved for sludge scraping and pumping. The rest comes from air compressing (−33%) and the backwash process (−11%). Following Table 1, one can also notice the energy use associated with the injection of chemicals during the coagulation/flocculation process is 3.3 times more important in S2 than in S1. This is only due to our particular design of the injection process since the number of injections per hour in S2 is set to 12 and only 10 in S1. The effect of this design choice is nonetheless small given that chemical injection represents only 0.1% and 0.5% of total energy consumption in S1 and S2, respectively. Overall, as 99% of energy consumption is related to the stirring and pumping processes for which no substantial difference is found between S1 and S2, the difference in energy consumption between S1 and S2 is almost negligible. Energy consumption is thus mainly dependent on the volume of water treated rather than the quality pursued. Still, the shift from S1 to S2 results in an energy consumption reduction of 26% and 31%for settling and rapid sand filtration processes. These processes are ruled by the SM reduction objective (see Figure 1), this implies that turbidity is the important water quality parameter controlling the energy consumption of these processes.




3.4. Decomposition of COST


The decomposition of cost at the process level is presented in Table 2.



The costs in S1 and S2 amount to 2705 €/day and 1777 €/day. The differentiation of water quality is thus associated with a 34% cost reduction. Of the 928 €/day saved, 82% are associated with the diminution in PAC consumption and 16% with the diminution of the use of coagulants and flocculants. The relatively high unitary costs of chemicals and the high decrease in their consumption explain such contribution. Indeed, settling and rapid sand filtration processes only account for 4% and 2% of the water treatment costs in S1 and S2 whereas PAC addition and coagulation processes cover 81% of the cost in S1 and 73% in S2. The impact of the TOC removal objective on costs is thus more important than the turbidity removal objective.





4. Discussion


4.1. The Validation and Limits of the Model


4.1.1. Model Validation


The case study and model used was adapted from the EVALEAU model and case study. Our model was thus validated by comparing our results for S1 to those of the EVALEAU case study. A good correspondence was found since both the EVALEAU study and our results accounted for an energy consumption associated with the pumping process of 55 Wh/m3. Similarly, PAC and coagulant consumptions were 18.2 g/m3 and 14.7 g/m3 compared to, respectively, 18.6 g/m3 and 16.3 g/m3 in the EVALEAU study [32]. On the other hand, the material and energy consumptions related to infrastructure were absent from the EVALEAU model. Our calculation of materials for tanks and pipelines are nonetheless soundly based on engineering data and models used daily by waterworks companies (see Appendix A and Appendix B). Regarding energy consumption, our results showed that infrastructure represents 12% of the total energy consumption in S1, a value close to those estimated by LCA (Life Cycle Assessment) studies found in the literature [37]. In conclusion, our results are consistent with the values found in the literature, hence validating the model.




4.1.2. Model Limits


Four limits to our model may restrain the conclusions that can be drawn from our results. First, our case study is a simulation based on the EVALEAU model with a simplified treatment line and not confirmed by a field study. The EVALEAU model used as a reference was however confirmed with a field study. Nonetheless, future studies should include a more complex pattern of quality parameters and treatment lines including for example chlorination or ozonation processes. Second, only direct energy and material consumptions were considered. The energy and materials required for the production of chemicals and the construction of infrastructure are not taken into account. Our study is indeed not an LCA study and could therefore be improved in the future by adding the effects of background processes. Nonetheless, the LCA study using EVALEAU and conducted by Merry et al. [31] showed that chemical production was the most energy consumptive background process, especially PAC production. Therefore, as our study demonstrated that differentiating water quality leads to an important decrease in chemical consumption, especially PAC consumption, taking an LCA approach may not only confirm the observed decrease in material consumption, but also lead to a substantial decrease in the energy consumption associated with PAC production.



A third limit is that we did not model the sludge treatment process. As shifting to S2 diminishes the quantity of sludge produced by 27%, further material, and energy savings may also occur during this process. Nonetheless, as the SM content of the water produced in S2 is higher than in S1, it may be argued that a corresponding supplementary amount of sludge will have to be treated in wastewater plants after the water is used by households.



