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Abstract This paper aims to use quantitative risk analysis, risk modelling and simulation modelling tools to
assess the performance of a proprietary single house grey water recycling system. A preliminary Hazard and
Operability study (HAZOP) identified the main hazards, both health related and economic, associated with
installing the recycling system in a domestic environment. The health related consequences of system failure
were associated with the presence of increased concentrations of micro-organisms at the point of use, due
to failure of the disinfection system and/or the pump. The risk model was used to assess the increase in the
probability of infection for a particular genus of micro-organism, Salmonella spp, during disinfection failure.
The increase in the number of cases of infection above a base rate rose from 0.001% during normal
operation, to 4% for a recycling system with no disinfection. The simulation model was used to examine the
possible effects of pump failure. The model indicated that the anaerobic COD release rate in the system
storage tank increases over time and dissolved oxygen decreases during this failure mode. These conditions
are likely to result in odour problems.
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Introduction

The installation of single household greywater recycling schemes has increased rapidly
over the recent years and there are now anumber of trial siteswhere systems are operating
in new build developments. Theinterest in these systemsis generated primarily by the pos-
sible 30-35% reduction in water consumption and consequent reduction in water bills. The
systems are al so marketed as being rel atively simple and with low running costs. The basic
system collects water from baths, showers and washbasins. Collection is followed by a
treatment stage, usually consisting of simplefiltration to remove large solids, followed by
disinfection. The disinfection chemical used varies from system to system and hypochlo-
rite, chlorine dioxide and bromine have all been utilized. Most of the systems on the market
also specify that the treated product from the system can be used for flushing toilets or for
gardenirrigation.

At present there are no guidelines or legislation describing the installation, operating
conditions or water quality requirements for water recycling systems in the UK. Risk
assessment tools have been used to develop quality standards for potable water and they
have been used in other countries for water reuse systems (Shuval et al., 1997). The aim of
thiscurrent work isto use specific qualitative and quantitativerisk analysistechniques cou-
pled with system simulation models to assess water quality parameter guidelinesfor recy-
cled water and also to link water recycling technology with building infrastructure design
and policy in the urban environment (Jeffrey et al., 2000).

Thetesting of these water recycling systemsin real situationsis difficult because of the
intrusive nature of monitoring and sampling. The National Water Demand Management
Centre survey (Sayers, 1998) analyses efficiency and operational data and also daily
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accountskept by the system users. Although this survey provides useful information on the
operation of single household water recycling schemes the triallists were volunteers and
not necessarily representative of the general population. By using risk analysis tools the
system can be rigorously tested without the need for intrusive techniques and also system
improvements and their effects can be considered.

Methods

The single household water recycling system was analysed using a hazard and operability
study (HAZOP) performed by amulti-disciplinary team. The systemwas splitinto individ-
ual process units (Figure 1) and the causes and consequences of deviations from normal
operation for each component in that unit were recorded.

A risk model of the system was formulated and used to assess microbial risks associated
with the system when operating normally and during specific abnormal operating condi-
tionsidentified in the HAZOP. A simulation model was also used to provide performance
indicatorsintermsof water quality and water savings.

Risk model

Therisk model combinesinformation and data available describing: the growth of micro-
organisms, the removal efficiency and hydraulic characteristics of the technology under
test, the epidemiol ogy, exposure routes and thusingestion doses and i nfectious doses of the
micro-organismsof concerninwater recycling systems (Figure 2).

Previous workers have reported that from a public health standpoint microbial contami-
nation is the greatest cause for concern when considering reuse systems (Hrudey and
Raniga, 1980; Y ates and Gerba, 1998) and research has shown that there are significant
quantities of faecal material in greywater (Robinson, 1996; Jefferson et al., 2000). Therisk
model was run for normal operation and for specific component failure for the microbial
contaminant Salmonella spp. Although thereisno reported evidence of Salmonellain grey-
water thisisdueto insufficient monitoring. Salmonella spp. were chosen for this study due
totheavailability of dataand the recognised consequences of infection.

Themodel hasbeen designed to accommodate datafrom different sources and so micro-
bial growth kinetics are described by either the Monod or |ogistic equations. Monod kinet-
ics (Equation 1) describe growth in acontinuousreactor.

