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Abstract Reduction of water consumption associated water wastage in the residential sector is a rapid pressing
issue. The residential sector is a substantial consumer of water in every country and therefore constitutes a focus of
water consumption efforts. Since the water consumption, characteristics of the residential sector are complex and
inter-related, comprehensive models are needed to assess the technical and economic impacts of adopting rainwater
harvesting (RWH) as a sustainable system suitable for residential applications in developing countries. This paper
has presented the hydraulic and financial modelling of a RWH system using a residential apartment in Ibadan,
Nigeria. With a RWHS being site-specific, a Raincycle model was used to optimise tank size and savings.
Sensitivity analysis and MonteCarlo simulation were also carried out. The analysis consists of a detailed assessment
of the proposed system, taking into account 18 parameters. Seven of these are fixed parameters- catchment surface
area, first-flush volume, storage tank volume, pump power rating, pump capacity, UV unit power rating and UV unit
operating time while 11 are variable parameters- rainfall profiles, runoff coefficients, filter coefficients, additional
inputs (if any), discount rate, electricity cost, mains water cost, water demand, disposal cost, capital cost and
decommissioning cost. The RWH and water savings efficiency were assessed and payback period was estimated.
Optimising tank size results reveals that the maximum percentage of demand that could be met was 70.6% with a
tank size of 4 m3. Optimising saving analysis showed that there were four tank sizes with a potential long-term profit.
The best was 4 m3 tank which was predicted to save $259 over 50 years and had a payback period of 21 years, which
is typical for a current domestic system. The results show that significant reductions in the total fresh water
consumption and the total cost can be obtained. A Monte Carlo simulation shows an important influence of a given
set of conditions on the economic viability of RWH systems.

Keywords: rainwater harvesting, water savings, payback period, residential apartment, Ibadan Nigeria
Cite This Article: Omolara Lade, and David Oloke, “Modelling Rainwater System Harvesting in Ibadan,
Nigeria: Application to a Residential Apartment.” American Journal of Civil Engineering and Architecture, vol. 3,
no. 3 (2015): 86-100. doi: 10.12691/ajcea-3-3-5.

1. Introduction
One of the UN millennium Development Goal is to
reduce by half the proportion of people without access to
safe drinking water. In some countries, this goal will not
be achieved by 2015. Some one billion people do not have
access to safe drinking water [1]. Due to inadequate water
supplies, over 25,000 people die daily from their use of
contaminated water and many millions; more suffer from
frequent and devastating water-borne illness [1]. About
half of the people in developing countries lack access to
safe drinking water and 73% have no sanitation. Thus,
their drinking water supplies are eventually contaminated
by their wastes, leading to health problems [2]. Water
scarcity is faced by several parts of the globe, most
notably in Africa, it is estimated that by 2025 two thirds of
the world’s population will face water related challenges
[3]. As water is a key at-risk resource, improved water

management is essential as resource optimization benefits
the economy, environment and society [4,5].
In Nigeria, the largest environmental challenge is water
scarcity. The current water use already exceeds the
renewable supply. To increase the sources of water supply;
many methods have been suggested and one of these
alternative sources is rainwater harvesting (RWH). Little
attention has been given to rainfall harvesting from
rural/urban catchments. RWH from roads, parking lots
and rooftops can increase water supply for various
domestic uses, thus help in combating the chronic national
water shortage. In urban areas, the inadequacy of public
water systems and ineffective functioning of water
facilities have made it impossible for most of the
population to have access to sufficient potable water.
About 52% of the population do not have access to
improved drinking water supply [6]. An attractive solution
for resolving water scarcity in various parts of the world is
the use of water harvesting systems for runoff water
collection and storage [7,8].
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In optimizing water management, two main categories
of solution exist; reduction of water consumption and
identification of new water sources. The former
recommends solutions that promote changes in
consumption habits and the adoption of lower
consumption devices, such as low-flush toilets. The latter
explores alternative sources for water supply. In general,
for building and residential buildings in particular,
rainwater is one of the most common alternative sourcesthe scope of the research work. The paper reviews the
most relevant technical and economic issues in designing
domestic RWH systems, evaluating the technical and
economic feasibility of implementing this technology in
Ibadan. The evaluation is performed on a residential
apartment from data collected on rainfall, roof area and
average daily water demand.

2. Literature Review
2.1. General Context of Rainwater Harvesting
RWH primarily consists of the collection, storage and
subsequent use of captured rainwater, either as the
principal or supplementary source of water. It is
applicable both for potable and non-potable purposes [9].
In developed countries such as Belgium, France, Germany,
Japan, New Zealand, Singapore or United States, RWH is
used mainly to complement conventional systems for nonpotable use, namely for clothes washing, toilet flushing,
irrigation and outside washes [10-15], but also for potable
uses in Australia [16]. In developing countries such as
Bangladesh, Botswana, China, India, Kenya, Mali,
Malawi or Thailand [4,17], RWH is used mostly to cope
with water shortages for potable and non-potable use [18].
In Nigeria, RWH is practised in the south, as rainfall is
regular for eight months of the year, with a mean annual
fall of 1200-2250 mm. The rainy season is from May/June
to September/October, depending on the rainfall pattern
each year. The other months are generally dry, with cool
Harmattan winds between November-March. RWH is
practised at individual, household, commercial and
occasionally at local or state government level, to augment
dwindling water supplies to urban centres.
Some of the most relevant obstacles to the
implementation of RWH system are initial cost, social
acceptance and treatment requirement. The most relevant
factors governing the use of RWH as an alternative water
source are sustainability concerns, which include water
scarcity issues (climatic changes, pollution, and
population growth) and the total costs of public water
supply (investment, operation, maintenance and
rehabilitation/replacement or disposal).