Finally, the main limit is linked to our system boundary as the distribution system is missing in our analysis. As shown in the introduction, there is indeed a wide range of energy and material consumptions for the distribution process depending on the distribution type (pipelines, trucks) and the length and topology of the distribution network. In Table 1, material consumption associated with pipelines for the transportation of water only accounts, respectively, for 0.04% and 0.07% of the total material consumption of S1 and S2. Therefore, the 8% increase in pipeline materials of S2 appears negligible at the level of the water treatment plant. However, the associated network length remains low compared to the expected length of distribution. Indeed, with a linear consumption index for Paris of 65 m3/km/day in 2018 [38], the expected length of the distribution network amounts to 1774 km (114,500/65), a pipeline length considerably larger than the one observed at the plant level in the study. In conclusion, future studies should complete our analysis by including the distribution system in the comparison of S1 and S2.





4.2. The Implication for the Future of Water Systems


According to our results, differentiating water quality targets in the water purification process leads to important material savings but only marginal energy savings. The material savings are linked to the use of chemicals to reduce TOC and in particular DOC. On the opposite, energy savings are dependent on the volume of water treated and partly on the turbidity reduction target. Differentiating water quality targets is expected to be an efficient material savings strategy for water systems dependent on a high level of chemical consumption, which is the case, for example, for water systems in which raw water has a high TOC content or/and high DOC: POC ratio. Similarly, as the material consumption of the “transport water” process increases from S1 to S2, water systems with a small distribution network are expected to better conserve the advantages of differentiating water quality targets than those with a long distribution network. This raises the issue of centralization and decentralization in water systems. The current referential design of the water system in developed countries is indeed centralized because of the expected economies of scale related to the infrastructure. However, with the differentiation of water quality targets, several decentralized systems may be considered. For example, all water may be treated with the bathing standard in a centralized treatment plant before being sent to decentralized treatment plants in which the cooking and drinking shares are treated according to the drinking standard. This way, the doubling of the pipeline infrastructure only occurs between the decentralized treatment plant and the customers’ houses.



Finally, other treatment processes than those studied here may be more material and energy-consuming such as the ozonation and desalination processes. The advantages of differentiating water quality may thus be even larger for these processes. Similarly, this paper extends the framework of usual dual water systems by considering using non-drinking norms for bathing activities and usual raw water quality rather than degraded ones such as in rainwater harvesting or reclaimed water system.



In conclusion, our study demonstrated missed opportunities in materials savings within current water systems due to the absence of a functional approach to households’ water consumption. This calls for full integration of the water supply and water waste management systems through a functional approach to the water quality. Indeed, as the water infrastructure represents huge investment characterized by high inertia, the opportunity to develop new environmentally efficient water systems should not be missed, especially at the renewal of the aging water infrastructure. It is notably the case of France in which up to 45% of its distribution network is considered close to its end of life for a value of 38.5 billion euros [39].





5. Conclusions


The present study demonstrates how the differentiation of water quality by usage, which is the core concept of dual water systems, could be incorporated in the broader concept of product-service systems. Results indicate the restriction of potable water quality to cooking activities leads to important savings in the material consumption of water purification processes but no energy savings. Therefore, the differentiation of water quality can be an interesting perspective for the design of future water supply systems and the associated product-service systems. For this purpose, integrated models linking water quality parameters to material and energy consumption are necessary. In particular, as revealed by the present research, the focus should be made on distinguishing the model parameters dependent on the water quality pursued from those related to the quantity of water treated. Only the former ones can translate into material and energy savings when shifting the current water systems to dual ones. Finally, the savings stated in the present paper need to be confirmed at the level of the municipal water cycle including other types of treatment processes, the distribution process, and the background processes such as the production of coagulants and PAC. Similarly, the sewerage management system should also be included to assess water reclamation scenarios and develop circular flows between the supply and sewerage water systems. An environmentally efficient future of water systems will indeed most probably rely on a sounded integration of these different elements.
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Appendix A. Input Parameters to the Treatment Processes


Appendix A.1. Operation Related Input Parameters


Processes need some input parameters related to their operation management such as the hydraulic residence time, i.e., the average time water stays in the tank. These parameters are reported in Table A1. Please note that in all the following tables, “Reference” refers to the data reported in the EVALEAU model case study [32] and system 2 values to a weighted average of systems 2-B and 2-D based on the water volume. The model follows strictly the recommended value of the reference EVALEAU model setting for example the stirring efficiency for all processes to 70%.
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Table A1. Operation related input parameters.






