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Abstract


Greywater re-use has much potential as a water conservation measure although its uptake has been tempered somewhat by concerns over the potential risk to health, financial viability and the absence of formal legislation. The focus of these concerns varies according to the planned scale of re-use. At the domestic scale, research has shown that although greywater re-use is technically feasible and conceptually attractive to a proportion of homeowners, presently, the financial returns from water savings are too small to encourage wider uptake. It has been suggested that the financial viability of greywater re-use improves with an increase in scale. 


This research reports on the performance of water re-use systems using a computer simulation model. Re-use system design is evaluated and re-use system performance predicted. The importance of estimating the water saving potential and water quality implications of a planned re-use project becomes more acute as the scale increases. In order to estimate water saving efficiency and evaluate system design, it is necessary to understand the patterns of water flow in a building. Yet, there is a limited availability of detailed appliance usage data for multi-occupancy building. The appliance usage of multi-occupancy residential buildings can be estimated from single-family water usage data. 


Results show that increases in storage size give improved re-use system performance up to a point, after which increases in capacity result in reduced gains in performance. For a single family household of 4 occupants this point is around 250 litres and for multi-occupancy buildings it is around 1000 litres for all occupancies. Disinfection performance in lower occupancy buildings is compromised if the storage capacity is increased beyond these values. Simulating different levels of component reliability and frequency of maintenance revealed that performance was significantly reduced if systems were maintained at 3 month or even 1 month intervals, although, weekly maintenance checks maintained performance levels even for frequently failing components.





Introduction





Greywater re-use has much potential as a water conservation measure although its uptake has been tempered somewhat by concerns over the potential risk to health, financial viability and the absence of formal legislation. The focus of these concerns changes according to the planned scale of re-use. At the domestic scale, research has shown that although greywater re-use is technically feasible and conceptually attractive to a proportion of homeowners, presently, the financial returns from water savings are too small to encourage wider uptake (Withers and Murrer, 1996; Crawford, 1994). It has been suggested that the financial viability of greywater re-use improves with an increase in scale.





The scale at which water is re-used has an impact in 4 main areas;





water quality requirements,


technology, reliability and maintenance,


water conservation,


cost.





It is interesting to consider these areas in context with the practicalities of re-use at each scale. 





Responsibility for the re-use system





In a single family domestic setting the occupants assume responsibility for purchase, maintenance and health and safety of many household technologies, such as washing machines and other white goods. It is reasonable to assume that a greywater re-use system would be considered in a similar way. Yet, in a multi-occupancy residential setting the issues are slightly different. Firstly, the responsibility for building services technology tends to be borne by the building mangers or by multiple households. Residents commonly pay a service charge which goes towards maintaining building structure and facilities.





Cost issues





Issues of cost reflect those of responsibility, costs borne by one household at the single family scale are spread across many households at the multi-user scale i.e. per capita costs are lower at the larger scale. In addition, owners and operators of larger buildings are more likely to be able to bear the cost of re-use technology (compared to the single family) since they typically have increased capital flow and possible access to lower rates for borrowing. Also, the volume of water conserved per building is likely to be increased, thus the related cost savings may actually become more significant when compared to other costs of building management.





Health issues





It has been shown that greywater can be contaminated with pathogenic micro-organisms (Hrudey and Raniga, 1980). The presence of certain pathogens in the greywater is dependent on the health of the contributing population, whilst other pathogens can enter the greywater from the surrounding environment e.g. legionella. Issues of health and risk are the subject of study (Diaper et al., 1999; Dixon et al., 1999). An increase in contributing population leads to an increase in the possibility of a pathogenically contaminated greywater. Moreover, since the using population is also increased the consequences of disease being transmitted from a contaminated greywater are magnified. 





Technology issues





Although the key components of a re-use system are common to each scale e.g. storage, pumping, filtration and disinfection, the characteristics of each component may vary. A storage tank acts to balance out supplies and demands to achieve a certain water saving potential.  Changes in scale will effect the patterns of usage and consequently the storage requirement. At the larger scale, system throughput is higher than at the small scale which could have impacts upon the choice of treatment technology such as the pump or treatment system.





System failure and maintenance





An operational problem highlighted by recent UK studies of domestic scale re-use systems is the lack of a failure warning system on the re-use system (Sayers, 1998). Recognising component failure is not straightforward,  since the WC water supply reverts to the mains supply as a requisite of the UK Water Regulations (WRAC, 1997). Thus the domestic user would only realise that their system is defective if they check the re-use system components. Anecdotal reports have suggested that system failure is recognised by an improved clarity in WC flush water but this is not always the case (Sayers, 1998). Common system failures included pump breakdowns and filter blockage, which both lead to a cessation in greywater flow compromising water saving, aesthetic and potentially health performance. Water saving performance is compromised as no greywater is being recycled. Health performance may be compromised as the chlorine residual decays and microbial regrowth occurs.





