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ABSTRACT

This paper describes the development and application of a simulation tool to assess the impact of water-
efficient appliances and greywater recycling strategies on the domestic water consumption and waste-
water generation profiles. Two time-series datasets of domestic water consumption in UK households —
each consisting of more than 20,000 observations — were used to deduce water use appliance usage
patterns as a function of water consumption per use for each water-use appliance and household
characteristic (e.g. occupancy). The deduced trends were then used to develop a simulation tool that
can generate water consumption and wastewater generation profiles reflecting user input for water use
appliances and household characteristics. The inbuilt flexibility in the tool allows investigation of each
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water use appliance both individually and collectively, and facilitates informed decision-making for
devising targeted retrofitting programmes. This research has application for water service provision
and policy making globally, with potential impact on both water supply and wastewater management.

1. Introduction

Rapid urbanisation, population growth and economic develop-
ment have overstretched existing urban infrastructure. This
includes water and wastewater-related provisions as well as
water supplies (Amit and Ramachandran 2013; Beck and
Bernauer 2011; Fielding et al. 2013). Growing water consump-
tion coupled with uncertainties associated with climate change
(e.g. wetter winters and drier summers) particularly in water-
stressed areas have triggered a shift in the way water is being
managed (Gao et al. 2014; Miranda et al. 2011; Pachauri et al.
2014). More emphasis is now being placed on managing the
demand rather than developing new reservoirs (as represent-
ing water supply) or water infrastructure expansion, which are
inherently unsustainable and capital-intensive (Amit and
Ramachandran 2013; Butler and Memon 2005; Manouseli,
Kayaga, and Kalawsky 2017).

In many parts of the world, policies are being formulated to
reduce per capita consumption and encourage water efficiency
by different means, such as introducing water-saving devices.
This is due to the fact that no policy will be successful if it is not
implemented at the household level (Patwardhan and
Vishwanath 2017). The World Bank reviewed water pricing
policies in over 20 countries around the world and reported
that domestic water consumption has an inverse relation with
higher water pricing (Dinar and Subramanian 1997). Yang,
Zhang, and Zehnder (2003) assessed the effectiveness of
water pricing in northern China and reported that pricing
alone is not effective for water conservation unless a group of
clearly defined and purposeful policies are integrated and
implemented. A study with a focus on water pricing in Spain

reported that people in areas which are considered as ‘water
scarce’ pay more for their water bills. This, however, might be
due to the fact that in some regions, desalination technologies,
which are more expensive than the common treatment tech-
nologies, are applied for water treatment (Calatrava et al. 2015).
Another study assessed household water consumption in Pune,
India and suggested that water pricing (in addition to meter-
ing) could be effective but ‘it needs the companionship of
awareness regarding water use’ (Patwardhan and Vishwanath
2017). Policies that promote Water Saving Appliances (WSAs)
have a greater chance of being politically acceptable compared
to pricing changes or water restrictions (Millock and Nauges
2010). Another project focused on a portal to provide online
feedback to customers in Australia and reported that the active
users of the online portal attained significant water-savings (Liu
et al. 2017).

Some countries have implemented more comprehensive
policies to rate and certify sustainable buildings across the
country. In the United States and many other industrialised
countries, policies are focused on public educational cam-
paigns, use of utility water prices to incentivize conservation,
investments in more efficient distribution infrastructure, and
regulations on new residential development (Barnett et al.
2020; Liang, Henderson, and Kee 2018). In the UK, there is an
effort to promote efficiency through regulation and interven-
tion from water companies (Manouseli, Kayaga, and Kalawsky
2019). The UK aims to reduce domestic consumption of potable
water through the installation and use of water-efficient appli-
ances and fittings and water recycling, such as Greywater
Recycling (GWR) systems (DCLG 2010). GWR is acknowledged
as greatly beneficial for water resource efficiency and economic
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savings for households (Mandal et al. 2011), and is gaining
attention around the world (Juan, Chen, and Lin 2016; Oron
et al. 2014). Water efficiency measures have become
a requirement for the majority of the UK water companies
and are promoted by the water regulators such as Ofwat and
the Environment Agency (Manouseli, Kayaga, and Kalawsky
2019, 2017). The reduction of domestic water consumption
can also be achieved to a certain extent through users’ beha-
viour change (Meireles et al. 2018; Sadr et al. 2016). In other
words, domestic water consumption and its patterns very
much depend on the characteristics of the household, fixtures,
appliances and equipment, and on the factors related to the
user (Meireles et al. 2018; Sadr et al. 2016). However, effective
policies and practical strategies require detailed data on how
and where household water is used (Makki et al. 2013; Stewart
et al. 2009).

Mass installation of water-efficient devices (i.e. WSAs) will
alter existing hydraulic profiles of the potable distribution and
wastewater collection networks. Such devices include duel-
flush toilets, low-flow taps, efficient bathtubs, shower restric-
tors and efficient washing machines and dishwashers. Across
10 OECD (Organisation for Economic Cooperation and
Development) countries in 2008, 52% of households had
a water-efficient washing machine, 51% had low volume or
duel-flush toilets, 54% had water flow restrictor taps/shower-
heads, and 17% had a water tank to collect rainwater (Millock
and Nauges 2010). Wide variance is shown across countries,
and only 8% of the sample owns all four of these WSAs.

Studying the use of such appliances can provide information
to better manage urban water supply and network operations.
It could also inform water companies and customers where and
when domestic peak demand is, where water-saving efforts
could be more effective, which water appliances would result
in better water conservation, and which alternative water sup-
ply systems (e.g. GWR and rainwater harvesting) would be more
effective for water conservation (Meireles et al. 2018; Morrison
and Friedler 2015). Moreover, an efficient design of alternative
water supply systems (onsite or decentralised) can be achieved
when detailed information on household water use patterns
and profiles are available (Campisano and Modica 2010;
Morrison and Friedler 2015; Penn, Hadari, and Friedler 2012).

To the best of the authors’ knowledge, a limited number of
models and tools have been developed to measure water use
profiles of a large number of households using WSAs.
According to Manouseli, Kayaga, and Kalawsky (2017), these
models are mainly reported in the Australian and the US litera-
ture, e.g. Makki et al. (2013) and Willis et al. (2013). As reported
by Kofinas, Spyropoulou, and Laspidou (2018), some existing
models focused on whether domestic water consumption time
series can be simulated in multiple temporal and spatial scales
(Buchberger and Wu (1995); Alvisi, Franchini, and Marinelli
(2003); Blokker, Vreeburg, and Van Dijk (2010); Cominola et al.
(2016)).