Disinfection dosing
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baths, showers and
washbasins
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Figure 1 Unit operations of single house greywater recycling system used in HAZOP
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Figure 2 Schematic of the risk model
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where x is the concentration and Limax is the maximum specific growth rate of the micro-
organism, Sis the concentration and Kg is the saturation coefficient of the limiting sub-
strate. Logistic kinetics have al so been used to describe cell growth (Equation 2)

dx g x0O
= -2 2
dt a'XEl me @)

where a isthe unconstrained growth rate and xp, i s the maximum sustainable niche size for
the micro-organism.

Experiments with greywater have shown that aerobic microbial growth is limited by
nitrogen and phospherous concentrations (Jefferson et al., submitted). However, previous
workers have reported no appreciable growth or decay of Salmonella typhimuriumin grey-
water over aperiod of four days (Roseet al., 1991). Thus, using aninitial concentration of
10° faecal coliforms per 100ml (Rose et al., 1991) and assuming the faecal coliform to
Salmonellaratio is 1:1 and that all Salmonella spp. behave in a similar manner, implies a
constant concentration of 10° organismsfor raw greywater.

Inideal conditions, the death rate of micro-organismsdueto the treatment technology is
described by either a first order death rate model (Equation 3) or alog reduction model
(Equation 4).

dx

— =xkC 3
ke 3

wherekisthekill rate and C isthe concentration of disinfecting agent
X = 10|0910(><o)‘n (4

where Xg is the micro-organism concentration before treatment and n is the log reduction
achieved by the technology. For the single house grey water recycling system under
test, the log reduction model is used to describe the removal of a micro-organism by
chlorineand iscombined with afirst order equation describing therate of decay of chlorine
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concentration over time. A log, ;4 reduction was used (Sayers, 1998) assuming Salmonella
sp. behavein asimilar manner to faecal coliformsin agreywater recycling system.

The equation describing the probability of ingesting adose of micro-organisminagiven
time assumesaWeibull distribution. Exponential, BPoisson or logNormal models are used
for calculating the probability of infection for a specific micro-organism (Regli, 1993). For
Salmonella the exponential model was used and the | D¢, (infective dose) was taken as 100
organisms (Hunter, 1997).

Water reuse simulation model

The water reuse simulation model comprises of theinput, routing, system and output mod-
ules (Figure 3). The input module generates or processes the characteristics of the reuse
system in terms of the appliancetype and system users. The Monte Carlo techniqueis used
to generate appliance event data from frequency distributions of existing datai.e. the num-
ber and timing of baths, showersand WC flushes. The input module can also process exist-
ing time series from field study data of water usage. The routing module describes the
pathways of flow within the model from raw feed stream to discharge to sewer.

The system module simulates the flow of water through each component of the reuse
system. For the grey water system under investigation the system modul e has been calibrat-
ed to the results of laboratory characterisations. The output module monitors the system
operation and generatesdatain the form of performanceindicators describing water quality
bothintermsof health effects and aesthetic characteristics, water savingsand cost benefits.

Results and discussion
Asmany of the hazardsidentified from the HAZOP were inter-rel ated they are shown dia-
gramatically in Figure 4. The hazards reported are those not covered by current regulations
(UK Water Byelaws) or already corrected by the system manufacturer.

Additional consegquencesand causes not related to those shown above aregivenin Table
1. Analysisof the consequences and causes advocates theinclusion of thefollowing recom-
mendationsin the operating manual of the system.
1. Do not clean exceptionally dirty itemsin washbasins or baths.
2. Specify maximum loading of sump tank.
3. System clean procedurein the event of asewer blockage.
4. Detaled installation procedures for pump, filter, disinfection tank, sump tank and

piping runs.
. Routine maintenance of pump recommended.
6. A trouble shooting section.
In addition to maintenance and operating procedures some changesin the hardware of

the system are recommended.
1. Ensure system design allows compl ete draining of the system when required
2. A statuslight on the pump to ensure system usersare aware of pump failure
3. An“over pressure” or “no flow when operating” cut out on the pump
4. A pump low flow alarm or indicator light
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Figure 3 Schematic of the reuse simulation model
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Figure 4 Schematic of HAZOP consequences/causes resulting from deviations in operation of single

house greywater recycling system

Table 1 Additional consequences/causes resulting from deviations in system operation

Consequences

Cause

Higher/lower residence times in system Normal operation
Blocked capillary tube
Sump tank failure
Ingress of sewage into sump and header tanks Sewer blockage
Release of halogens
No water to flush toilets

No drainage of water from baths/sinks

Microbial growth/ solids build up
Excessive load

Use of certain domestic cleaning products
Ball valve stuck off
Blockage in collection pipework

A number of the causes and consequences required further investigation and work is
currently being undertaken to identify domestic household cleaning materials that could
result in the release of halogens or that could cause corrosion to the filter. Also, reliability
datafor pumps, valves and level switchesisrequired in order to calculate the possible fre-

guency of particular hazardous events.