2.2. Rainwater Harvesting Solutions
The components of a RWH system differ between
developed and developing countries, a typical RWH
system comprises of three basic elements: the catchment
surface, the conveyance system; the storage and
distribution systems. The catchment surfaces are
commonly roofs [9,19] although runoff can also be
collected from other impermeable areas, such as roads, car
parks and pavements [20]. The material of the catchment
area affects the rainwater quality and quantity. After
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collection, rainwater goes through the conveyance system
(which includes the first flush diverter and a filtration
device) to treatment. The initial ‘first-flush’ of runoff is
more polluted than subsequent flows and the
concentration of contaminants associated with a given
rainfall event tend to reduce exponentially with time [21].
Thus, the quality of water entering storage can be
improved by diverting the initial portion of runoff
generated by a storm away from the storage device and the
need for subsequent treatment can be reduced or even
eliminated [22,23]. After filtration, a storage device is
required to collect and hold catchment runoff because
rainfall events occur more erratically than system demand
[9]. In order to balance out the difference between supply
and demand, water storage capacity is required [24].
Underground tanks are the most commonly used storage
device in the developed world [25]. Other types of
reservoir structures used include the above-ground tanks
and ponds [26].
A RWH system may have distinct or combined storage
and distribution tanks. One of the tanks should be
connected to another water source, usually the public main
supply if it exists, to ensure supply when rainwater is
insufficient. To prevent contamination of the public main
supply, an air gap must be guaranteed. A pumping system
may be required to provide adequate water pressure at
delivery and at the end-use point depending on the
location of the tanks (surface or underground tank). An
option is to provide additional treatment stages before the
storage tank to ensure rainwater quality, however this is
not generally required for non-potable uses.

2.3. Previous Studies
The literature reviewed identifies existing methods for
assessing the performance of RWH system at the single
building scale, in terms of water saving reliability (i.e. the
methods that can be used for determining volume of
potable water that can be substituted by harvested
rainwater). Numerous methods for predicting the
performance of a RWHS exist: ranging from the relatively
simple such as the ‘rule-of-thumb’ approaches to the more
complex, such as statistical methods and sophisticated
computer programs. There are various techniques; some
consider only a single building, whilst others investigate
the impacts of wider implementation such as at the
development or catchment scale [27]. These are often with
the aid of Geographical Information Systems [28]. Some
methodologies focus solely on hydrological performance,
whilst others include additional elements such as
economic/financial measures [29] and in some instances
assessment of system ‘sustainability’ [30]. A common
practise among drainage engineers and researchers is the
use of computer software for modelling hydraulic
behaviour of both traditional urban drainage systems and
sustainable urban drainage system [31]. Computer based
methods offer several advantages over manual
calculations, such as greater speed and flexibility,
sophisticated data handling capabilities, simulation of
specific designs under a wide range of circumstances,
optimisation, and assessment of associated risk and
identification of potential failure routes.
A study on the use of harvested rainwater resulted in
fresh water savings of up to 19.7% [32]. The use of slow

88

American Journal of Civil Engineering and Architecture

sand filter and solar technology was proposed for
treatment of rainwater in agriculture and households
applications [33]. Another study recommends a type of
roof for maximizing the availability and quality of
harvested rainwater [34]. An evaluation for the
physicochemical properties for harvested rainwater
showing the adequacy of using in several human activities
was presented [35]. A study obtained savings from the
required fresh water and energy through an optimization
model for rooftop rainwater harvesting [36]. A significant
reduction of fresh water consumption was obtained at low

cost by carrying out a simulation for a large-scale water
harvesting system [37]. A model for evaluating the
performance of RWH was presented [38]. A RWH system
for domestic use using an optimization model was
designed [39]. The application of a geospatial and multicriteria analysis techniques for planning the recollection of
rainwater in a basin was investigated [40]. A RWH system
was simulated using economic analysis technique [41]. A
review of some specific evaluation studies on RWH for
domestic use is presented in Table 1.

Table 1. Specific rainwater harvesting evaluation studies
Reference
[10]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]

Description
Performed a study in Germany that revealed the potential for potable water savings in a house varies from 30-60%, based on
demand and roof area.
Investigated the use of rainwater in 27 houses in Newcastle, (Australia); and concluded that rainwater usage would promote
potable water savings of 60%.
Investigated the use of roof water from Nanyang Technological University, China, to supply water to toilets in the whole campus.
This reduced potable water consumption by 12.4%.
A significant saving in potable water was made through use of rainwater collected from roofs for flushing toilets. The
performance of a rainwater collector installed in a house in Nottingham (UK) was monitored and a mean water saving efficiency
of 57% was obtained.
Studied roof water harvesting from high-rise buildings in Singapore where >84% of the population lives. The study reveals that a
monthly saving of about £9,187 in water expenditure was realised with this system.
Studied the quality of harvested water on different catchment systems in rural areas of Southern Nigeria. The potential of RWH
as a reliable source of potable water is high and ~90% of rooftop catchments in Nigeria are composed of corrugated sheets.
Evaluated the potential for potable water saving using rainwater in 62 cities in South-eastern Brazil. The mean potential for
potable water saving through RWH was 41%.
Investigated the potential for potable water saving in south Brazil. Some 34-92% of cities have potential for potable water saving
using rainwater, depending on potable water demand.
Evaluated the potential for potable water saving using rainwater for washing vehicles in petrol stations in Brasilia, Brazil. The
potential for potable water saving through RWH was 9.2-57.2%, with a mean of 32.7%.
Conducted a feasibility study on the use of rainwater in high-rise residential envelope in four Australian cities (Melbourne,
Sydney, Perth and Darwin). Sydney had the shortest payback period compared with other cities with 3 Ampere (A) rated
appliances (8.6 years) or 5A once installed (10.4 years).

In Nigeria, this topic has received little attention so far.
The potential for non-potable water savings using
rainwater for flushing and laundry in Abeokuta, Nigeria
was estimated [42]. The potential for water savings was
90% (flushing) and 50% (flushing and laundry). The
potential for potable water savings in residential houses,
estimating water savings of 52.7% for a household of 5
people depending on demand conditions was evaluated
[43]. The present paper extends the findings of this
research using a computer based model instead of
estimation method.
From studies on water savings and quality, it was found
that local conditions and system configurations influence
the savings potential and economic viability of RWH and
level of pollution of the harvested rainwater. All studies
confirm the viability of using harvested rainwater for nonpotable purposes and its potential for potable without
requirement for extensive treatment.