Table A1. Operation related input parameters.





	

	
Reference

	
System 1

	
System 2-D

	
System 2-B

	
System 2






	
PAC addition process




	
Mixing duration time (min)

	
0.5

	
0.5

	
0.5

	
0.5

	
0.5




	
Velocity gradient (s−1)

	
700

	
700

	
700

	
700

	
700




	
Hydraulic residence time (min)

	
5

	
5

	
5

	
5

	
5




	
Coagulation and flocculation process




	
Initial DOCns (%)

	
-

	
58%

	
58%

	
48%

	
49%




	
Coagulation contact time (min)

	
3

	
3

	
3

	
3

	
3




	
Coag. mixing duration (min)

	
1

	
1

	
1

	
1

	
1




	
Floc. Pt.1 Velocity gradient (s−1)

	
550

	
550

	
550

	
550

	
550




	
Floc. Pt.2 Velocity gradient (s−1)

	
60

	
60

	
60

	
60

	
60




	
Settling process




	
Pumping cycle duration (min)

	
180

	
180

	
180

	
180

	
180




	
Pumping phase duration (min)

	
20

	
20

	
20

	
20

	
20




	
Hydraulic residence time (min)

	
60

	
60

	
60

	
60

	
60




	
Surface Hydraulic Charge (m3/(m2.h))

	
10

	
10

	
10

	
10

	
10




	
Sludge scraping energy (kWh/m3)

	
6.79 × 10−4

	
6.79 × 10−4

	
6.79 × 10−4

	
6.79 × 10−4

	
6.79 × 10−4




	
Rapid sand filtration process




	
Backwash duration–phase 1 (min)

	
3

	
3

	
3

	
3

	
3




	
Backwash duration–phase 2 (min)

	
8

	
8

	
8

	
8

	
8




	
Backwash duration–phase 3 (min)

	
5

	
5

	
5

	
5

	
5




	
Backwash air flow-phase 1 (m3/h)

	
2400

	
2400

	
2312

	
1766

	
1859




	
Backwash air flow-phase 2 (m3/h)

	
2400

	
2400

	
2312

	
1766

	
1859




	
Backwash water-phase 2 (m3/h)

	
260

	
260

	
250

	
191

	
201




	
Backwash water-phase 3 (m3/h)

	
800

	
800

	
771

	
589

	
620




	
Filtration nominal speed (m/h)

	
3.5

	
3.5

	
3.5

	
3.5

	
3.5










Appendix A.2. Water Quality Related Input Parameters


The second type of input parameters concern the water quality and are reported in Table A2. These parameters principally concern the hypothesis concerning the removal by each process. It follows the EVALEAU reported value for the drinking standard treatment line but has been adapted for the bathing standard treatment line. Besides, the non-polar (np), humic acid (ha), and non-sorbable (ns) shares of dissolved organic carbon (DOC), necessary for the coagulation model are reported in Table A2.
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Table A2. Water-quality-related input parameters.
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Reference

	
System 1

	
System 2-D

	
System 2-B

	
System 2






	
PAC addition process




	
DOC removal (DOC_R)

	
40%

	
40%

	
40%

	
22%

	
25%




	
Water temperature (°C)

	
20

	
20

	
20

	
20

	
20




	
Coagulation and flocculation process




	
DOC removal (DOC_R)

	
20%

	
21%

	
21%

	
9%

	
10%




	
Initial DOCnp (%)

	
29%

	
29%

	
29%

	
27%

	
28%




	
Initial DOCha (%)

	
25%

	
25%

	
25%

	
29%

	
29%




	
Initial DOCns (%)

