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Abstract
The collection of rainwater from roofs, its storage and subsequent use is a simple method of reducing the demand on both the public water supplies and waste treatment facilities. The capacity of the rainwater store is important because it affects both system and installation costs. 
The rainwater store can be sized using one of three general types of model, namely, Critical period methods, Moran related methods and Behavioural models. This paper concentrates upon the use of behavioural models for the sizing of rainwater stores.

Behavioural models simulate the operation of a reservoir with respect to time. The operation will usually be simulated over a given period of time using a time step of a minute, hour or month. The operation of the store is simulated using either a yield after spillage (YAS) or yield before spillage (YBS) algorithm. This paper evaluates the accuracy of behavioural models using different time steps and different sizing algorithms applied to both large and small stores.

1.
Introduction

The collection of rainwater from roofs, its storage and subsequent use is a simple method of reducing the demand on both the public water supplies and waste treatment facilities. Without extensive treatment the rainwater is suitable for a range of uses such as WC flushing, garden irrigation and clothes washing. The capacity of the rainwater store is important both economically and operationally. 

McMahon and Mein [1] identify three general types of reservoir sizing model, namely; critical period, Moran and behavioural models. Critical period methods identify and use sequences of flows where demand exceeds supply to determine the storage capacity. Moran related methods are a development of Moran's [2] theory of storage. A system of simultaneous equations are used with this method to relate reservoir capacity, demand and supply. The analysis is based upon queuing theory.

Behavioural models simulate the operation of the reservoir with respect to time by routing simulated mass flows through an algorithm which describes the operation of the reservoir. The operation of the rainwater collector will usually be simulated over a period of years. The input data which is in time series form is used to simulate the mass flows through the model and will be based upon a time interval of either a minute, hour, day or month. This paper investigates the use of behavioural models for the sizing of rainwater collection systems using different time intervals and different reservoir operating rules applied to a range of reservoir capacities and collection areas.

2.
Background 

Behavioural models have been used by other researchers [3, 4] to investigate the performance of rainwater stores. Jenkins et al [3] developed a behavioural model and identified two fundamental algorithms to describe the operation of the rainwater store. The yield after spillage (YAS) operating rule is:
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Where:


Rt
=
Rainfall (m) during time interval, t


Qt
=
Rainwater run off (m3) during time interval, t


Mt
=
Mains supply make-up (m3) during time interval, t


Ot
=
Overflow from store (m3) during time interval, t


Vt
=
Volume in store (m3) during time interval, t


Yt
=
Yield from store (m3) during time interval, t


Dt
=
Demand (m3) during time interval, t


S
=
Store Capacity (m3)


A
=
Roof Area (m2)


The yield before spillage (YBS) operating rule is:
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Jenkins et al [3] used the YAS algorithm and a monthly time interval. The reliability or performance of the rainwater store can be expressed using either a time or volume basis. In either case a reliability or performance of 100% indicates complete security in provision of service water. Latham [4] used a behavioural model but defined the reservoir operating algorithm in a more general form:
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Where ( is a parameter between 0 and 1. If ( = 0, the algorithm is YAS and if ( = 1 the algorithm is YBS.  Latham [4] developed a model using the YAS algorithm with a monthly time interval and observed this model could predict storage sizes that were uneconomically large compared to the capacities determined using a daily time interval. The YAS, monthly model was modified by Latham [4] to predict storage capacities which were comparable to the store sizes modelled using a daily time interval. The storage capacities predicted using a YAS monthly time interval with a 99% volume reliability were found to correlate well with the storage volumes determined with a YAS daily time interval model which satisfied a 100% volume based reliability.

3.
The proposed behavioural model investigation

Two generic types of rainwater storage system can be identified:

 i)
Large volume stores that conserve a large proportion of household water (( 95%) and reduce flows into the surface water sewer network.

ii)
Small volume stores which conserve a small but useful proportion of household water [(50%] compared to other conservation measures. Flows into the surface water sewer network are reduced but not by the same order of magnitude compared to large volume stores (type (i)).

All of the models reviewed in the previous section relate specifically to large volume stores with high reliability levels (type (i)). Small volume stores (type (ii)) offer a number of advantages; ease of integration within the building structure, low capital cost and short duration rainwater retention times within the store. Previous research has also concentrated upon the development of behavioural or critical period models using a monthly time interval although it is recognised that hourly or daily time series result in a more accurate simulation of system performance than monthly time intervals [5]. However the most appropriate time intervals for modelling the performance of systems using different combinations of store capacity and collection area have not been identified. The use of both YAS and YBS models has been reported in previous studies but the development of a more generic approach and the estimation of the parameter, ( (section 2), has not been investigated. 