2.4. Modelling System Component
The section describes how each of the RWH
components mention in section 2.2 can be represented
within a conceptual RWHS hydrological model.
2.4.1. Precipitation
Precipitation varies with location, season and year.
Factors such as distance from the coast and local topology
strongly influence precipitates variability [53]. Annual
rainfall depths in Nigeria vary from 0-2400 mm, with the
bulk of population living in areas that receive just 0-1350

mm [54]. The south and south-west receive comparatively
more rainfall than most other areas, whilst the north
receives less (~800 mm). For the RainCycle model to be
functional, a suitable method of representing the actual
rainfall profile in the city of interest i.e. Ibadan, had to be
found. There are two broad categories of incorporating
rainfall data into the analysis: historic and stochastic.
Empirical rainfall data series obtained from weather
monitoring stations are contained in the historic category,
whilst rainfall data generated using some technique that
has a random/probabilistic element are contained in the
stochastic category.
In Nigeria, rainfall data of this type is often available
from various sources such as the Meteorological office,
Nigerian Airport Authority, International Institute of
Tropical Agriculture (IITA), Universities and research
institutions. Most common is the collection of rainfall data
at an hourly or daily timescale, the collection of short
duration rainfall data is rare [55]. Average monthly
rainfall (using a daily rainfall data of 30-years) was input,
and the rainfall wizard was used to define the rainfall
pattern.
2.4.2. Catchment Surface
Several catchment surfaces (e.g. roads, pavements and
car parks) can be used for runoff harvesting, but in urban
areas, the most rainwater surface types are restricted to
roofs. Thus, this paper is limited to roofs rainfall/runoff
characteristics only. The level of actual runoff is
influenced by the type of surface material, surface wetting,
ponding in depressions, absorption and evaporation.
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2.4.3. Runoff coefficient
The runoff coefficient represents the proportion of
rainwater collected from an actual roof compared with an
idealised roof from which no losses occur [9]. It is the
ratio of the volume of water that runs off a surface
compared to the total volume of rain falling on it [24]. In
order to calculate the coefficient, data of several months or
years are gathered, which can include many storm events.
For each storm event, the runoff coefficients are then
combined to give mean value. The dimensionless runoff
coefficient, (CR), can be expressed (equation 1) [24].

Volume of runoff in t
CR =
Volume of rainfall

(1)

where t is the time period over which the measurement are
made.
The volume of rain falling on a catchment surface in
time period t is given by multiplying the depth of rainfall
in time t by the effective catchment area, which is
commonly calculated by multiplying the horizontal length
of the catchment by the horizontal width [56] (Figure 1).
This gives the plan area and not the actual area. It assumes
that the rainfall falls vertically onto the roof surface.
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type or a variable figure based on the catchment area is
often recommended. For domestic dwellings, the first 2025 litres of effective runoff should be removed, whilst the
first 2 mm of rain falling on the roof surface should be removed
in commercial/industrial buildings. Although, there is no
universally agreed volume of runoff that should be captured,
[59] recommended diverting the first 5 litres of runoff for
small roofs. These types of approaches have dominated
the modelling and design of first-flush devices [60].
2.4.6. Pump
A pump can be modelled hydraulically in a simple
fashion, by considering the amount of water requiring
pumping per unit time and the rate at which it is able to
pump that water. The manufacturers usually give pump
performance data in the form of a head versus discharge
relationship for a pump of a given type and power ratings.
The required operating period can be calculated, from
which the energy usage of the pump can be determined
(equation 4). The operating cost per unit time can be
calculated from this, by multiplying PUEnt by the unit cost
of electricity, which depends on the amount charged by
the relevant energy utility.

C = Pu POW xPu TIME

(4)

where:
PUEnt= pump energy usage in time t (kWhrs)
PuPOW= pump power rating (kW)
PuTIME = pump operating period in time t (hrs).
For a given head, the pump algorithm used in the
research assumes that the power consumption and flow
rate are constant.
2.4.7. Potable (mains) Water Supply and Sewerage
Systems
Figure 1. Calculating the plan area of a catchment

Catchment area = Length x Width

(2)

After calculating the effective area of the catchment, a
suitable runoff coefficient should be determined. Then, the
volume of runoff occurring in time period t can be
calculated using equation 3.

ER t = R t .A.CR

(3)

where:
ERt = effective runoff in time t (m3)
R t = rainfall depth in time t (m)
A = effective catchment area (m2)
CR = catchment runoff coefficient.
2.4.4. Roof Areas for Residential Houses
A range of realistic roof (plan) areas as a function of
household occupancy is needed in order to conduct
simulations of domestic RWH system installed in
residential houses. This is necessary because the level of
occupancy strongly influences total water demand within
a dwelling [57].
2.4.5. First-flush Diverters
The first-flush is a fixed amount of roof runoff
requiring separation [58]. A set figure for a given building

When available harvested rainwater cannot satisfy
demands, the extent to which public water supply is
incorporated into RWH models is usually restricted to the
measurement of mains top-up required. For models
incorporating financial assessment, the associated
volumetric mains and sewerage charges would be
included. The primary indicator of financial performance
(known as ‘avoided costs’) used is the value of the mains
supply substituted by harvested water. This is the primary
way in which RWHS are potentially able to save money
[61].
2.4.8. Storage Tanks
A relation exists between the hydrological performance
of a rainwater tank capacity and the size and
characteristics of the contributing catchment, rainfall,
capacity and demand on the system [9]. A rainwater tank
can be considered as a storage reservoir that receives
stochastic inflows (effective runoff) over time and is sized
to satisfy system demands [9]. The designer controls the
tank size, hence some techniques to determine the size that
will provide the optimum level of service is required [62].

3. Methodology
To evaluate the economic viability of the installation of
a RWH system, the time period- called the payback period
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is to be estimated. The lower the payback period, the more
attractive the investment becomes. Several factors make
an investment un-attractive. A timescale of 50 year is
common for buildings, which makes the investment
economically viable with payback periods of several years
of decades.
A comparison of the expenditure with savings
determines the payback period. In this paper, savings
result from the reduction of cost on potable water as a
decrease in public water supply consumption and its
impact on total charges is considered. As expenditures are
associated with investment and operational costs of the
RWH system, only direct costs were accounted for using
market values of the RWH components. In the following
sections, the methodology assumed to compute the water
savings and costs are detailed.