	
46%

	
46%

	
46%

	
43%

	
44%




	
Humic acid Pka

	
4.3

	
4.3

	
4.3

	
4.3

	
4.3




	
Water pH

	
6

	
6

	
6

	
6

	
6




	
Settling process




	
SM removal (SM_R)

	
95%

	
95%

	
95%

	
85%

	
87%




	
Sludge concentration (g/L)

	
20

	
20

	
20

	
20

	
20




	
Dry matter sludge density (kg/m3)

	
1700

	
1700

	
1700

	
1700

	
1700




	
Rapid sand filtration process




	
SM removal (SM_R)

	
83%

	
91%

	
91%

	
29%

	
34%










Appendix A.3. Infrastructure Related Input Parameters


The third type of parameter concerns the tanks and the pumping process. They are reported in Table A3. The lifetime of the infrastructure (pipes, tanks) is set to 30 years or 10,950 days. The tanks are made of concrete for a density of 2500 kg/m3. The intake pipe, i.e., the one transporting the water throughout processes, has a diameter of 1000 mm for system 1, and 1000 and 400 mm for systems 2D and 2B, respectively. For the sand filtration process, the water is divided into different intake pipes to the different filters. Regardless of the system studied, these intake pipes diameter were set to 250 mm meaning the number of filters is different for each system. The minimum speed of the fluid in pipes is set to 0.6 m/s following the EVALEAU model. The pipe absolute roughness is 4.8 mm. When entering the plant, water must be carried onto the PAC process, and the associated pipeline length is 10 m for a height difference of 5 m. For other processes reported in Table A3, the pipeline length and height difference are the same.
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Table A3. Infrastructure-related input parameters.
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Reference

	
System 1

	
System 2-D

	
System 2-B

	
System 2






	
PAC addition process




	
Intake pipeline length (mm)

	
3

	
3

	
3

	
3

	
3




	
Tank height (m)

	
3

	
3

	
3

	
3

	
3




	
Coagulation and flocculation process




	
Intake pipeline length (mm)

	
3

	
3

	
3

	
3

	
3




	
Coagulant Injection per hour

	
-

	
10

	
12

	
12

	
12




	
Intake pumping from abstract pipeline length (mm)

	
-

	
10

	
10

	
10

	
10




	
Coagulant Diameter (mm)

	
-

	
80

	
30

	
50

	
44




	
Coagulant Diameter (mm)

	
-

	
80

	
30

	
50

	
44




	
Coagulant pipeline length (m)

	
3

	
3

	
3

	
3

	
3




	
Flocculant Injection per hour

	
-

	
1

	
1

	
1

	
1




	
Flocculant Diameter (mm)

	
-

	
30

	
15

	
20

	
19




	
Flocculant pipeline length (m)

	
3

	
3

	
3

	
3

	
3




	
Floc. Pt.1 Tank height (m)

	
3

	
3

	
3

	
3

	
3




	
Settling process




	
Intake pipeline length (mm)

	
4

	
4

	
4

	
4

	
4




	
Sludge pipe diameter (mm)

	
-

	
1100

	
450

	
800

	
719




	
Sludge pipe length (m)

	
4

	
4

	
4

	
4

	
4




	
Single tank surface

	
100

	
100

	
84

	
104

	
100.8




	
Tank height (m)

	
10

	
10

	
10

	
10

	
10




	
Rapid sand filtration process




	
Intake pipeline length (mm)

	
4

	
4

	
4

	
4

	
4




	
Backwash water P-2 diameter (mm)

	
-

	
150

	
150

	
125

	
139




	
Backwash water P-2 length (m)

	
1.15

	
1.15

	
1.15

	
1.15

	
1.15




	
Backwash water P-2 speed (m/s)

	
-

	
1.02

	
0.98

	
1.08

	
1.03




	
Backwash water P-3 diameter (mm)

	
-

	
250

	
250

	
200

	
228




	
Backwash water P-3 length (m)

	
1.15

	
1.15

	
1.15

	
1.15

	
1.15




	
Backwash air P-1 diameter (mm)

	
-

	
450

	
450

	
400

	
428




	
Backwash air P-1 length (m)