Simulation model





A simulation model has been developed to investigate the performance of water re-use systems. The model comprises of two modules, an input module that generates and/or processes time series of water use events and a system module that simulates the key water flow and quality processes within a re-use system. Performance is assessed through evaluation indicators for water conservation, health, aesthetics and functionality. The model can be run under a wide range of water re-use scenarios incorporating changes in scale, technology and maintenance strategy.











Input module





In order to assess the detailed interactions between individuals, water using appliances and water re-use technology, it is necessary to look at a sub-daily time interval. Presently, the input model works at a time interval of one hour. The model can simulate appliance usage events at a single family home and at a multi-occupancy residence. Water usage events at a single family home are simulated using a Monte Carlo type technique applied to a dataset for domestic appliance usage (Butler, 1991). Events in a multi-occupancy residence are simulated by running several single family homes in parallel. It has been reported that patterns of use in multi-occupancy housing are different to those in a single family (Baumann et al, 1997). In this study, water usage events in both scenarios are derived from the same study of domestic appliance usage. Typical patterns for WC and greywater discharge are shown in figures 1 and 2. A method for simulating water use in commercial buildings such as offices and hotels is being developed. 
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Figure 1		Simulated WC discharge from multi-occupancy buildings
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Figure 2		Simulated greywater discharge from multi-occupancy buildings





The system module





The system module is essentially a deterministic system dynamics model. It simulates the flow of water through the main components of water re-use system. Typically, these components fall into the category of storage, control, treatment and delivery, each of which is a variable in the model. The system module also incorporates a water quality model which is described in detail elsewhere (Dixon et al, 1999). This paper reports on the performance of a chlorination system. The model simulates a constant dose of 5 mg/l Cl for all water that is collected in the storage system. A first order decay model calibrated to chlorine decay in a secondary treated effluent (Dostre, 1997) is included. 





Performance indicators





Detailed analysis of domestic water re-use has identified four main factors in re-use system performance which are: water conservation, health, aesthetics and functionality. This paper focuses on performance in 


terms of water conservation, health and functionality as well as making a preliminary assessment of costs.





Water conservation





�Water conservation performance (PIE) is primarily indicated by the volume of water conserved as a proportion of the service water demand resulting from water re-use. 





			PIE 	= 100 . ( Gt   /  ( Dt





Gt	= Greywater re-used


Dt	= WC demand


T	= Run duration





Health





The main health risk is associated with human exposure to pathogenic micro-organisms. Most re-use systems feature a disinfection component and it is the performance of this component that provides an indirect indication of ‘health’ performance (PICL). Presently, the model simulates disinfection with chlorine. The concentration of the chlorine residual is taken as a performance indicator: if the residual is very low it is assumed that the potential for pathogenic micro-organism survival is increased along with the health risk. A chlorine residual of 0.2 mg/l has been assumed in this study. It is recognised that different organisms respond differently to disinfection. The purpose of this paper is not to prescribe water quality standards it is to demonstrate the link between re-use system design (e.g. store size) and system performance.





		PICL  =  100 . tCl  / T





PICL 	= Indicator for health performance


tCl  	= Number hours of chlorine concentration < 0. 2 mg/l 





Functionality





This aspect of performance is related to the operation of system components, their reliability, performance and maintenance requirement. This is particularly relevant to treatment components such as the disinfection and pumping units.





Cost





Issues of cost relate to capital costs, running costs and maintenance costs. The relationship between component failure, failure recognition and response and re-use system performance is one that has been explored using the simulation model. Presently, cost performance is indicated indirectly using the frequency of maintenance events.





Simulating component reliability, inspection and maintenance





Each component is assigned a reliability, represented as an a hourly probability derived from a certain number of failures per year. For each hour a uniformly distributed pseudo random number (0( X (1) is generated and compared against the probability of failure for each component. If the component fails then it ceases to perform its function, e.g. a failed pump no longer pumps. Failure is not attributed to any particular cause although common causes could be pump fouling by gross solids or a mechanical failure of pump parts.  So, failures are either related to the design and manufacture of components or to environmental conditions during operation. Once a failure has occurred it is assumed that intervention is required to repair the component to working order. The model simulates an inspection of system components at regular intervals according to a certain frequency. A failed component identified during a simulated inspection is immediately restored to fully working order. 








Simulation runs 





The model has been run for two main scenarios, the first is to investigate the effect on system performance due to variation in occupancy and store size and the second is to assess the influence of component reliability and maintenance strategy in re-use system performance at different scales. 





In the first scenario, the model parameters and variables are set to their default settings with the exception of store size which is varied through a range of 250 to 2500 litres. This is repeated for a single family home of occupancy 4 and for multi-occupancy residential buildings of occupancy 27, 51 and 92. Results are provided in terms of performance indicators for water saving efficiency, levels of chlorine residual and DO levels. In the second scenario, the model parameters are again set to their default settings and this time the failure level of the pump component is varied through a range of 1 failure in 3 years to 36 failures in 3 years. The influence of the frequency of system inspection is also explored. Inspection frequency is varied from weekly inspections, to monthly to 3-monthly. These are repeated for buildings of occupancy 4, 27, 51 and 92. In the first scenario all components are assumed to be 100% reliable i.e. 0 failures in 3 years. Default settings for the model runs are summarised in table 1.