3.1. Water Savings
There are several standards and guidelines on rainwater
harvest system design [63,64,65]. Some standards such as
German Abbreviation Method [66], the English Method
[63] and Azevedo Neto Method [67] indicate estimation
methods for tank sizing. In addition, several alternative
methods exist [68]: (i) simplified approaches based on
user-defined relationships [69,70]; (ii) continuous mass
balance simulations or behavioural models [41]; (iii) non-

parametric approaches based on probability matrix
methods [71] and (iv) statistical methods.
The water savings were determined from the balance
between daily water consumption and harvested rainwater
following the approach represented schematically in
Figure 2. A behavioural approach was chosen and use of
YAS for design purposes was recommended [72] because
it gives a conservative estimate on system performance.
However, in estimating time reliability, YBS rules were
used in preference to YAS.
In general YAS/YBS algorithm was incorporated into
the Raincycle model adopted in this work with the storage
operating parameter ϴ set to zero (YAS) as the default
mode of operation. However, research suggested that as
long as certain constraints regarding the selected time-step
are employed, then YAS models are capable of modelling
system performance within 10% of that predicted by a
more accurate hourly time-step model and this was
considered to be an acceptable margin of error [72].
3.1.1. Water Availability
The available rainfall depends on the precipitation
pattern, the catchment surface and the water losses. A
continuous 30 year daily rainfall record covering the years
1980-2009 was obtained from [73,74]. Figure 2. shows
annual rainfall depths contained within the data set. Note
the extreme marked on the graph, which correspond to the
1980 floods, which affected much of Ibadan.

Rainfall
2500
2000
1500
Rainfall

1000
500
0
1980

1984

1988

1992

1996

2000

2004

2008

Figure 2. Ibadan City historic annual rainfall depths 1980-2009 (Source: [73])

3.1.2. Water Consumption

3.1.2.1. Predicting Non-potable Domestic Demand

In this study both potable (drinking and cooking) and
non-potable uses (toilet flushing, clothes washing and
outdoor irrigation) were considered for rainwater.
Collection of valid information on water usage in a
developing country like Nigeria is difficult. Attempts were
often made to estimate water demand, by quantifying the
amount of water use in terms of number of 8-litre buckets
used per day [75]. Figure 3 reports the volume of water
used per person per day. The standard water consumption
per person per day is 50 litres [76].

Per capita consumption varies with household size, type
of property, time of the year and ages of household
residents [77]. Increases in household demand are
primarily driven by population growth, levels of affluence
and household occupancy [78,79]. In modern
developments, the UK Code for Sustainable Homes
Standard [80] may act as a significant driver for reduction
in domestic water use. In order to achieve the lowest level
of compliance, a minimum per capita consumption of 120
litres per day is required for internal water use and this
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may come to represent the minimum standard for new
housing stock. For these reasons, a daily internal per
capita consumption of 120 litres was adopted throughout
this work. About 55% of total household demand could be
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met through domestic RWHS, if used for non-potable
applications, such as WC flushing, laundry washing and
garden irrigation.

Figure 3. A typical household daily water use in Nigeria (2002) (Source [75])

3.1.2.2. Water Closet Demand

3.1.2.3 Washing machine demand

There is no cause to believe that WC usage frequency
will increase or decrease significantly and so existing data
based on past monitoring studies was used as an
acceptable indicator of future behaviour. In Table 2, the
mean of the values equal to 4.59 flushes per person per
day. However, it is impossible to flush a toilet 4.59 times,
so a per capita usage of 4times/day was assumed for
weekday (Monday-Friday), whilst a per capita usage of
6times/day was assumed for weekends (Saturday and
Sunday). An essentially linear relationship was found
between household occupancy and frequency of WC
flushes [81]. Therefore, an acceptable approach for
calculating household usage is to multiply the household
occupancy rate by the capita usage frequency. In the
current regulations, a maximum flush volume of 6 litres is
permitted for single-flush WCs [82]. This assumes higher
weekend usage, which is reasonable, and gives mean rate
of 4.57/person/day, which is close to the actual average of
4.59. A full flush ratio of 1:2 was adopted in this work.

A range of washing machine (WM) use frequencies is
shown in Table 3. Anticipated future per capita use
frequencies will probably not differ much from those
occurring at present. In Table 4, the mean is 0.21 uses per
person per day (~ once every 5 days). This latter figure
was used as a standard value for domestic simulations.
This is a general relationship between frequency of WM
usage and household occupancy [83]. Thus, to determine
household usage the per capita frequency can simply be
multiplied by the household occupancy rate.

Table 2. Range of domestic WC usage frequencies

Table 3. Range of domestic washing machine usage frequencies
Uses/person/day
References
0.16

[81]

0.18

[84]

0.157

[78]

0.34

[80]

0.21

Mean

Uses/person/day

References

3.3

[83]

Table 4. Range of modern domestic washing machine water usage
volumes
Volume/use (litres)
References

3.7

[81]

100

[84]

5.25

[84]

27/kg of wash load

[82]

6-8*

[85]

45

[87]

4.3

[78]

80

[77]

4.8

[86]

49

[80]

4.8

[80]

40-80

[78]

4.59

Mean (of above)

* Fewkes noted that one of the monitored WCs often required two
flushes to clear the pan, which may explain the higher than average
values. The higher value was ignored when calculating the mean.

35-40
[88]
* Maximum allowable under current regulations.
** 30-40 litres per 5 kg load probably technical limit due to rinse
performance requirements.

92

American Journal of Civil Engineering and Architecture

3.2. Costs
The cost of water from a public main supply was
retrieved from Water Corporation of Oyo State (WCOS)
while the cost of the rainwater system components was
obtained from a market survey. The data on financial
details in Table 5 were input into the model.

3.3. The Raincycle advanced analysis process
To design and analyse a RWHS, a sequence of logical
steps is followed to increase the likelihood of creating a
successful design. The design and analysis process is
divided into 4 steps (Figure 4-Figure 7):
• Step 1: Determine range of suitable tank sizes.

• Step 2: Determine cost savings of tanks from (1) and
choose optimum size.
• Step 3: Assemble data required for detailed analysis.
• Step 4: Perform detailed analysis and critically
examine results
Table 5. Financial details
Parameter

Probable value

Capital cost

$496.00

Decommissioning cost

$0.00

Discount rate

3.5%

Electricity cost

0.1 c/KWh

Mains water cost

0.83$/m3

Figure 4. Determining range of suitable tank sizes

American Journal of Civil Engineering and Architecture

Figure 5. Determining cost savings of tanks and choosing optimum size

Figure 6. Assembling data required for detailed analysis
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3.4. System Details: A Household of 12
Occupants
This building- a twin semi-detached bungalow is
designed and build intended to provide residential
facilities for 12 people (Figure 8). It has a roof area of
195.69 m2. A proprietary RWH system has been proposed
for the scheme to reduce mains water demand for W.C.
flushing. Table 4-Table 5 show the data required in order
to carry out the assessment. The data on hydraulic detail
of the system is presented in Table 6. The expected
operational life of the building is at least 50 years and so
this was used as the time frame for the analysis.