	
1.15

	
1.15

	
1.15

	
1.15

	
1.15




	
Backwash air P-1 speed (m/s)

	
-

	
1.05

	
1.01

	
0.98

	
1.00




	
Backwash air P-2 diameter (mm)

	
-

	
450

	
450

	
400

	
428




	
Backwash air P-2 length (m)

	
1.15

	
1.15

	
1.15

	
1.15

	
1.15




	
Recirculation pipe length (m)

	
10

	
10

	
10

	
10

	
10




	
Backwash water P-2 diameter (mm)

	
-

	
150

	
150

	
125

	
139




	
Backwash water P-2 length (m)

	
1.15

	
1.15

	
1.15

	
1.15

	
1.15




	
Backwash water P-3 diameter (mm)

	
-

	
250

	
250

	
200

	
228




	
Backwash water P-3 length (m)

	
1.15

	
1.15

	
1.15

	
1.15

	
1.15




	
Filter surface (m2)

	
40

	
40

	
40

	
40

	
40




	
Sand density (kg/m3)

	
2600

	
2600

	
2600

	
2600

	
2600




	
Sand annual replacing rate (%)

	
0.5%

	
0.5%

	
0.5%

	
0.5%

	
0.5%




	
Sand apparent density (kg/m3)

	
1460

	
1460

	
1460

	
1460

	
1460











Appendix B. Input Parameters to the Treatment Processes


Appendix B.1. Pipelines


The amount of materials embodied in the pipelines is the product of the material intensity with the pipeline length. The material intensity is taken from [40] and reproduced in Table A4. The material used is cast iron. The material intensity can be approximate with a correlation ratio R2 = 0.9998 with the equation 0.0002*D2 + 0.1455*D in which D is the pipeline diameter expressed in millimeters (mm). This equation is used to determine the material intensity for pipelines the diameter of which is below 60 mm or over 1000 mm.
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Table A4. Evolution of material intensity with pipe diameter.
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	Diameter (mm)
	Material Intensity (kg/m)
	Diameter (mm)
	Material Intensity (kg/m)





	60
	11.5
	400
	95.5



	80
	15
	450
	113



	100
	18.5
	500
	131



	125
	23
	600
	170



	150
	27.5
	700
	217.2



	200
	37
	800
	266



	250
	48
	900
	318



	300
	61
	1000
	376.4



	350
	80.5
	-
	-









Appendix B.2. Tank Materials


The calculation of the material consumption associated with tanks follows the same principles as the calculation for pipelines. This means that we determine a material intensity indicator linking the tank material to the water volume contained in the tank. Contrary to the pipeline materials, there is no catalog that would provide such material intensity indicator. We thus review the examples of a tank calculator [41] and a catalog [40] to determine a trend of this indicator for concrete tank (material density of concrete: 2500 kg/m3).



As shown in Figure A1, a linear trend was found. This shows the absence of a scale economy and a direct dependency of the material consumption to the volume fluctuation. The average material intensity was thus set to 242 kg/m3 as shown in Figure A1.
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Figure A1. The material intensity indicator for tanks. 






Figure A1. The material intensity indicator for tanks.
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Figure 1. The functional mapping of the household water production system. 
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Figure 2. The treatment lines and the amounts of water treated in systems 1 and 2. 1 Dissolved organic carbon (DOC) removal objective of the process 2 SM removal objective of the process. 
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Figure 3. Evolution of the water quality parameters through the treatment line for (a) drinking standard and (b) bathing standard. (c) Decomposition by process of cost, material, and energy consumption in S1 and S2. 
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Table 1. Decomposition of material and energy consumption by processes.
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PAC Addition

	
Coagulation & Flocculation

	
Settling

	
Rapid Sand Filtration

	
Pumping Process

	
Total Ex. Sludge






	
Material

	
Chemicals (kg/day)

	
S1

	
2080

	
1685

	
0

	
0

	
0

	
3764




	
S2

	
988

	
1020

	
0

	
0

	
0

	
2008




	
Sand & sludge (kg/day)

	
S1

	
0

	
0

	
5430

	
44

	
0

	
44




	
S2

	
0

	
0

	
3984

	
35

	
0

	
35




	
Pipe (kg/day)