Table 1 	Default settings for model definition


Variable�
Default value/setting/range�
�
Greywater sources�
Bath/Shower�
�
Greywater applications�
WC�
�
DO reference value �
2 mg/l�
�
Disinfection (5mg/l dose)�
99% kill�
�
Chlorine residual reference value�
0.2 mg/l�
�



Results


�


Figure 3 	Relationship between storage and PIE  for residences of varying occupancy
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Figure 4 	Relationship between storage and PICl  for residences of varying occupancy


� EMBED Word.Picture.6  ���


Figure 5 	Relationship between reliability, maintenance and PIE  for a residence of 4 occupants
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Figure 6 	Relationship between reliability, maintenance and PICL  for a residence of 4 occupants
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Figure 7 	Relationship between reliability, maintenance and PIE  for a residence of 27 occupants
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Figure 8 	Relationship between reliability, maintenance and PICL  for a residence of 27 occupants
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Figure 9 	Relationship between reliability, maintenance and PIE  for a residence of 92 occupants
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Figure 10 	Relationship between reliability, maintenance and PICL  for a residence of 92 occupants





Discussion





Scenario 1 





An increase in store capacity leads to an increase in water saving efficiency (PIE ) at each scale, although the actual gains in efficiency are reduced (figure 3). The store capacity at which gains become reduced increases for an increase in occupancy. The marked difference between the PIE in a single family home and that in a multi-occupancy residence are attributed to the smoothing of supply and demand patterns that occurs at larger scales, and the relative volume of hourly appliance discharges compared to the storage capacity. 





The proportion of time during which the stored water has a chlorine residual of greater than 0.2 mg/l  (PICL) reduces as the store size increases. However, the reductions for large occupancy buildings are less marked than for lower occupancy buildings. The values of (PICL) for the household of occupancy 4 are significantly lower than for other occupancy buildings.  In the highest occupancy buildings, a minimum chlorine residual of 0.2 mg/l is present for 95% of the time even at a store size of 2500 litres. However, for a building of occupancy 27, which has a store size of greater than 1000 litres, this proportion of time falls below 95% above a 1000 litre store size to a minimum of 80% at 2500 litres capacity. It would be up to the responsible party ( e.g. the designer, owner or building manager) to decide what is acceptable in terms of disinfection performance. 





In terms of re-use at a multi-occupancy building the interesting result is that a tank of around 1000 l results in similar values of PIE regardless of the occupancy. In addition, the health performance indicated by values of PICL is similar. This  implies that one system may fit all cases in multi-occupancy. Yet, quite clearly store sizing for greywater re-use at a single-occupancy home would require separate consideration given the differences in PIE and particularly PICL behaviour with increasing storage. A more detailed assessment of storage sizing at this smaller scale has been carried out (Dixon et al, 1999a; Fewkes and Ferris, 1982). 





Scenario 2





Figures 5 to 10 indicate the relationship between component reliability, inspection, maintenance and system performance. There is a trend common to all of the plots that is characterised by a decrease in performance at low reliability and low inspection frequency levels. The degree to which performance is compromised is quite considerable in all cases for, water saving and health performance. For example, in the case of the multi-occupancy residence with 92 occupants, a change in maintenance programme from a weekly inspection to a 3 monthly one leads to a considerable compromise in PIE and PICL, even with the most reliable pump component (1 failure in 3 years). In this case, the 60% reduction in the volume of WC flush water saved equates to an annual financial saving of approximately £800 (assuming combined water supply and discharge is £1.50/m3). The cost of a poorly functioning system may be offset by increasing inspection frequencies or investing in more reliable system components. The conceptual relationship between cost, reliability, performance and maintenance is illustrated in figures 11 and 12. Results show that the reliability of a system is a significant factor in achieving the perceived benefits of greywater re-use, which is reflected in greywater re-use field trials and case studies in the UK (Sayers, 1998).
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Conclusions





The storage capacity of greywater re-use systems has different effects at different scales of residential re-use. At the domestic scale, larger storage sizes do not offer much advantage in terms of water saving efficiency and compromise the levels of disinfection performance of service water. At the multi-occupancy scale, good water saving efficiency and disinfection performance are achieved with a storage capacity of around 1000 litres. This is largely independent of the occupancy level. Although, at increased storage capacities and at smaller occupancies disinfection performance is compromised. Results show that system performance is highly dependent on the frequency of inspection and maintenance, although this is mitigated by components that fail less frequently. 





Further work





The model is currently being developed to simulate for a range of treatment technologies such as membranes and BAF’s. In addition, the relationship between health risk, greywater re-use and system operation is being studied in detail by an interdisciplinary team in the UK (Jeffrey et al., 1999).
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Figure 12  Conceptual relationship between maintenance 	    costs and resource requirements
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Figure 11 Conceptual relationship between capital 		 costs, performance