4. Discussion of Results
Both short-and long-term hydraulic and financial
assessments are included in these analyses. The analysis
consists of a detailed assessment of the proposed system,
taking into account 18 parameters. Seven of these are
fixed parameters (Catchment surface area, first-flush
volume, storage tank volume, pump power rating, pump
capacity, UV unit power rating and UV unit operating
time) while 11 are variable parameters (rainfall profiles,
runoff coefficients, filter coefficients, additional inputs (if
any), discount rate, electricity cost, mains water cost,
water demand, disposal cost, capital cost and
decommissioning cost).
For each variable parameter, there are three possible
values: above average/high, average/expected and below

average/low. It is possible to assess the system under
study in more detail by allowing a range of values to be
used in the assessment than would otherwise be possible if
only one set of values was used. This allows variations in
system performance (hydraulic and financial) under a
range of conditions to be tested, leading to a more robust
assessment and increased confidence in predicted future
performance. For example, by allowing a range of
scenarios such as best, expected and worst-case to be
analysed, confidence in the results is higher than would
otherwise be if only one set of values was used.

4.1. Mean Per-year Results
Mean per-year results use one set of parameters (fixed
and variable) to assess the mean yearly savings that can be
expected from the RWHS. All costs are summed and then
divided by the number of years that the analysis was run
to give the mean yearly running cost, as well as the
savings that can be expected compared to relying solely
on mains water.

4.2. Long-term Results
Long-term results use one set of parameters (fixed and
variable) to assess the long-term savings that can be
expected from the RWHS. The total cost of the RWHS is
presented, along with the cost of an equivalent mains-only
system. These values are used to deduce the long-term
savings of the RWHS.
Hydraulic model validation

Figure 7. Performing detailed analysis and critically examine results
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4.3. Sensitivity Analysis
A sensitivity analysis determines how susceptible the
performance of a system is to changes in parameter values.
The dependence of system performance on each variable
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parameter is determined. Systems that show a high
variability for changes to a given parameter are sensitive
to changes in parameters. System that shows a low
variability is insensitive to changes (robust).

Figure 8. A semi-detached twin bungalows at Akobo, Ibadan

Parameter

Table 6. Hydraulic details
Probable value

Rainfall profile

1,311mm/yr

Catchment area

196m2

Runoff coefficient

0.85

Filter coefficient

0.90

Storage tank volume

4.00m3

Pump power rating

0.8KW

Pumping capacity

60 litres/min

UV unit power rating

0W

Water demand

expected = 0.85 and low = 0.75. The most probable value
is 0.85 and so the selected number is most likely to be
close to 0.85 (it will not equal 0.85 exactly) with a
diminishing (but never zero) probability that the value will
be closer to 0.75 or 0.90.
Hundreds of such simulations were run, the results were
used to predict the probability of the modelled RWHS
meeting a given set of conditions (e.g. the probability that
long-term savings are equal to or greater than a given
amount or that system pay-back occurs within a given
timescale).

4.5. Optimising Tank Size
3

214m /yr

4.4. Monte Carlo Simulation
Monte Carlo (MC) simulation is a well-established
technique that involves the use of random numbers and
probability distributions in order to solve problems. MC
simulation is used in science and engineering fields for
uncertainty analysis, system optimisation and reliability
based design [89]. In this instance, it was used to
randomly generate new values for the variable parameters
and then to run a system analysis using the new values.
Many hundreds or thousands of simulations (iterations)
were run and the results used to assess RWHS response
under a very wide range of conditions.
Three values are required for each parameter: highest
most probable value (above average/high), most probable
value (average/expected) and lowest most probable value
(below average/low). From these three values and for each
iteration the program generates a new set of variable
parameter values by randomly sampling from set
probability distributions (in this case triangular probability
distributions). As an example, suppose there are 3
catchment surface runoff coefficients: high = 0.90,

Optimising tank size results (Figure 9) reveals that the
maximum percentage of demand that could be met was
70.6% with a tank size of 4 m3. Therefore the limiting
factor was the amount of water available and so increasing
the tank size above 4 m3 would have little (if any) benefit.

4.6. Optimising Saving Results
Optimise saving analysis (Figure 10) showed that there
were four tank sizes with a potential long-term profit. The
best was 4 m3 tank which was predicted to save $259 over
50 years and had a pay back period of 21 years, which is
typical for a current domestic system. Percentage demand
met was also good for a domestic system at 70.6% of
predicted demand.
The 4 m3 gave acceptable results and so the data for this
tank was input into the Storage Tank module (tank size)
and WLC Details module (capital costs) and then the result
in the Analysis System module were examined. Figure 11
and Figure 12 show the cost comparison graphs for both
the long-term and average per-year analyses for this system.
Comparative Average Costs of Water Supplied
$0.40
Cost of mains water/ m3
$0.37
Cost of harvested water/m3
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Figure 9. Results from optimising tank size

Figure 10. Results from optimising savings
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Figure 11. Cumulative long-term analysis cost comparison

Figure 12. Average yearly cost comparison (discounted at 3.5%)

5. Conclusions
The hydraulic and WLC performance of RWH systems
has been investigated using a computer based modelling
tool. Case study result from a residential apartment
indicated that both water and monetary savings are
possible in the long-term. However, the current
methodologies used by many RWH system suppliers to
predict future performance appear to be inadequate in
scope and detail, overestimating the amount of demand
that can be met by the harvested rainwater and also the
level of financial savings achievable. This is mainly due to

the use of models that oversimplify the hydraulic
processes involved and financial techniques that take little
account, if any, of system requirements and do not use any
discounting methods to calculate the true NPCV.
This paper has presented the hydraulic and financial
modelling of a RWHS using a residential apartment in
Ibadan, Nigeria. With a RWHS being site-specific, a
Raincycle model was used to optimise tank size and
savings. Sensitivity analysis and MonteCarlo simulation
were also carried out. The analysis consists of a detailed
assessment of the proposed system, taking into account 18
parameters. Seven of these are fixed parameters
(Catchment surface area, first-flush volume, storage tank
volume, pump power rating, pump capacity, UV unit
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power rating and UV unit operating time) while 11 are
variable parameters (rainfall profiles, runoff coefficients,
filter coefficients, additional inputs (if any), discount rate,
electricity cost, mains water cost, water demand, disposal
cost, capital cost and decommissioning cost). The
evaluation of the hydraulic and financial performance of a
RWH system of a residential apartment in Ibadan, Nigeria
is presented. The water use and precipitation pattern was
monitored.
Analysis of the case Study reveals that the maximum
percentage of demand that could be met was 70.6% with a
tank size of 4 m3. A savings of $259 over 50 years and a
payback period of 21 years were predicted, which is
typical for a current domestic system. The results show
that significant reductions in the total fresh water
consumption and the total cost can be obtained. A Monte
Carlo simulation shows an important influence of
on
the economic viability of RWH systems in a residential
house in Ibadan, namely when compared to changes in the
consumption pattern.
The use of Raincycle tool to model a proposed building
system in detail and taking into account all associated cost
items revealed a less optimistic, but more realistic set of
results. The results indicated that RWH is a viable way of
reducing reliance on mains water and also provide a
monetary saving in the long-term under favourable
conditions and in any case reduce downstream impacts on
the drainage system.