This paper investigates the impact of water demand manage-
ment measures (WSAs and GWR) on hydraulic profiles; this is
achieved through the development and application of
a simulation tool that uses water consumption data from two
case studies in the UK. The key attributes of the database, the
deduced consumption trends and the development, architecture,
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and application of the tool are described in the following sections.
Section 2 outlines the simulation tool development. Section 3
describes the data used in this study along with the data source.
Section 3 presents the results from different simulation runs using
the tool and discusses the findings. Section 4 outlines the implica-
tions for this study on water management in the practitioner and
policy context, and Section 5 summarises the main findings and
contribution of this piece of research.

2. Methodology for the simulation tool development
2.1. Tool description

The aim of the simulation tool is to facilitate the generation of
water consumption and wastewater discharge profiles and
simulate the influence of water demand management mea-
sures for a range of development scales and compositions.
The tool is capable of the following (i.e. objectives):

(1) Evaluating potential water savings,
(2) Estimating the impacts of particular water-efficient
appliances for a given type of household on:
a. The total water consumption and wastewater
discharge,
b. The diurnal variations of water consumption and
wastewater discharge,
c. The make-up of water consumption.
(3) Quantifying the production of greywater,
(4) Assessing the modifications brought by GWR for a given
type of household on:
a. The total water
discharge,
b. The diurnal variations of water consumption and
wastewater discharge,
c. The make-up of water consumption.

consumption and wastewater

In order to achieve these objectives, the simulation tool relies
on data of ‘typical’ water consumption and wastewater dis-
charge in different types of households analysed in the study.
The tool also applies the features of the household groups
studied and assesses the different features of water consump-
tion and wastewater discharge (e.g. total volumes, potential
savings and their impact on diurnal variations).

2.2. Tool architecture

From the user point of view, such tools must be interactive,
simple, and flexible (Porter 2018). The proposed tool is
designed in a way that data entering (via the user interface)
does not require any computing skills or previous knowledge
on water demand management measures. In addition, the user
is provided with examples of water-efficient appliances’ char-
acteristics. The interface also enables the user to change var-
ious parameters describing the households and to run
numerous simulations.

Figure 1 shows different components of the simulation tool
and illustrates how results are obtained with the tool. Three
different scenarios (namely, I. Scenario ‘Standard’; Il. Scenario
‘Efficient’; and Ill. Scenario ‘Very Efficient’) have been defined
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Calculation

Results for Scenario ‘Standard’

1 Results for Scenario ‘Efficient’

Results for Scenario ‘Very Efficient’

l:::l Data from the small-scale study

C) Characteristics chosen by the user

Figure 1. Components and principle of the simulation tool.

and assessed in this study; the definition of each is provided in
Section 2.2.3. As can be seen in Figure 1, the results for Scenario
‘Standard’ rely only on information from the database (presented
below) and the group of households, but the information for
Scenario ‘Efficient’ come from the data from the small-scale
database, the data from the group of households and informa-
tion on water-efficient appliances. The results for Scenario ‘Very
efficient’ are obtained using the same information as for Scenario
‘Efficient’ and the information on GWR systems.

The tool consists of two Excel files: ‘WaterSaving.xls’ and
‘WaterRefxls'. In the former, the user starts the simulation by
filling in a form in the spreadsheet, called ‘Features’. They enter
the characteristics of the households group studied. For each
type of household, users should indicate the features of water-
use appliances, bathing frequencies of the occupants and the
size of a potential storage tank for water recycling. Calculations
are then carried out automatically in the second Excel file.
Results on water consumption, wastewater discharge and
water recycling potentials appear on the first Excel file for the
whole group of households and for each type of household.
The tool architecture can be characterised by i. user interface
(see the Supporting Information (SI), Section $10.1); ii. database
(see Section S10.2 in the Sl); and iii. calculation and simulation
engine Section 2.2.1).

2.2.1. Calculation and simulation engine

This component contains the method used in the tool to
calculate different features of water consumption and waste-
water discharge listed in Table S7 in the SI. In order to assess the
potential water savings from a group of households, we first
introduced three different scenarios:

e Scenario ‘Standard’: Characteristics of water consumption
from appliances are exactly the same as in the small-scale
survey. This case could also be called ‘business-as-usual’
and is considered as a reference (i.e. no consideration of
water-saving appliances (WSAs) nor measures).

e Scenario ‘Efficient”. Characteristics of water-efficient appli-
ances are employed in the calculations.

e Scenario ‘Very efficient. Characteristics of water-efficient
appliances are employed in the calculations and some
wastewater is assumed to be recycled if a storage tank
for wastewater is installed.

Different equations and calculation terms and functions are
used for each scenario:

2.2.1.1. Standard scenario (baseline). First, water consump-
tion and wastewater discharge in Scenario ‘Standard’ are calcu-
lated for each appliance and occupancy level. Calculations for
Scenario ‘Standard’ consist of multiplying the diurnal variations
of water consumption and wastewater discharge from a given
appliance (f; expressed in 1/10 min.household), extracted from
the database, with the number of households in the group (n).

fi=f;xn )

where f; denotes water consumption of the appliance i. The
database of the simulation tool contains the variations of water
consumption and wastewater discharge in I/10 min.household,
for washing machines, dishwashers and taps. For toilets,
showers and baths, these variations are in uses/10 min.house-
hold. To obtain the variations in I/10 min.household, the varia-
tions in uses/10 min.household (ug) were multiplied by the
average water consumption of the appliance use (uavg;) e.g.
9.7 | for a toilet flush and 68 | for a bath.

fi = ug X uavg; x n (2)
The diurnal variations of total water consumption and waste-

water discharge (f_T) are obtained by summing up the corre-
sponding variations from all the appliances (Equation 3).

fr=>f 3)



2.2.1.2. Efficient scenario. Calculations for toilets and baths
in Scenario ‘Efficient’ rely on the same principle as in Scenario
‘Standard’. These calculations consist of multiplying the diurnal
variations of water consumption and wastewater discharge
from the appliances (expressed in uses/10 min.household),
extracted from the database, with the number of households
in the group and the efficient water consumption of the appli-
ance use provided by the user (in I/use). For showers, since
information on water-efficient showers are given for flow rates
(in I/min), an efficiency coefficient is defined as (Equation 4):

Efficient flow rate (L)

Standard flow rate (L)

min

(4)

Efficiency coefficient =

This efficiency coefficient is then multiplied by the standard
water consumption per use for a shower and the result is the
efficient water consumption per use of a shower (in l/use). Then,
the calculations of water consumption and wastewater dis-
charge for showers consist of multiplying the diurnal variations
of water consumption and wastewater discharge from showers
(expressed in uses/10 min.household), extracted from the data-
base, with the number of households in the group and the
efficient water consumption of the appliance use.