	
S1

	
0

	
0.0054

	
0.29

	
6.74

	
1.71

	
8.75




	
S2

	
0

	
0.0048

	
0.28

	
5.75

	
1.85

	
7.89




	
Tank (kg/day)

	
S1

	
17

	
149

	
221

	
107

	
0

	
493




	
S2

	
17

	
149

	
221

	
84

	
0

	
471




	
Total (kg/day)

	
S1

	
2097

	
1834

	
221

	
157

	
1.71

	
4310




	
S2

	
1006

	
1169

	
222

	
124

	
1.85

	
2522




	
Energy

	
Pumping (MJ/day)

	
S1

	
0

	
0.065

	
1618

	
56

	
22,696

	
24,370




	
S2

	
0

	
2.15

	
1193

	
50

	
22,702

	
23,947




	
Stirring (MJ/day)

	
S1

	
4801

	
15,601

	
0

	
0

	
0

	
20,402




	
S2

	
4798

	
15,591

	
0

	
0

	
0

	
20,389




	
Sludge scraping (MJ/day)

	
S1

	
0

	
0

	
0.66

	
0

	
0

	
0.66




	
S2

	
0

	
0

	
0.49

	
0

	
0

	
0.49




	
Air compressing (MJ/day)

	
S1

	
0

	
0

	
0

	
559

	
0

	
559




	
S2

	
0

	
0

	
0

	
372

	
0

	
372




	
Total (MJ/day)

	
S1

	
4801

	
15,601

	
1619

	
615

	
22,696

	
45,332




	
S2

	
4798

	
15,593

	
1196

	
422

	
22,702

	
44,709
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Table 2. Cost comparison of the two systems.
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PAC Addition

	
Coagulation & Flocculation

	
Settling

	
Rapid Sand Filtration

	
Pumping Process

	
Total Ex. Sludge






	
Material

	
Chemicals (€/day)

	
S1

	
1456

	
371

	
0

	
0

	
0

	
1827




	
S2

	
692

	
224

	
0

	
0

	
0

	
916




	
Sand & sludge (€/day)

	
S1

	
0

	
0

	
0

	
1.0

	
0

	
1.0




	
S2

	
0

	
0

	
0

	
0.8

	
0

	
0.8




	
Pipe (€/day)

	
S1

	
0

	
0.0004

	
0.20

	
4.6

	
1.2

	
5.9




	
S2

	
0

	
0.0003

	
0.19

	
3.9

	
1.3

	
5.4




	
Tank (€/day)

	
S1

	
4.4

	
38

	
57

	
27

	
0

	
127




	
S2

	
4.4

	
38

	
57

	
22

	
0

	
121




	
Total (€/day)

	
S1

	
1460

	
409

	
57

	
33

	
1.2

	
1961




	
S2

	
696

	
263

	
57

	
26

	
1.3

	
1043




	
Energy

	
Pumping (€/day)

	
S1

	
0

	
0.0011

	
27

	
0.9

	
373

	
400




	
S2

	
0

	
0.0353

	
20

	
0.8

	
373

	
393




	
Stirring(€/day)

	
S1

	
79

	
256

	
0

	
0

	
0

	
335




	
S2

	
79

	
256

	
0

	
0

	
0

	
335




	
Sludge scraping (€/day)

	
S1

	
0

	
0

	
0.0108

	
0

	
0

	
0.0108




	
S2

	
0

	
0

	
0.0080

	
0

	
0

	
0.0080




	
Air compressing (€/day)

	
S1

	
0

	
0

	
0

	
9.2

	
0

	
9.2




	
S2

	
0

	
0

	
0

	
6.1

	
0

	
6.1




	
Total (€/day)

	
S1

	
79

	
256

	
27

	
10.1

	
373

	
744




	
S2

	
79

	
256

	
20

	
6.9

	
373

	
734




	
TOTAL (€/day)

	
S1

	
1539

	
665

	
84

	
43

	
374

	
2705




	
S2

	
775

	
519

	
77

	
33

	
374

	
1777
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