[11] CWWA, Report on rainwater harvesting and grey-water reuse for

[12]
[13]

[14]

[15]
[16]

[17]

[18]
[19]

[20]

References
[1]

UN, Water for People, Water for Life: UN World Water
Development Report (WWDR), UNESCO and Berghahn Books,
UN 2003.
[2] WHO, Water, sanitation and hygiene links to health, facts and
figures WHO, updated November 2004. Online:
http://www.who.int/water_sanitation_health/mdg1/en/
[accessed 16 July 2015].
[3] UNEP, Rainwater harvesting and utilisation-an environmentally
sound approach for sustainable urban water management: an
introductory guide for decision makers, United Nations: Division
of Technology, Industry and Economics, United Nations
Environment Programme (UNEP) 2002.
[4] UN-HABITAT, Rainwater harvesting and utilisation. BlueDrops
series (3 books). Nairobi Kenya: United Nations Habitat
Programme 2005
[5] White, S., Turner, A., Fane, S., Giurco, D. Urban water supplydemand planning: a worked example. In: 4th IWA Specialist
Conference on Efficient Use and Management of Urban Water
Supply; 2007
[6] Orebiyi, E.O., Awomeso, J.A., Idowu, O.A., Martins, O.,
Oguntoke, O. and Taiwo, A.M. Assessment of pollution hazards
of shallow well water in Abeokuta and environs, southwest,
Nigeria. American Journal of Environmental Sciences 6(1), 50-56,
2010.
[7] Oweis, T. and Hachum, A. Water harvesting and supplemental
irrigation for improved water productivity of dry farming systems
in West Asia and North Africa. Water Management 80, 57-73,
2006.
[8] Frot, E., van Wesemael, B., Benet, A.S., House, M.A. Water
harvesting potential as a function of hill slope characteristics: A
case study from the Sierra de Gator (Almeria Province, South-East
Spain). Journal of Arid Environment 72, 1213-1231. 2008.
[9] Fewkes, A. The Technology, Design and Utility of Rainwater
Catchment Systems. In: Butler, D. and Memon, F.A. (Eds). Water
Demand Management. IWA Publishing. London, 2006.
[10] Hermann, T. Schmida, U. Rainwater utilisation in Germany:
efficiency, dimensioning, hydraulic and environmental aspects.
Urban Water, 1 (4), 307-316, 1999.

[21]
[22]

[23]

[24]
[25]

[26]

[27]
[28]
[29]

[30]

[31]

potable and non-potable uses. Report to Canada Mortgage and
Housing Corporation, Ottawa, ON, Canada: Canadian Water and
Wastewater Association (CWWA); 2002.
de Gouvello, B. Derrien, F., Khouil, Y. The French experience in
rainwater reuse in commercial buildings. Plumb Syst Des
March/April: 12-17, 2005.
Kloss, C. Managing wet weather with green infrastructure:
municipal handbook-rainwater harvesting policies. EPA-833-F08-010; Online:
http://water.epa.gov/infrastructure/greninfrastructure/upload/gimunichandbook-harvesting.pdf 2008.
Schets, F.M., Italiaander, R., van den Berg HHJL, de Roda
Husman, A.M. Rainwater harvesting: quality assessment and
utilization in the Netherlands. Journal of Water Health, 8(2), 224235, 2010.
Golay, F. Rainwater harvesting in urban New Zealand [M.Sc.
thesis]. Lausanne, Switzerland: Ecole Polytechnique Federale de
Lausanne/Massey University, 2011.
MPMSAA. Rainwater tank design and installation handbook.
Australia: Australian Rainwater Industry Development
Association, Master Plumbers and Mechanical Services
Association of Australia (MPMSAA); 2008.
TRCA. Performance evaluation of rainwater harvesting systems.
Toronto, ON, Canada: Sustainable Technologies Evaluation
Program (STEP). Toronto and Region Conservation Authority
(TRCA); 2010.
Meera, V. Ahammed, M.M. Water quality of rooftop rainwater
harvesting systems: a review. Journal of Water Supply: Res
Technol-AQUA, 55, 257-268, 2006.
Hassell, C. Rainwater harvesting in the UK – A solution to
increasing water shortages? Proceedings of 12th International
Conference on Rainwater Catchment Systems, New Delhi, India, 6,
2005.
Environment Agency. Saving water: on the right track. A
summary of current water conservation initiatives in the UK
March 1999. Environment Agency, National Water Demand
Management Center, Worthing, West Sussex, UK, 1999a.
Lee, J.H., Bang, K.W., Ketchum, L.H., Choe, J.S. and Yu, M.J.
First flush analysis of urban storm runoff, Science of the Total
Environment, 293 (1-3), 163-175, 2002.
Wu, C., Junqi, L., Yan, L. and Wenhai, W. First flush control for
urban rainwater harvest systems. Proceedings of 11th International
Rainwater Catchment Systems Conference, Texcoco, Mexico,
August 2003.
Martinson, D.B. and Thomas, T. Quantifying the First –flush
phenomenon. Proceedings of 12th International Rainwater
Catchment Systems Conference, New Delhi, India, November
2005.
Gould, J. and Nissen-Peterson, E. Rainwater Catchment Systems
for Domestic Supply: Design, Construction and Implementation.
Intermediate Technology Publications, London, 335, 1999.
Hassell, C. Rainwater harvesting in the UK – A solution to
increasing water shortages? Proceedings of 12th International
Conference on Rainwater Catchment Systems, New Delhi, India, 6,
2005.
Woods-Ballard, B., Kellagher, R., Martin, P., Jeffries, C., Bray, R.
and Shaffer, P. The SUDS Manual. Construction Industry
Research and Information (CIRIA), Report C697 London, 606,
2007.
Sekar, I. and Randhir, T.O. Spatial assessment of conjunctive
water harvesting potential in watershed systems. Journal of
Hydrology, 9 (24), 1-14, 2006.
Kahinda, J.M., Taigbenu, A.E. and Boroto, J.R. Domestic
rainwater harvesting to improve water supply in rural South Africa.
Physics and Chemistry of the Earth 32, 1050-1057, 2007.
Ghisi, E. and Oliveira, S.M. Potential for potable water savings by
combining the use of rainwater and greywater in houses in
Southern Brazil. Building and Environment, 42 (4), 1731-1742,
2007.
Sakellari, I., Makropoulos, C., Butler, D. and Memon, F.
Modelling sustainable urban water management options.
Proceedings of the Institution of Civil Engineers, Engineering
Sustainability 158, ES3,143-153, 2005.
Millerick, A. A comprehensive and systematic design approach.
Proceedings of 2nd National Conference on Sustainable Drainage.
20-21 June 2005, Coventry University, UK, 9-18, 2005.