Washing machines and dishwashers present a relationship
between use and water consumption/wastewater discharge
different from that of toilets and baths. A use of washing
machine and dishwasher results in water consumption and
wastewater discharge over a period that is much longer than
10 minutes. Then, water consumption and wastewater dis-
charge from washing machines and dishwashers do not hap-
pen in a single 10-minute slot, contrary to water consumption
and wastewater discharge from toilets and baths. Therefore,
variations in volumes of water consumption and wastewater
discharge from washing machines and dishwashers are not
proportional to those in uses (See the SI, Section S3, Figures
S6 to S9).

The variations of water consumption and wastewater dis-
charge from washing machines and dishwashers in Scenario
‘Efficient’ were then considered based on the variations in
volumes of water consumption and wastewater discharge,
derived from the small-scale study (expressed in L/10 min.
household). A proportionality coefficient, called efficiency coef-
ficient, was defined to link variations of water consumption and
wastewater discharge from the appliances of the small-scale
survey and in Scenario ‘Efficient’. This coefficient is based on the
efficient water consumption per use (in l/use) provided by the
user and on the standard water consumption per use (in l/use)
derived from the small-scale survey. For example, if water-
efficient washing machines consume 42 | per use, the corre-
sponding efficiency coefficient is 42/57.7 = 0.73, since washing
machines in the small-scale survey consumed 57.7 | per use on
average.

Efficient water consumption per use (L)
Standard water consumtion per use (L)

(5

In Scenario ‘Efficient’, the calculations for washing machines
and dishwashers then consist of multiplying the diurnal varia-
tions of water consumption and wastewater discharge from

Efficiency coefficient =
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these appliances (expressed in I/10 min.household), extracted
from the database, with the number of households in the
group and the efficiency coefficient (in I/l), similar to those of
the Efficient Scenario. Contrary to toilet, shower and bath uses,
those of taps present significant variations in volumes per use
for a given person. For example, a wash-up generally requires
more water than a quick hand wash. Therefore, variations in
volumes of water consumption and wastewater discharge from
taps are not proportional to those from toilet, shower and bath.

The variations of water consumption and wastewater dis-
charge from taps in Scenario ‘Efficient’ were calculated following
the same principle as for those concerning washing machines and
dishwashers. For taps, the efficiency coefficient was defined based
on the efficient flow rate (in //min) provided by the user and on the
standard flow rate (in //min) derived from the small-scale survey
(see Equation 4). In this scenario, the calculations for taps consist of
multiplying the diurnal variations of water consumption and was-
tewater discharge from these appliances (expressed in /10 min.
household), extracted from the database, with the number of
households in the group and the efficiency coefficient, again
similar to those described for the Standard Scenario.

2.2.1.3. Very efficient scenario. In Scenario ‘Very efficient’,
both WSAs (similar to the appliances in Scenario ‘Efficient’)
and GWR were considered. Wastewater from showers, baths
and hand basins contributes towards greywater. Therefore, the
diurnal variations of wastewater discharge from toilets, sinks,
washing machines, and dishwashers, in this scenario, are the
same as in Scenario ‘Efficient’ (see Table S5, in the Sl). In this
study, four sizes of greywater storage were chosen (with capa-
cities of 10, 50, 100 and 150 litres). It is important to determine
when the chosen storage tank is full. This situation leads to
wastewater discharge from showers, baths and/or hand basins
and could be considered as a wastewater discharge from ‘over-
flow’. The diurnal variations of wastewater discharge are then
obtained by adding those from toilets, sinks, washing
machines, and dishwashers and those from tank overflowing.
In Scenario ‘Very efficient’, greywater is considered to flush
toilets whenever possible, leading to a reduction in mains
water consumption from toilets. From the results on water
consumption in the scenarios ‘Standard’ and ‘Efficient’, volumes
of greywater production are determined. If the user has pro-
vided storage capacity for water recycling, the impacts of grey-
water use on water consumption and wastewater discharge are
estimated, from the results on water consumption in Scenario
‘Efficient’. Recycling greywater implies that wastewater from
showers, baths and hand basins is stored in a tank, as long as
it is not full, instead of flowing into the sewer. This has therefore
an effect on the diurnal variations of wastewater discharge.
Most of the diurnal variations of water consumption and
wastewater discharge for each appliance in Scenario ‘Very effi-
cient’ were already estimated, since they are the same as in
Scenario ‘Efficient’ (see Table S5, in the Sl). For example, the
diurnal variations of water consumption from the appliances
are the same, except for toilets. Mains water could be con-
sumed by toilets when there is a shortage of greywater. The
diurnal variations of this water consumption for ‘top-up are
then added with those from the appliances (but toilets) to
determine the diurnal variations of water consumption in
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Scenario ‘Very efficient’. The determination of the ‘different
terms’ shown in Table 1 requires dynamic calculations as
described below:

In order to determine water consumption and wastewater
discharge in Scenario ‘Very efficient’, three elements should be
considered: (i) number of times toilets are uses throughout
the day; (ii) variations of wastewater discharge from hand
basins, showers and baths; and (jii) the capacity of the grey-
water storage tank. The diurnal variations of water consump-
tion from toilets obtained from the small-scale survey are
averages from the whole group of the households and the
survey duration. For example, these variations may encompass
0.15 uses/10 min.person between 10:00 and 10:10 hours. The
variations do not show directly when uses of toilets happened
throughout the day. Summing up frequencies of toilets uses for
consecutive 10-minute slots enabled to determine during
which time interval an average toilet use is likely to happen.
The variations of wastewater discharge from hand basins,
showers and baths are derived from the small-scale survey.
The capacity of the greywater storage tank is provided by the
user.