The objectives of this paper are summarised below:

i)
Investigate behavioural models using different time intervals when applied to a range of store capacities (large and small) and collection area combinations.

 ii)
Determine values of the general reservoir operating algorithm parameter, (, for different model time intervals when applied to a range of store capacities (large and small) and collection area combinations.

iii)
Provide design guidance for the sizing of large and small rainwater stores using behavioural models.

4.
Development of the behavioural model
The rainwater collection sizing (rcs) model consists of two parts:

 i)
Provision of rainfall supply and usage demand patterns or time series.

ii)
Simulation of system operation.

A comprehensive twelve month historical data set of rainfall and WC demand time series collected during the field testing of a rainwater collection system [6] was used as input to the system simulation model. The demand in this study was limited to WC usage which accounts for approximately 30% of potable household water usage in the UK [7]. The general form of the reservoir operating algorithm was used in the system simulation model as defined in section 2 (eqn 5 & 6).

The performance of the rainwater collection system is described by its water saving efficiency (ET) [8]. Water saving efficiency is a measure of how much mains water has been conserved in comparison to the overall demand of the WC and is given by equation (7). 
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Where T = Total time under consideration.

5.
The accuracy of different rainwater collection sizing models
Previous research [6] has investigated the validity of using a YAS behavioural model to predict the water saving efficiency (ET) of a rainwater collector and the sensitivity of a YAS model to the time interval of the input time series. During the field testing of a rainwater collection system the water saving efficiency of the installation was measured at the end of each month over a monitoring period of one year. The system utilised a 2000 litre capacity store and collected rainwater from a roof area of 85 m2. The measured water saving efficiencies of the system were compared with the water saving efficiencies predicted by a YAS model using both hourly and daily time intervals. The results of this preliminary analysis indicated a YAS model using either hourly or daily input time series could be used to predict system performance. In this section, the previous research [6] outlined above is extended by modelling the water saving efficiencies of a rainwater collector using a range of store capacities and roof areas. Hourly, daily and monthly input time series using both YAS (( = 0) and YBS (( = 1) reservoir operating algorithms are investigated. 

The different combinations of roof area and store capacity are expressed in terms of two dimensionless ratios, namely the demand fraction and the storage fraction. The demand fraction is given by, D/AR where; D = annual demand (m3); A = roof area (m2) and R = annual rainfall (m). The storage fraction is given by, S/AR where; S = store capacity (m3). The performance of rainwater collection systems with demand fractions of 0.27, 1.25 and 2.5 each with a storage fraction range of 0.0015 to 1.08 were investigated. 

The aim of the analysis in this section is to identify the maximum rainwater collection sizing model time intervals which can be used with different combinations of demand fraction and storage fraction whilst modelling water saving efficiency within specified limits of accuracy. Data acquisition costs reduce as the time interval of the model increases. The relationships between water saving efficiencies predicted by the hourly (YAS) model and water saving efficiencies determined by the other hourly, daily and monthly models are analysed. Each model was investigated for demand fractions of 0.27, 1.25 and 2.5 with the storage fraction ranging from 0.0015 to 1.08, the models output the water saving efficiencies at the end of each simulated month of operation.

The water saving efficiencies predicted by the hourly (YAS) model were plotted in turn against the water saving efficiencies predicted by the hourly (YBS), daily (YAS), daily (YBS), monthly (YAS) and monthly (YBS) models. For each plot a straight line was fitted to the data points using linear regression. In each case the intercept of the straight line was set to zero before determining the gradient (m) of the straight line and the coefficient of determination (R2). The values of m and R2 for both YAS and YBS models with storage fraction ranges of 0.0015 to 1.08 are given in Tables 1, 2 and 3 for demand fractions of 0.27, 1.25 and 2.5 respectively.

For the YAS model with a demand fraction of 1.25 and storage fraction of 0.0015 (Table 2) there is a strong correlation between the water saving efficiencies predicted by the daily model compared to the performance modelled by the hourly models. The coefficient of determination (R2) between the straight line equation predicted by the linear regression and the data points is 0.94 However the gradient (m) predicted straight line equation which has a value of 1.51 (Table 2) indicates the daily model underestimates the water saving efficiency by approximately 33%. A value of m = 1 represents perfect estimation of water saving efficiency whilst m<1 indicates overestimation. For the corresponding monthly (YAS) model R2 = 0.07 and m = 14.99 (Table 2). The coefficient of determination between the straight line equation predicted by the linear regression and the data points is therefore poor and water saving efficiency is underestimated by approximately 93%.