American Journal of Civil Engineering and Architecture

99

[32] Abdulla, F.A. and Al-Shareeff, A.W. Roof rainwater harvesting

[54] NPC, Nigeria Population Commission Official Result for 2006

systems for household water supply in Jordan. Desalination 243,
pp. 195-207, 2009.
Helmreich, B. Hom, H. Opportunities in rainwater harvesting.
Desalination, 248 (1-3), 118- 124, 2009.
Farreny, R., Gabarrell, X., Rieradevall, J. Cost-efficiency of
rainwater harvesting strategies in dense Mediterranean
neighbourhoods. Resource Conservation Recycling, 55 (7), 686694, 2011.
Gikas, G.D., Tsihrintzis, V.A. Assessment of water quality of
first-flush roof runoff and harvested rainwater. Journal of
Hydrology, 466-467:115-126, 2012.
Chiu, Y.R., Liaw, C.H. and Tsai, Y.L. Harvesting rainwater, an
innovative approach to easing urban water-energy dilema. 14th
International Conference on Rainwater Catchment Systems. Kuala
Lumpur, 2009.
Hashim H., Hudzori, A., Yusop Z., Ho W.S. Simulation based
programming for optimization of large-scale rainwater harvesting
system: Malaysia case study. Resource Conservation Recycling,
80, 1-9, 2013.
Rashidi M.H., Saghafian B., Haghighi F. Assessment of
residential rainwater harvesting efficiency for meeting nonpotable water demands in three climate conditions. Resource
Conservation Recycling, 73, 86-93, 2013.
Bocanegra-Martinez A, Ponce-Ortega J.M., Napoles-Rivera F.,
Sena-Gonzaez M., Castro-Montoya A.J., El-Halwai, M.M.
Optimal design of rainwater collecting systems for domestic use
into residential development. Resource Conservation Recycling,
84, 44-56, 2014.
Jha M.K., Chowdary V.M., Kulkarni Y., Mal B.C. Rainwater
harvesting planning using geospatial techniques and multicriteria
decision analysis. Resource Conservation Recycling, 83, 96-111,
2014.
Sample, D.J., Liu, J. Optimizing rainwater harvesting systems for
the dual purposes of water supply and runoff capture. Journal of
Clean Production, 75, 174-194, 2014.
Aladenola, O.O. and Adeboye, O.B. Assessing the potential of
rainwater harvesting. Water Resources Management, 24, 21292137, 2010.
Lade, O., Oloke, D., Chinyio, E. and Fullen M. Potential for
potable water savings by using rainwater: A case study of Ibadan,
Nigeria. International Journal of Advancements in Research and
Technology, 2 (4), 117-131, 2013b.
Coombes, P.J., Kuczera, G., Argue, J.R., Cosgrove, F., Arthur, D.,
Bridgman, H.A. and Enright, K. Design, monitoring and
performance of the water sensitive urban development at Figtree
Place in Newcastle. Proceedings of the 8th International
Conference on Urban Storm Drainage, Sydney, Australia, 13191326, 1999.
Appan, A. A dual-mode system for harnessing roofwater for nonpotable uses. Urban Water 1 (4), 317-321, 1999.
Fewkes, A. The use of rainwater for WC flushing: The field
testing of a collection system. Building and Environment 34, 765772, 1999.
Adhityan, A. A dual-mode system for harnessing roofwater for
non-potable uses. Urban Water 1, 317-321, 1999.
Peter, A. A. and Mberede, L.O. Improvement on the harvested
rainwater quality in rural areas of Southern Nigeria. Poster
Presented at 10th IRCSA Conference, Mannheim, Germany, 2001.
Ghisi, E., Montibeller, A. and Schmidt, R.W. Potential for potable
water savings by using rainwater: An analysis over 62 cities in
Southern Brazil. Building and Environment, 41 (2), 204-210, 2006.
Ghisi, E. and Oliveira, S.M. Potential for potable water savings by
combining the use of rainwater and greywater in houses in
Southern Brazil. Building and Environment, 42 (4),1731-1742,
2007.
Ghisi, E., David a Fonseca, T. and Rocha V.L. Rainwater
harvesting in petrol stations in Brasilia: Potential for potable water
savings and investment feasibility analysis. Resources
Conservation and Recycling 54 (2), 79-85, 2009.
Zhang, D., Gersberg, R.M., Wilhelm, C. and Voigt, M.
Decentralised water management: Rainwater harvesting and
greywater reuse in an urban area of Beijing, China. Urban Water,
6 (5), 375-385, 2009.
Thomas, T. RWH performance predictor for use with coarse (i.e.
monthly) rainfall data. Domestic RoofwaterHarvesting Research
Programme Report RN-RWH04, Development Technology Unit,
University of Warwick, 2002.