The amount of greywater stored in the tank is determined
based on the following assumptions: (i) the amount of grey-
water decreases if toilets are used (if the tank is not empty) or
remains constant (if the tank is empty); (ii) it increases if hand
basins, showers or/and baths are used (if the tank is not full) or
remains constant (if the tank is full).

The data derived from the small-scale study are given for 10-
minute periods. The calculation method proposed is iterative
and requires considering uses of hand basins, showers and

baths and uses of toilets successively. Therefore, 10-minute
slots are virtually divided into 2 sub-periods: (I) wastewater
discharge from hand basins, showers and baths is assumed to
occur during the first sub-period; and (Il) water consumption
from toilets is assumed to take place during the second sub-
period.

Here, we have defined a number of variables to describe the
amount of water consumption and wastewater discharge flows
involved in the dynamic calculations specific to Scenario ‘Very
efficient’ (See Table 1(a) for the definition/description of each
variable) during the 10-minute slot number n).

Table 1(b) summarises the rules and equations defined to
calculate the amount of greywater stored in the tank and the
flows of water consumption and wastewater discharge speci-
fic to Scenario ‘Very efficient’ during the period n. For calcula-
tion purposes, the amount of greywater stored at the
beginning of the day was fixed to 0. If the amount of grey-
water stored and the wastewater discharged from hand
basins, showers and baths is less than the maximal amount
of greywater that can be stored in the storage tank, the over-
flow is null; and then the amount of greywater stored is
increased by the amount of wastewater discharged from
hand basins, showers and baths. However, if part of the waste-
water (discharged from hand basins, showers and baths) goes
to the sewer, and if the overflow amount corresponds to the
amount of maximal capacity of the storage tank subtracted
from the amount of greywater stored (increased by the
amount of wastewater discharged from hand basins, showers
and baths), the amount of greywater stored is the maximal
capacity of the storage tank (see Table 1(b)).

Table 1. Calculation of greywater stored in the storage tank, the flow of water consumption and wastewater discharge.

(a) Acronyms (and their descriptions) used for the calculation of greywater stored in the tank and the flows of water consumption and wastewater discharge

Acronyms/Abbreviations Description
1 n Time interval
2 GW, Amount of greywater (GW) discharged from hand basins, showers and

baths
3 WC, Amount of water consumption from toilets
4 TK1, Amount of greywater (GW) stored at the end of the first sub-period
5 TK2, Amount of GW stored at the end of the period
TK1p—q Amount of GW stored at the beginning of the period n

6 Full Maximal amount of GW that can be stored in the storage tank
7 TopUp,, Amount of mains top-up
8 OvF, Amount of wastewater discharged from hand basins, showers and baths

that goes to the sewer

(b) Greywater stored in the tank and the flows of water consumption and wastewater discharge specific to Scenario ‘Very efficient’ during the period n

Beginning of the period n: TopUp, = 0 and OvF, =0

End of the first sub-period (filling stage)

Storage level vs greywater intake Greywater stored in the tank 7K1, Overflow Ovf,
Stored greywater volume is sufficient TK2,_1 + GW, 0

GW, < Full — TK2, 4
Stored greywater volume is not sufficient Full GW, — (Full — TK2,_1)

GW,, > Full — TK2,,_,
End of the period n (discharging stage)

Storage level vs toilet usage

Greywater stored in the tank TK2,

Mains top-up TopUp,

Stored greywater volume is sufficient
We, < TK1,

Stored greywater volume is not sufficient 0
WC,>TK1,

K1, — WG,

0

we, — TK1,




3. Water consumption data

The data used in this study were obtained from a large-scale
survey conducted by the Water Research centre (WRc) that was
designed to investigate water consumption trends in different
parts of the UK. The data collection procedure involved installa-
tion of a water consumption monitoring system outside each
participating household in the survey. The system comprises
a flow meter and data logger capable of recording every 10 m/
of water used at 7 s intervals for periods up to 2 weeks.

The consumption data collected in loggers was processed
using a WRc software called Identiflow® (WRc, 2005).
Identiflow® is a cost-effective program for identifying and mea-
suring the domestic water consumption components from
water consumption time series data (Nguyen, Zhang, and
Stewart 2013). It identifies flow characteristics and classifies
water-use events, which can be the use of toilets, showers,
baths, internal and external taps, washing machines, dish-
washers, and water softeners. Interactive facilities are provided
for the experienced user to review and refine the analysis. This
piece of software is based on a decision tree approach taking
into account a number factors such as flow rate and duration of
appliance recognition process (Kowalski and Marshallsay 2003;
Vitter and Webber 2018). A number of sanity tests have shown
that Identiflow® can identify up to 90% of events correctly.
Nguyen, Zhang, and Stewart (2013) undertook a test on 3870
events and reported around 75% accuracy in terms of the
correctly classified volume. The output then can be used to
investigate consumption variation as a function of household
type, occupancy and time/date. The information on the data
characteristics is provided in the SI, Section S11.

4. Results and discussion

In order to assess the potential water saving from a group of
households, we have proposed three scenarios in the simulation
tool: (I) Scenario ‘Standard’; (ll) Scenario ‘Efficient’; and (lll)
Scenario ‘Very efficient’ (see Section 2.2.3 for the description of
each scenario). The tool allows the assessment of potential water
savings in an unlimited number of households’ distribution. It
also helps investigate the reduction in water consumption,

URBAN WATER JOURNAL e 325

resulting from the installation of a given type of water use/saving
appliances (or the combination of several appliances) and grey
water recycling systems. In this study, the influence of installa-
tion of WSAs and/or GWR systems (when using different sizes of
GWR storage tanks) is investigated:

4.1. Influence of water-saving appliances on water
consumption

A theoretical case study has been used as an example for
illustrating how the tool could be applied for estimating poten-
tial water savings. The impact of the replacement of each
appliance by a water-efficient appliance was investigated in
400 households (100 households for each occupancy level).
The following standard values of water consumption (or flow
rate) per water use appliance were used in this section: toilets
(9.7 litres per use), baths (76.7 litres), washing machines (57.7
litres per cycle), and dishwashers (16.8 litres per cycle), showers
(4.2 litres per minute) and taps (7.4 litres per minute). In this
section, for Scenario ‘Very efficient’, the capacity of the grey-
water storage tank is assumed to be 50 litres (i.e. medium
tanks). The influence of installing different WSAs on household
water consumption is discussed below. Table 2 shows water
savings as a result of the installation of different water use
(saving) appliances.