Generally for YAS models as the storage fraction increases the value of m decreases and approaches unity whilst R2 increases. In the case of YBS models both m & R2 increase with increasing storage fractions. In order to assess satisfactory combinations of demand fraction, storage fraction and model time interval arbitrary limits were imposed upon the values of m and R2. It was assumed the accuracy of the modelled system performance would be preserved within acceptable tolerances if the following limits were observed:
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The limits of m result in modelled water saving efficiencies within the boundaries of + 10%.  Combinations which do not satisfy these constraints are shaded grey in Tables 1, 2  & 3.

Generally daily YAS and YBS models are satisfactory for all demand and storage fractions except small stores with demand fractions of 1.25 and 2.5 when hourly models should be used.  Monthly models can only be used to predict the performance of large stores. The analysis suggests the following constraints can be applied to the time intervals of behavioural models:

  i)
Hourly models, S/AR ( 0.01



 (9)

 ii)
Daily models, 0.125 ( S/AR > 0.01
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iii)
Monthly models          S/AR > 0.125


(11)

6.
Assessment of the storage algorithm parameter (()
The performance of rainwater collection systems, except those utilizing small stores, can be accurately predicted using a YAS model with a daily time interval.  When daily data is not available a model using a monthly time interval and appropriate value of the parameter, (, (Sect. 2) can be used to produce comparable predictions of water saving efficiency. Values of the parameter, (, were estimated for combinations of demand fraction and supply fraction within the ranges 0.27 to 5 and 0 to 1.08 respectively. The water saving efficiencies of a rainwater collection system were modelled for each demand and supply fraction combination using both daily (YAS) and monthly (() models. In the case of the monthly (() model a value of the parameter ( was chosen to predict the water saving efficiency within 0.01% of the value determined by the daily (YAS) model.  The daily (YAS) and monthly (() models used fifty years of historical rainfall time series for the Nottingham area within the UK. The demand for each system was assumed to occur at a constant daily or monthly rate.

The variation of the parameter, (, against storage fraction for the following ranges of demand fraction, 0.27 to 0.55, 0.55 to 1.00 and 1.00 to 5.00 are illustrated in Figures1, 2 and 3 respectively. The average variation of the parameter, (, against storage fraction associated with each of the demand fraction ranges and the overall average curve for the complete demand fraction range of 0.27 to 5 are illustrated in Figure 4. Each curve demonstrates a characteristic skewed distribution.

The validity of the water saving efficiencies predicted by the monthly (() model using average values of ( (Fig 4) was investigated using linear regression analysis. The water saving efficiencies predicted by the monthly (() model were plotted against the corresponding values predicted using the daily (YAS) model. For each plot, a straight line was fitted to the data points using linear regression and the values of m and R2 determined (Table 4). In each case the intercept of the straight line was set to zero. Overall the agreement between the water saving efficiencies predicted by the monthly (() model and the daily (YAS) model is very good as indicated by the large proportion of correlation coefficients exceeding 0.94. There are three exceptions which occur at demand fractions of 0.27 and 5 (Table 4). The monthly (() model using average values of ( therefore provides a flexible and accurate method of predicting water saving efficiency for the range of demand fractions likely to be encountered in practice. 
7.
Limitations of study and further work
The analysis described has been restricted to one set of rainfall data for the Nottingham area of the UK. The average annual rainfall for Nottingham is 630 mm which is low compared to the UK annual average of 1205 mm. Further research is planned using rainfall data from at least two other areas of the UK which experience average and high annual rainfall levels compared to the national average. The analysis using the additional rainfall data sets will confirm the extent to which the results of the present research can be generally applied to other regions of the UK.

8.
Conclusions
A preliminary mapping exercise has been successfully undertaken which evaluates the accuracy of behavioural models for the sizing of rainwater collection systems using both different time intervals and reservoir operating algorithms applied to a comprehensive range of operational conditions. Initially the general reservoir operating algorithm used in behavioural models to describe the operation of rainwater stores was reviewed. The model parameter, (, was defined and two extreme reservoir operating conditions identified, namely, yield after storage (YAS) when ( = 0 and yield before storage (YBS) when ( = 1.

The accuracy of behavioural models using different time intervals applied to a range of demand fractions and storage fractions has been evaluated. The analysis enabled constraints to be proposed for the application of hourly, daily and monthly models expressed in terms of storage fraction.

Hourly models should be used for sizing small stores with a storage fraction below or equal to 0.01. Daily models can be applied to systems with storage fractions within the range 0.01 to 0.125. Monthly models are only recommended for use with storage fractions in excess of 0.125.

Generally monthly models can only be used to predict the performance of large stores whilst hourly models are required for the sizing of small stores.