System failures that could lead to increased water usage, the production of odours or
increased microbial growth wereinvestigated further using the risk and simulation models.

Scenarios selected were: no disinfection, filter blockage and pump failure.
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Risk model

The probability of contracting asalmonellainfection given the presence of Salmonella spp.
intheinitial greywater was cal culated to be lessthan 1.5x10~7 if the disinfection systemiis
operating correctly and lessthan 1.5x10-3if thereis no disinfection. In the general popula-
tion number of reported cases of salmonellaper year is30,000 (PHL Swebsite). However, a
degree of under reporting occurs and thisis assumed to be 50%, thus arate of 60,000 cases
isused. Other assumptionsinclude: an infected person sheds organismsinto the greywater
system for 2 days, the greywater system is flushed through compl etely within aday and on
average 4.4 peoplewould be exposed to the system in any day.

Initial calculations estimate an increase of <0.001% in the number of cases of
Salmonella spp. infection for householders using a greywater system with afully working
disinfection system. For agreywater system in which thereisno disinfection an increase of
approximately 4% iscalcul ated.

Water reuse simulation model

The water reuse simulation model was used to indicate the effect of failure of the pump on
the dissolved oxygen (DO) concentration (Figure 5), anaerobic COD release rate (Figure
6). These parameters were selected as DO concentration and anaerobic COD release rate
arelinked to the production of odours and the DO concentration will relate to the growth of
aerobic micro-organisms. Datawas generated for the quality parametersfor arange of tem-
peratures, astemperature was found to significantly effect the curves generated.

The DO concentration was shown to decrease over time as expected for a stagnant tank.
Thiscan belinked with the anaerobic COD release rate, which was shown to increase more
rapidly at higher temperatureswherethe DO decreasesrapidly. This suggeststhat at higher
temperaturesthe production of “off” odoursismorelikely.

A final scenario simulated by the model was the effect of gradual filter blockage on the
water saving efficiency of the system. The HAZOP suggested that filter blockage could be
caused by anumber of situations and would lead to anincreased water usage (Figure 4).

The effect can be shown in terms of cleaning frequency, the more often the filter is
cleaned the less the degree of blockage of the filter (Figure 7). For the specific conditions
stated for thissimulation acleaning frequency of < 4 weeksisrecommended.

Increasing anaerobic COD
release rate

7
8 B o, //// ‘
- § Q7 Increasing
Time (hrs) N § 8 Teme (C)
Figure 5 Effect of pump failure on dissolved oxy- Figure 6 Effect of pump failure on anaerobic COD
gen concentration in header tank for a range of release rate in header tank for a range of

temperatures temperatures
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Figure 7 Effect of filter cleaning frequency on % greywater recycled

Conclusions

A number of operational and installation requirements should be included in the manual of
single house greywater recycling systems to ensure the health and safety of the users and
the correct operation of the system. Fundamental requirements should include theinstalla-
tion of key items of equipment and maintenance proceduresfor the pump. A system clean-
ing procedure and troubl e shooting guide should also beincluded and the recommendation
that exceptionally dirty items should not be cleaned in the bath or hand washbasin.
Improvements to the hardware of the system are required, mainly relating to the pump, a
critical item of equipment.

Thereliability of the disinfection systemisalso vital in view of the calculated increase
from 0.001% to 4% in the number of casesof infection for aspecific micro-organism. There
is a paucity of information on the growth kinetics and epidemiolgy of different micro-
organisms in grey water and a number of assumptions were made in this calculation.
Therefore, in order to verify this calculation for the number of cases of infection, the risk
model will be used with set parameter ranges to estimate the error in these values. Future
work will also use event tree anal ysisto estimate the possibl e frequency of disinfection sys-
temfailure.

The water reuse simulation model provides a useful tool in assessing the consequences
of different system failure modes. Temperature was shown to be an important factor in
modelling the water quality during a pump failure scenario. As the current research pro-
gramme includes the monitoring of real greywater systems, future work will involve full
calibration of the model, which will improve the accuracy of simulations. Also, oncefully
calibrated the simulation model will be integrated with the risk model, as output data on
micro-organism growth from the simulation model will provide input data to the risk
model.
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