4.1.1. Dual-flush toilets

These toilets (see the details on this appliance in the SI, Section
$1.1) consume 3.6 I/use on average. The other appliances in the
households are kept the same as in the small-scale study. Table
2(a) presents the savings pertaining to the installation of dual-
flush toilets. In the whole group (i.e. including 1-occupant,
2-occupant, 3-occupant and 4-occupant households),
28.3 m*/day could be saved, which corresponds to 28.3 I/per-
son.day. 4-occupant households present the highest water
savings, with 9.6 m3/day, followed by the 2-occupant house-
hold group, with 8.0 m3/day. Therefore, these two groups
should be targeted first for toilet retrofitting (see also Figure
S18 in the Sl). The other types of households also present
a significant water reduction (above 20%), showing that the

Table 2. Water savings resulting from the installation of different water use (saving) appliances in the Scenario ‘Efficient’.

Appliances Measures Whole group ~ 1-occupant ~ 2-occupant  3-occupant  4-occupant
(a) Dual-flush toilets (3.6 I/use) Water saving in m*/day 28.3 4 8.0 7.0 9.6
Water saving in I/person.day 283 38 40.0 233 239
% of the standard water consumption 221 18 26.2 20.3 22.8
(b) Low-flow taps (3.6 I/min) Water saving in m3/day 52 0.7 1.2 14 1.9
Water saving in I/person.day 5.2 6.8 6.1 48 47
% of the standard water consumption 4.1 3.2 4.0 42 44
(c) Efficient bathtubs (60 litres/use) Water saving in m3/day 6.4 1.7 1.2 1.6 2.0
Water saving in I/person.day 6.4 16.7 5.8 5.2 49
% of the standard water consumption 5.0 7.9 38 45 47
(d) Shower restrictors (flow rate: 3 I/min) Water saving in m3/day 54 0.7 1.1 1.9 1.6
Water saving in I/person.day 5.4 6.7 5.6 6.5 4.1
% of the standard water consumption 42 3.1 37 5.6 3.9
(e) Washing machines (42 |/use) Water saving in m3/day 48 0.9 1.1 1.2 15
Water saving in I/person.day 4.8 9.2 5.7 4.0 3.9
% of the standard water consumption 3.7 43 37 35 37
(f) Dishwashers (13 I/use) Water saving in m3/day 0.7 - 0.2 0.2 03
Water saving in I/person.day 0.7 - 1.0 0.8 0.7
% of the standard water consumption 0.6 - 0.7 0.7 0.7
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installation of dual-flush toilets has a strong impact on water
consumption.

Figure 2 shows the diurnal of water consumption for the
whole group according to 3 scenarios for the installation of
different appliances. Figure 2(a) illustrates the water consump-
tion for the whole group when dual-flush toilets are installed. In
this figure, it is shown that water consumption in Scenario
‘Efficient’ is always lower than that in Scenario ‘Standard’, and
water consumption in Scenario ‘very efficient’ is (almost) always
the lowest, as it is the only scenario with GWR systems. It is also
shown that the peak morning shown in Scenario ‘Standard’ is
fairly reduced in the other two scenarios.

Figure 3 illustrates household water consumption break-
down based on different water use appliances in Scenario
‘Efficient’ for the whole group. It is noteworthy that very similar
patterns of water use can be seen in this study even when
different WSAs are installed (see both Figures 2 and 3). The
dissimilarities in the water profiles (i.e. volume of consumed

water in different times throughout the day) shown in Figure 3
emanates from the type of fittings installed in each household.

4.1.2. Installation of low-flow taps

Low-flow taps can reduce flow rates up to 60-70% compared to
conventional taps, from 9.6 I/min down to 3.6 I/min (EA 1999).
To quantify water savings resulting from the installation of low-
flow taps, all the other appliances present the same character-
istics as in the small-scale survey. The taps installed in the
households of this study, also presented a flow rate of 3.6 I/
min. As shown in Table 2(b), installation of low-flow taps led to
save 5.2 m*/d of water across the 400 households. This measure
has a much smaller impact than the installation of dual-flush
toilets, and the diurnal variations of water consumption in the
scenarios ‘Standard’ and ‘Efficient’ are similar (see Figure 2(b)
and Figure S7 in the SI). This can also be seen in the results
showing the diurnal variations of wastewater discharge when
low-flow taps were installed (see Figure S13). The best rates of
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Figure 2. Diurnal variations of water consumption for the whole group when the following WSAs are installed: (a) dual-flush toilets; (b) low-flow taps; (c) water-efficient
baths; (d) shower restrictors; (e) water-efficient washing machines; and (f) water-efficient dishwashers.
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Figure 3. Water consumption breakdown based on different water use appliances in Scenario ‘Efficient’ for the whole group when the following WSAs are installed: (a)
dual-flush toilets; (b) low-flow taps; (c) water-efficient baths; (d) shower restrictors; (e) water-efficient washing machines; and (f) water-efficient dishwashers.

water reduction are achieved in the 4-occupant household
group, followed by the 3-occupant household group (see also
Figure S19 in the SI). These two groups also achieved the
highest water reduction compared to that in the other occu-
pancy groups. Therefore, they should be first targeted for the
installation of low-flow taps. Comparing Figure 3(b), illustrating
the water consumption breakdown when water-efficient taps
are applied, with the other parts of Figure 3, it can be seen that
the area in red (representing water consumption in hand wash
basin) in Figure 3(b) is much smaller than those in Figure 3

(ac-f),).

4.1.3. Water-efficient baths

Bath volumes were found to be around 80 litres on average in
the small-scale survey. The assumption made in this section is
that the volume of water-efficient bathtubs is 60 litres and no
other water-efficient appliance installed in the households stu-
died. Table 2(c) and Figure S20 show the results of the

simulations with these parameters. Water savings from the
whole group are broadly comparable with those resulting
from the installation of low-flow taps, representing 5% of the
total water consumption. 1-occupant households present the
highest rate of reduction, with about 8% and the highest water
savings, with 1.7 m*day.