Values of the parameter, (, have been determined for a monthly model operating over a comprehensive range of demand and storage fractions. The water saving efficiencies predicted by the monthly (() model using average values of the parameter, (, correlate well with the corresponding values determined using a daily (YAS) model over the range of demand fractions likely to be encountered in practice. Further research is required to confirm the results of this study are generally applicable to other areas of the UK which experience different levels of annual rainfall. When this further work has been undertaken a flexible method of assessing the performance of rainwater collection systems in the UK using monthly data will have been developed and validated.
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Table 1     Values of m and R2 for a demand fraction of 0.27


STORAGE FRACTION [S/AR]


0.0015
0.0024
0.01
0.02
0.05
0.125
0.25
0.5
0.75
1.08

MODEL


TIME

INTERVAL
m
R2
m
R2
m
R2
m
R2
m
R2
m
R2
m
R2
m
R2
m
R2
m
R2

YAS
HOUR
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

YAS
DAY
1.01
0.98
1.03
0.99
1.00
0.99
1.00
0.98
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

YAS
MONTH
7.86
-0.53
6.21
0.04
3.82
-0.02
1.01
0.59
0.99
0.97
0.99
0.97
0.99
0.97
0.99
0.97
0.99
0.97
0.99
0.97

YBS
HOUR
0.99
1.00
0.99
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

YBS
DAY
0.89
0.98
0.91
0.97
0.97
0.99
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

YBS
MONTH
0.57
0.43
0.64
0.44
0.78
0.40
0.97
0.94
0.99
0.97
0.99
0.97
0.99
0.97
0.99
0.97
0.99
0.97
0.99
0.97

Table 2     Values of m and R2 for a demand fraction of 1.25


STORAGE FRACTION [S/AR]


0.0015
0.0024
0.01
0.02
0.05
0.125
0.25
0.5
0.75
1.08

MODEL
TIME

INTERVAL
m
R2
m
R2
m
R2
m
R2
m
R2
m
R2
m
R2
m
R2
m
R2
m
R2

YAS
HOUR
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

YAS
DAY
1.51
0.94
1.26
0.98
1.04
0.99
1.01
1.00
1.00
0.99
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

YAS
MONTH
14.99
0.07
11.03
0.07
5.19
0.23
3.14
0.36
2.00
0.69
0.99
0.84
0.98
0.90
0.98
0.90
0.98
0.90
0.98
0.90

YBS
HOUR
0.97
1.00
0.98
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

YBS
DAY
0.63
0.95
0.74
0.97
0.93
0.99
0.97
1.00
0.99
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

YBS
MONTH
0.30
0.80
0.38
0.80
0.68
0.80
0.80
0.85
0.89
0.92
0.98
0.90
0.98
0.80
0.98
0.90
0.98
0.90
0.98
0.90

Table 3     Values of m and R2 for a demand fraction of 2.5


STORAGE FRACTION [S/AR]


0.0015
0.0024
0.01
0.02
0.05
0.125
0.25
0.5
0.75
1.08

MODEL


TIME

INTERVAL
m
R2
m
R2
m
R2
m
R2
m
R2
m
R2
m
R2
m
R2
m
R2
m
R2

YAS
HOUR
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

YAS
DAY
1.89
0.87
1.48
0.85
1.08
0.99
1.04
0.98
1.06
0.91
1.03
0.92
1.03
0.92
1.03
0.92
1.03
0.92
1.03
0.92

YAS
MONTH
18.93
0.04
14.32
0.05
5.92
0.19
3.73
0.30
1.99
0.60
1.11
0.92
0.95
0.89
0.95
0.89
0.95
0.89
0.95
0.89

YBS
HOUR
0.92
0.99
0.94
1.00
0.99
1.00
0.99
1.00
1.02
0.98
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

YBS
DAY
0.53
0.94
0.62
0.96
0.88
0.98
0.95
0.99
1.01
0.98
0.99
1.00
0.99
1.00
1.00
1.00
1.00
1.00
1.00
1.00

YBS
MONTH
0.29
0.74
0.35
0.76
0.63
0.85
0.78
0.94
0.95
0.89
0.95
0.89
0.95
0.89
1.00
1.00
1.00
1.00
1.00
1.00

Table 4     Values of m and R2
AVERAGE

PARAMETER, (,

CURVE

RANGE
DEMAND FRACTION (D/AR)


0.27
0.55
0.75
1.00
1.25
5.00


m
R2
m 
R2
m 
R2
m 
R2
m 
R2
m 
R2

0.27 - 0.55
1.03
0.96
0.99
1.00
-
-
-
-
-
-
-
-

0.55 - 1.00
-
-
1.01
1.00
1.00
1.00
0.99
1.00
-
-
-
-

1.00 - 5.00
-
-
-
-
-
-
1.02
0.94
1.04
0.96
0.92
0.83

0.27 - 5.00
1.02
0.80
1.02
0.98
1.01
0.99
0.99
1.00
1.01
0.99
0.89
0.73
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