House and Population Census Figures, Bureau for National
Statistics Abuja, Nigeria. Online:
http://placng.org/Legal%20Notice%20on%20Publication%20of%
202006%20Census%20Final%20Results.pdf [accessed 27 June
2015], 2006.
Kellagher, R. B. and Maneiro Franco, E. Rainfall collection and
use in developments; benefits for yield and stormwater control.
WaND Briefing Note 19; WP2 Briefing Note 2.15; Report SR 677
Release 3.0, HR Wallingford, UK, 84, 2007.
Environment Agency, Harvesting rainwater for domestic uses: An
information guide. Environmental Agency, Bristol, UK, 2003b.
Memon, F.A., Ton-That, L. Butler, D. An investigation of
domestic water consumption through taps and its interaction with
urban water flows. Water Science and Technology: Water Supply,
5-6 (7) 69-76
Cunliffe, D.A. Guidance on the Use of Rainwater Tanks. National
Environmental Health Forum Monographs, Water Series No. 3.
Openbook Publishers, Rundle Mall, Australia, 29, 1998.
Yaziz, M.I., Gunting, N., Sapari, N. and Ghazali, A. Variations in
rainwater quality from roof catchments. Water Research, 23 (6),
761-765, 1989.
Coombes, P.J. Rainwater tanks revisited: new opportunities for
urban water cycle management. PhD thesis. Newcastle University,
New South Wales, Australia, 2002.
Ghisi, E. and Ferreira, D.F. Potential for potable water savings by
using rainwater and greywater in a multi-storey residential
building in southern Brazil. Building and Environment, 42 (7),
2512-2522, 2007.
Fewkes, A. The instrumentation and field testing of a rainwater
collector. Proceedings of 8th International Conference on
Rainwater Catchment Systems, Tehran, Iran, April 1997.
BS 8515. Rainwater harvesting systems – code of practice.
Technical committee CB/506. UK: BSI British Standards: 2009.
Government of Ontario. Ontario guidelines for residential
rainwater harvesting systems handbook. 1st edition Toronto, ON,
Canada: Government of Ontario, 2010.
ARSCA. Rainwater catchment design and installation standards.
Tempe, AZ, USA: American Rainwater Catchment Systems
Association (ARCSA), 2009.
ETA 0701. Rainwater harvesting systems in buildings. National
Association for the Quality of Buildings Installations (ANQIP),
Technical Committee 0701, Portugal, in Portuguese 2012.
ABNT NBR 15527. Rainwater –catchment of roofs in urban areas
for non-potable purposes–requirements. Brazil: The Brazilian
Association of Technical Standards (ABNT), in Portuguese, 2007.
Palla, A., Gneco, I., Lanza, L.G. Non-dimensional design
parameters and performance assessment of rainwater harvesting
systems. Journal of Hydrology, 401, 65-76, 2011.
Ward, S., Memon, F.A. and Butler, D. Rainwater harvesting:
Model-based design evaluation. Water Science and Technology,
61 (1), 85-96, 2010.
Campisano, A. Modica, C. Optimal sizing of storage tanks for
domestic rainwater harvesting in Sicily. Resource Conservation
Recycling, 63, 9-16, 2012.
Basiger, M., Montalto, F., Upmanu, L. A rainwater harvesting
system reliability model based on nonparametric stochastic rainfall
generator? Journal of Hydrology, 392 (3-4), 105-118, 2010.
Fewkes, A. and Butler, D. Simulating the performance of
rainwater collection and reuse system using behavioural models.
Building Services Engineering Research and Technology, 21, pp.
99-106, 2000.
DMS, Weather Observation Station. Department of
Meteorological Services, Samonda, Ibadan 2010.
IITA, Weather Observation Station. International Institute of
Tropical Agriculture, 2010.
Adekalu, K.O., Osunbitan, J.A. and Ojo, O.E. Water sources and
demand in South Western Nigeria: Implications for Water
Development Planners and Scientists. Technovation, 22 (12), 799805 (7), 2002.
UN, Water Supply and Waste Disposal Poverty and Basic Need
Series, September Warm Glacial Climate. Science 1997, 12571266, 2002.
Memon, F.A., Butler, D. Water consumption trends and demand
forecasting techniques. In water Demand Management, Butler D.
and Memon, F.A, (eds) IWA publishing, ISBN 18 43390 787, 126, 2006.

[33]
[34]

[35]
[36]

[37]

[38]

[39]

[40]

[41]
[42]
[43]

[44]

[45]
[46]
[47]
[48]
[49]
[50]

[51]

[52]

[53]

[55]

[56]
[57]

[58]
[59]
[60]
[61]

[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]
[72]

[73]
[74]
[75]

[76]
[77]

100

American Journal of Civil Engineering and Architecture

[78] Environment Agency, A scenario approach to water demand
[79]
[80]
[81]
[82]
[83]

forecasting. National Water Demand Management Center,
Environment Agency, West Sussex, UK, 2001.
Sim, P., McDonald, A., Parson, J., Rees, P. The options for UK
Domestic Water Reduction – A Review, Working Paper 05/03
version 1.0, 2005.
DCLG, Code for sustainable homes: Technical guide. Department
for Communities and Local Government, Communities and Local
Government Publications, HMSO, London, 2007.
Butler, D. The influence of dwelling occupancy and day of the
week on domestic appliance wastewater discharges. Building and
Environment, 28 (1), 73-79, 1991.
HMSO, Water Supply (Water Fittings) Regulations 1999.
Statutory Instruments No. 1148, Water Industry, England and
Wales, HMSO, London, 240, 1999.
Thackray, J.E., Crocker, V. and Archibald, G. The Malvern and
Mansfield studies of domestic water usage. Proceedings of the
Institute of Civil Engineers, 64, 37-61, 1978.

[84] SODCON, Survey of domestic consumption. In Water Demand
Management. Anglian Water, Normich, 361, 1994.

[85] Fewkes, A. The use of rainwater for WC flushing: The field
[86]

[87]

[88]
[89]

testing of a collection system. Building and Environment, 34, 765772, 1999a.
Chambers, V.K., Creasey, J.D., Glennie, E.B., Kowalski, M. and
Marshallsay, D. Increasing the value of domestic water use data
for demand management- summary report. WRC collaborative
Project CP 187, Report no. P6805, Swindon, Wiltshire, UK, 2005.
Lallana, C., Krinnner, W., Estrela, T., Nixon, S., Leonard, J. and
Berland, J.M. Sustainable water use in Europe. Part 2: Demand
management. European Environment Agency, Copenhagen, 94,
2001.
Grant, N. Water Conservation Products. In: Butler, D. and Memon,
F.A. (Eds). Water Demand Management. IWA Publishing.
London, 236-279, 2006.
Wittwer, J. Monte Carlo Simulation in Excel. A practical guide for
Science and Engineering and Financial Risk Analysis. Online:
http://www.vertex42.com/ExcelArticles/mc/index.htlm [accessed
16 July 2015].