As mentioned earlier, 4-occupant households present the
highest water savings (see Table 2(c)). Therefore, the groups of
1-occupant and 4-occupant households should be first tar-
geted for the installation of water-efficient bathtubs. Figures 2
(c) and 3(c) show how the installation of water-efficient bath-
tubs influences the diurnal variations of water consumption in
the whole group. The diurnal variations of water consumption
in the groups of 1 occupant, 2 occupants, 3 occupants and 4
occupants are illustrated in the SI, Figure S8. The results also
show that peaks of wastewater discharge are slightly lower in
Scenario ‘Efficient’ when water-efficient bathtubs are installed
and, as expected, it is significantly lower in Scenario ‘Very
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Efficient’ due to the installation of grey water recycling systems
(see Figure S14).

4.1.4. Installation of shower restrictors

Shower restrictors and/or water-efficient showerheads can
halve the volume of water used per shower by reducing flow
rates (EA 2007). Fyfe et al. (2009) and Turner et al. (2010), in
Australian case studies, reported that water-efficient shower-
heads can result in water savings ranging from (approximately)
8.0 to 12.5 m*/household/year. In this study it is assumed that
shower restrictors/water-efficient showerheads, installed in the
households studied, reduced the flow rate from 4.2 I/min down
to 3 I/min. Any further reduction may negatively influence
showering experience (Alkhaddar et al. 2007; Critchley and
Phipps 2007). The characteristics of the other appliances remain
the same as in the small-scale study. Results of this simulation
are summarised in Table 2(d). The total water savings resulting
from the installation of shower restrictors/water-efficient sho-
werheads in the Scenario ‘Efficient’ are very close to those
resulting from the installation of low-flow taps, which is about
4% of the total water consumption. The 3-occupant household
group, with 1.9 m3/day and a reduction of 5.6% in water
consumption, achieved the highest reduction in water con-
sumption; therefore, this group can potentially benefit more
from any shower retrofitting programmes. (see also Figure S21,
in the SI).

The peaks of water consumption and wastewater discharge
are similar (to a certain extent) in Scenarios ‘Standard’ and
‘Efficient’” when shower restrictors were installed, but, again
both water consumption and wastewater discharge in
Scenario ‘Very Efficient’ were considerably lower compared to
those in the other two scenarios (see Figure 2(d) and Figures S9
and S15 in the SI).

4.1.5. Water-efficient washing machines
Water-efficient washing machines, consuming 42 litres per use,
are assumed to replace the standard ones (consuming about 60
I/use). The other appliances remain the same as in the small-
scale survey. The results showed that 4.8 m?/day could be
saved if water-efficient washing machines are installed (Table
2(e)). This corresponds to 3.7% of the total water consumption.
The 1-occupant household group achieves the highest rate of
water reduction, and the 4-occupant household group presents
the highest water savings. This also can be seen in the results
shown in Figures S10 and S16. Given the results on water
savings, it can be recommended to first target households of
higher occupancy for the installation of water-efficient washing
machines. This is also consistent with the results shown in
Figure S22, which illustrates the water consumption break-
down based on different water use appliances in Scenario
‘Efficient’” when water-efficient washing machines (only) are
installed in households of different numbers of occupants.
Figure 2(e) and Figure S16 in the Sl illustrated the diurnal
variations of water consumption and wastewater discharge,
respectively, for the whole group when water-efficient washing
machines are installed. Both figures showed that the water
consumption and wastewater discharge in Scenario ‘Standard’
is slightly higher than that in Scenario ‘Efficient’.

4.1.6. Water-efficient dishwashers

In the small-scale survey, none of the 1-occupant households
owned a dishwasher, therefore, the impact of the installation of
water-efficient dishwashers (13 1/use) will therefore be investi-
gated in households with more than 2 occupants. For the large-
scale survey, the water savings from the installation of dishwashers
are the lowest compared to those resulting from the installation of
the other water-efficient appliances (see Table 2). This accords
with the results shown in Figure 2 and Figures S17 and S23 in
the SI. For each occupancy level, the reduction in water consump-
tion is 0.7%, and the total reduction in water consumption is 0.6%,
since no reduction is achieved in 1-occupant households. The
household groups owning dishwashers present broadly compar-
able water savings.

4.2. Influence of WSAs and GWR on household water
consumption

GWR has proven to be a suitable and viable alternative to
the mains water for non-potable applications e.g. toilet
flushing (Ghisi and Ferreira 2007; Leong, Chong, and Poh
2018; Oh et al. 2018; Penn, Hadari, and Friedler 2012).
Greywater can even represent as high as 70% of the total
household wastewater volume (Oh et al. 2018). In this study,
the impact of application of GWR on household water con-
sumption was assessed by carrying out simulations for dif-
ferent sizes of GWR storage tanks and with/without WSAs: (I)
only GWR (tank capacity: 10 I); (I) only GWR (tank capacity:
50 1); (lll) only GWR (tank capacity: 100 I); (IV) only GWR (tank
capacity: 150 I); and (V) GWR (tank capacity: 100 I) and all
WSAs. The information on the WSAs for assumptions |, II, IlI
and IV are the same as those in the small-scale study.
However, for Assumption V, it is assumed that all water use
appliances are replaced with WSAs, and GWR systems are
installed, each with a tank with a capacity of 100 litres. The
results for all the 5 simulations are presented in Table 3 and
Figure 4.

The capacity of 10 litres is very small, but it corresponds to
greywater storage for one flush of standard toilets. As expected,
the installation of 10-litre greywater storage tank yields less
water savings. However, the water savings are quite significant,
since they represent about 20-25% of the total water consump-
tion. This result could also be explained by the specific pattern
of toilet usage in the small-scale study. The results from the
installation of greywater storage tanks of 100 litres and 150
litres yielded the same water savings. Figure 4 and Table 2 show
the results concerning water savings in households with 1 to 4
occupants; since the average water consumption in our study is
between 120 and 130 litres/person-day. Storage tanks of 100 L
will never be full. Therefore, the installation of storage tanks
with a capacity of 150 litres is unnecessary, unless the number
of occupants and/or the per capita consumption were to
increase.

The water saving of greywater storage tanks of 100 litres and
150 litres were marginally higher than water savings when
a storage tank of 50 litres was installed for each occupancy
level. This supports the findings reported by Dixon, Butler, and
Fewkes (1999) indicating that greywater storage tank of 50
litres could achieve substantial water savings. The result from
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Table 3. Water savings resulting from the installation of GWR systems with different sizes of storage tanks.

Whole

Appliances Measures group  T-occupant 2-occupant 3-occupant 4-occupant
(a) Only GWR tank capacity: 10 | Water saving in m*/day 24.49 2.88 10.78 6.21 10.78
Water saving in I/person.day 24.49 28.78 53.91 20.70 26.95
% of the standard water consumption 20% 14% 35% 18% 26%
(b) Only GWR tank capacity: 50 | Water saving in m*/day 43.77 5.66 12.76 10.63 15.09
Water saving in I/person.day 43.77 56.56 63.79 35.42 37.72
% of the standard water consumption 34% 27% 42% 31% 36%
(c) Only GWR tank capacity: 100 | Water saving in m*/day 45.14 6.03 12.76 11.14 15.23
Water saving in I/person.day 45.14 60.29 63.79 37.14 38.08
% of the standard water consumption 35% 28% 42% 32% 36%
(d) Only GWR tank capacity: 150 | Water saving in m%/day 45.14 6.03 12.76 11.14 15.23
Water saving in I/person.day 45.14 60.29 63.79 37.14 38.08
% of the standard water consumption 35% 28% 42% 32% 36%
(e) GWR (storage tank: 100 I) when all the saving Water saving in m3/day 67.61 9.97 17.59 17.50 22.55
devices are installed Water saving in |/person.day 67.61 99.68 87.95 58.35 56.37
% of the standard water consumption 53% 47% 58% 51% 54%
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Figure 4. Diurnal variations of water consumption for the whole group with: (a) no GWR nor WSDs; (b) only GWR (tank capacity: 10 1); (c) only GWR (tank capacity: 50 I);
(d) only GWR (tank capacity: 100 I); (e) only GWR (tank capacity: 150 I); and (f) GWR (tank capacity: 100 | and all WSAs).

the simulations is quite surprising and may be specific to the
pattern of toilet usage throughout the day, derived from the
small-scale study. Toilet uses are spread over the day, and
greywater storage tank can re-fill with wastewater from taps,
baths, and showers between toilet uses. The results also
showed that 2-occupant households present the highest rate
of water reduction of about 31% when a 50-litre greywater
storage tank is installed (see Figures $24, S25, 526, and S27 in
the SI).

5. Implications/discussions

The greater understanding from this study of the application of
WSAs and GWR in households is timely considering the fact that
over four billion people face severe water scarcity at least one
month per year (Mekonnen and Hoekstra 2016). There is increas-
ing pressure for society to move towards more sustainable and
efficient consumption, in particular household water consump-
tion (Lowe, Lynch, and Lowe 2015). WSAs and alternative water
supply systems such as GWR included in this study are key for
effective urban water demand management which can reduce
the threat posed by water scarcity on human health and the
environment (Lee, Tansel, and Balbin 2013; Mekonnen and
Hoekstra 2016; Rahim et al. 2019; Sadr et al. 2016; Sauri 2019;
Shan et al. 2015). The tool presented here, and associated data

analysis, has general global applicability across different settings.
The profile of water use appliances and numbers of occupancy
does not vary drastically between countries. The study therefore
has global relevance, perhaps particularly in countries experien-
cing more acute need for water demand management. For
instance, Australia is the world leader in non-pricing household
water efficiency programs due to its water scarcity situation
(Lindsay, Dean, and Supski 2017). Furthermore, accurate and
precise water use measurements of individual household appli-
ances are becoming more common across the world, as seen
with the onset of smart metering. This will allow for a more
honed understanding of water-saving potential from different
WSAs and GWR technologies, and be able to add empirical,
disaggregated findings to the predictive model presented here.

A major research focus has been on water quality of grey-
water (Oteng-Peprah, Acheampong, and deVries 2018), and so
the present study’s focus on water efficiency and reuse helps
build a broader understanding of its implementation. An
enhanced understanding of potential water saving using this
tool will allow planners to reduce risks associated with the
implementation and operation of GWR technologies (particu-
larly technological, construction, design and demand risks),
which in turn and over time could aid reduction in social,
political and regulator risk. Additionally alternative water sup-
ply systems such as GWR and Rainwater Harvesting (RWH) are
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widely accepted management interventions across the world
for flood mitigation and long term management of the inte-
grated urban wastewater system (Casal-Campos et al. 2018,
2015; Sadr et al. 2020; Warner, Lewis, and Tzilivakis 2019),
meaning the tool developed could find further application for
integration with flood planning. RWH has high potential for
reducing the frequency and volume of run-off into streams
(Burns et al. 2015). Rainwater harvesting is cheaper than larger-
scale stormwater harvesting, where the costs are distributed
amongst households, however it can only harvest rainfall from
rooftops rather than larger urban catchments (Philip et al.
2008). Rainwater harvesting can therefore supplement WSAs
and GWR in both the management of demand and drainage.
One study of a larger-scale rainwater harvesting system in an
office building in the UK measured average an water-saving
efficiency of 87% across an 8-month period (Ward et al. 2012).
In England where the risk of flooding is increasing, such waste-
water management is of great importance. Combining this with
supply management in a systemic sense would lead to more
effective outcomes.

The greatest potential for reduced demand is across the
demand peak in the morning, as shown in Figures 2-4. Peak
water use puts the greatest demand on supply and on waste-
water infrastructure. Therefore, a combination of all of the
above measures that can reduce water consumption in house-
holds would benefit water management regarding both supply
and drainage. Millock and Nauges (2010) showed a positive
effect of household income (and household ownership) against
the probability of WSA installation. If this trend is general, then
this tool could be used in conjunction with analysis based on
income for more targeted planning of WSA installation. Dieu-
Hang et al. (2017) and Millock and Nauges (2010) demonstrated
across OECD countries that pricing policies (i.e. volumetric pri-
cing) and labelling campaigns on products are linked to an
increase in probability of households investing in certain
WSAs. Additionally, shifting social norms and greater environ-
mental awareness amongst users is associated with investing in
WSAs. This suggests that as attitudes change in coming years
(e.g. Dean, Fielding, and Newton (2016)), the application of this
study for planning for water-saving increases in relevance.
However, another study has found elsewhere that environmen-
tal concern plays a smaller role (e.g. Pérez-Urdiales and
Garcia-Valinas (2016)). These researchers find that household’s
concern varies between type of WSA, and those with specifi-
cally electrical WSA (such as efficient dishwashers) are more
likely to practice water conservation habits compared to house-
holds with non-electrical WSA (such as flow control taps).

In conjunction with such attitudinal shifts, it is important to
aim to achieve behavioural changes alongside hardware
changes. Linear, technical initiatives are unlikely to have last-
ing impact alone. Inskeep and Attari (2014) ascribed efficient
devices/technologies as having the greatest potential for
water reduction (45.1%), while water conservation habits
have a slightly lower potential (30.2%). The two combined
would minimise the risk of rebound effects (sometimes
referred to as the Jevons paradox) where households would
increase their overall use of water after WSA installation
because users perceive water use be categorically more effi-
cient (Pérez-Urdiales and Garcia-Valifas 2016). Messaging

campaigns from water providers or regulators could comple-
ment WSA roll-out. The UK's Department for Environment,
Food and Rural Affair's (DEFRA) Water Efficiency and
Behaviour Change Rapid Evidence Assessment (Orr et al.
2018) found that WSAs, information provision, and a two-
way engagement with households lead to household water
use reductions when used together, but concluded that more
research is needed on behaviour change. Research has started
to show that behavioural intervention ‘green nudges’ can
have significant impact on household water use behaviours
(Carlsson et al. 2019), without the need to resort to economic
incentives. Ferraro, Miranda, and Price (2011) report that nor-
mative appeals to households particularly using social com-
parisons (i.e. use against neighbours or the local area) can
result in significant, lasting reductions in household water use,
and are more effective than simple technical advice or infor-
mation on their own.

Findings from this tool regarding, for instance, morning
peak use could direct specific messaging to consumers and
provide evidence for social comparisons. For instance, messa-
ging first thing in the morning may be more effective than in
the afternoon. Combination of physical water-saving hardware
such as WSAs with ‘softer’ behavioural interventions could help
‘lock in’ the positive impact from WSA uptake.

6. Conclusions and recommendations

In this study, we proposed a simulation tool that measures
domestic water use profiles and evaluates potential water sav-
ings in different households. The tool also analyses the impact
of water-efficient appliances and greywater recycling strategies
on domestic water consumption and wastewater generation
profiles. The key findings from employing this tool in this study
are summarised below:

e Diurnal variations of water consumption and wastewater
discharge both show a major morning peak followed by
consistent activity and minor evening peaks, and these
morning peaks can be reduced considerably with GWR.

e Diurnal variations of water consumption and wastewater
discharge for each appliance present a specific pattern.

® The occupancy and dwelling type are the most important
factors of household water consumption and wastewater
discharge.

¢ |nstalling water-efficient appliances such as low-flush toi-
lets, tap restrictors and efficient washing machines and
dishwashers significantly reduces per capita domestic
water consumption. Dual-flush toilets yield the highest
water savings.

e Recycling treated wastewater from certain appliances
(hand basins, baths and showers) significantly reduces
domestic water consumption. Capacity of the storage
tank for the greywater system, and occupancy levels, are
the most important factors.

e |nstallation of greywater storage tanks of 100 litres and
150 litres yielded almost the same water savings, and
these were only marginally higher than water savings
from 50-litre storage tanks, at each occupancy level.



Therefore, cheaper 50-litre storage tanks present the most
optimal GWR solution.

The assumptions used to build the simulation tool lead to
some limitations:

(1) Water and wastewater hydraulic profiles have been
derived from a study that did not encompass excep-
tional large-scale events. For instance, the COVID-19
pandemic and associated population lockdowns
impacted water consumption and wastewater discharge
at household level. Household water use may be perma-
nently changed with more people working from home;

(2) Electric water appliances (washing machines and dish-
washers) are becoming more and more water efficient.
Therefore, water consumption from those appliances
should be regularly updated in the simulation tool to
reflect the average and best water consumption perfor-
mances, as occupants renew their equipment; and

(3) The current version of the tool does not account for
leakages in the system.

Pursuant to the results and the conclusions discussed, and the
limitations of the current model mentioned above, the follow-
ing recommendations are made for future projects:

e The built-in flexibility of the simulation tool could be
further increased to account for more scenarios and pro-
vide results at a higher granularity, by adding new para-
meters or making currently fixed values configurable. For
example, parameters influencing the timing of water con-
sumption and wastewater discharge could help cover
more scenarios. For this purpose, the impact COVID-19
lockdowns on water consumption and wastewater dis-
charge could be derived from measurements by individual
smart water meters, provided information is made avail-
able and at a frequency compatible with the simulation
tool.

e Levels of water consumption and wastewater discharge of
each water appliance could also be made configurable to
assess the impact of asset renewal on water consumption.
A mobile app to help raise awareness about water con-
servation issues at household level and the promotion of
greywater recycling could also be based on the simulation
tool. This app could help individuals have a better under-
standing of what water-saving measures have the most
impact on their budget and on the environment.

e Including wastewater qualities inside the simulation tool
could help better assess and model chemical and biolo-
gical wastewater quality in collection pipes. As the use of
water-saving appliances results in a higher concentration
of pollutants inside the wastewater and lower volumes,
this could adversely impact downstream sewer pipes that
were designed to handle a different effluent. Assessing
the quality of the wastewater discharge could then help
better design remedial measures to protect wastewater
workers and wastewater assets.

e The simulation tool could have several applications with
different types of users. Housing developers could use it
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when designing new housing developments to assess
potential water savings and include greywater recycling
options. Water savings could be part of the added value of
their buildings. The tool could also help them better
design downstream wastewater facilities, especially was-
tewater pumping stations, to limit hydrogen sulphide
production, hence reducing risks to the wastewater work-
ers, odour formation, and pipe corrosion. As water net-
works include fire hydrants that require a minimum pipe
diameter, the impact on the design of water pipes is less
obvious.

e In countries where water is very scarce, it could help water
authorities take more informed decisions related to grey-
water retrofitting and identify the right levels of incen-
tives for promoting this measure.

e A partnership with water authorities could also lead to the
co-construction of a mobile app that would increase public
outreach based on a mix of fixed water consumption
values and values derived from individuals (via smart
meters, or individual’s observations) to initiate change in
behavioural impact, and promote water-saving appliances.

In short, the simulation tool proposed in this study is a novel
contribution with further potential for demonstrating cost-
effectiveness of water demand management measures, raising
public awareness around water consumption, and planning
water demand management programmes.
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