ZHR Wallingford

Working with water

Stormwater Management using

Rainwater Harvesting
Testing the Kellagher / Gerolin methodology
on a pilot study

Report SR 736 R Kellagher
Release 2.0

January 2012




Stormwater Management using Rainwater Harvesting

Testing the Kellagher / Gerolin methodology on a pilot study ‘l HR Wallingford

Document information

Project Stormwater Management using Rainwater Harvesting
Report title Testing the Kellagher / Gerolin methodology on a pilot study
Client HR Wallingford
Client Representative | I Townend
Project No. MAY 0405
Report No. SR 736
Project Manager R Kellagher
Project Director S D Wade
Document history
Date Release Prepared | Approved | Authorised | Notes
15/07/11 1.0 RBBK SDW RBBK
19/01/12 2.0 RBBK SDW RBBK
Prepared v/é' /7 y
Approved
Authorised

/g
4

© HR Wallingford Limited

This report is a contribution to research generally and it would be imprudent for third parties to rely on it in
specific applications without first checking its suitability. Various sections of this report rely on data supplied by or
drawn from third party sources. HR Wallingford accepts no liability for loss or damage suffered by the client or
third parties as a result of errors or inaccuracies in such third party data. HR Wallingford will only accept
responsibility for the use of its material in specific projects where it has been engaged to advise upon a specific
commission and given the opportunity to express a view on the reliability of the material for the particular
applications.

SR 736 1 R.2.0



Stormwater Management using Rainwater Harvesting ]
Testing the Kellagher / Gerolin methodology on a pilot study ‘l HR Wallingford

Summary

Stormwater Management using Rainwater Harvesting
Testing the Kellagher / Gerolin methodology on a pilot study

R Kellagher

Report SR 736
January 2012

This project is aimed specifically at demonstrating the effectiveness of a new methodology for
designing rainwater harvesting systems for controlling stormwater run-off. At present the
perception held by most people is that the uncertainty associated with the availability of storage
within a rainwater harvesting tank at the time of a large storm is too great to be able to rely upon
it being sufficiently empty to store a specific (large) volume of water associated with an extreme
rainfall event. This project demonstrates that, subject to a simple criterion being met, stormwater
runoff can be managed using rainwater harvesting systems. This has major implications for the
sizing and use of rainwater harvesting in the urban environment.

This project has applied the new procedure developed by Gerolin and Kellagher (2009) [8]
which has been developed specifically for rainwater harvesting systems to provide effective
stormwater management. A pilot study based on a new residential development at Banbury
(UK) has been used to measure the effectiveness of the procedure. This work has not only
applied to the procedure, but also:

based the demand on the water usage of modern appliances;

investigated occupancy rates for the different property categories;

measured roof sizes of residential properties;

developed design assumptions based upon the number of bedrooms in a property; and
tested the performance of the rainwater harvesting systems for both the theoretical
occupancy and the actual occupancy in the properties.

This work was ably assisted by David Inch (2010) [12] who carried out the field work and data
collection for his MSc thesis at Coventry University. Acknowledgement is also given to Juan
Gutierrez Andres for all the modelling and analysis that has been carried out.

This project is the culmination of research carried out and funded over the last 3 years by
HR Wallingford.

This extended summary provides a complete overview of the study; the principles of the
rainwater harvesting design methodology are outlined, the pilot study is described, and the
results and conclusions are provided. Related issues on the use of rainwater harvesting are also
briefly mentioned.

Rainwater harvesting: Demand & Yield

The tank sizing methodology is a simple function of Demand and supply (Yield); where demand
for water is greater than the supply, this enables rainwater harvesting to be used for stormwater
control.
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Summary continued

The premise of the study is that the systems operate in a passive manner; in other words that
water demand is on the basis of daily need, while supply is a function of the rainfall on the
collecting surface. However RTC (real time control) or active control of the system is possible.
This would manage the storage using decision rules and ensure sufficient storage is available at
all times or when large events are likely. Active control, although rarely applied at present, is
being used in a few cases. This report therefore also discusses the issues and opportunities
associated with the use of rainwater harvesting in this way in Appendix E.

Demand

Rainwater, after being collected off roofs and stored, is contaminated to some degree. Although
it has the advantage of being soft water, it can only be used for toilet flushing and clothes
washing. Modern dual flush toilets use far less water than they did even in the recent past.
However it is considered unlikely that best practice will continue to significantly reduce water
use much further. The assumptions used in this study (based on an extensive literature review)
for both toilets and washing machines are that daily consumptions are 21 litres per person are
used for modern toilets and 19 litres per person for washing machines.

A key outcome of this element of the research is that toilet flushing on its own with normal
property occupancy provides insufficient demand on the collected rainwater from modern
standard sized house roofs in UK to provide stormwater control capability.

Total demand is based upon the individual consumption rate times the house occupancy.
Unfortunately house occupancy within any one property varies with time. Although occupancy
cannot be known for any one house, statistical information is available with regards to
occupancy of the various categories of houses. Therefore as the number of bedrooms in any
property rarely changes and as this is known at the time of construction or when a rainwater
harvesting system is designed, the only basis for sizing of the rainwater harvesting tank is to use
assumptions of occupancy related to easily measured characteristics of each category of
property. This pilot study used local Oxfordshire data on demand and household occupancy, but
comparisons with national information indicates that these average occupancy values are very
similar across the country.

Unfortunately these average occupancy values are not a real (whole) numbers and clearly
actually occupancy is always an integer number. Other design assumptions could be made for
estimating; for instance the statistical occupancy might be rounded down to the nearest whole
number and this would provide a more conservative assumption on water demand. However as
Table S1 illustrates, this would result in a significant reduction in assumed occupancy and
therefore in assumed water consumption across an estate. Table S1 gives the statistical
occupancy rates that have been used in this study.

Table S1 Statistical occupancy rates by property type
House type Two-bedroom | Three-bedroom | Four-bedroom
Occupancy rate 1.74 2.41 3.02

It should be noted that one-bedroom occupancy always provided insufficient consumption to
enable the design procedure to be applied. As there are relatively few one-bedroom dwellings
built (other than in the form of flats), this is not seen as a particularly important constraint in the
value that rainwater harvesting can bring for stormwater control. Information on houses with
more than 4 bedrooms also exists, but as over 90% of properties are covered by two, three and
four-bedroom houses, (with roughly half of any estate being three bedroom houses) these
properties are clearly the important ones to assess the performance of rainwater harvesting
systems.

SR 736 v R.2.0



Stormwater Management using Rainwater Harvesting ]
Testing the Kellagher / Gerolin methodology on a pilot study ‘l HR Wallingford

Summary continued

Yield

The methodology on yield uses average annual rainfall. An analysis of rainfall shows that mean
monthly depths are actually not significantly different through the year across much of the UK.
In addition, the largest urban flood events (1 to 6 hours) tend to be in the summer months. This
means that in the months where there is on average slightly less rainfall (see Figure S1), which
is in spring and summer, there should normally be slightly more storage available to address
these large events. The Gerolin and Kellagher procedure is therefore based on the very simple
assessment of evaluating the ratio of Yield divided by Demand (Y/D) using annual rainfall
which is a commonly available measure.
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Figure S1 Monthly rainfall for the Oxford region - mean and 1 standard deviation

The research did investigate whether the methodology should be based upon seasonal
characteristics, but this showed little benefit in estimating the tank storage volume required.
However with the predictions of climate change indicating that winters will be wetter and
summers drier, the procedure may need to be modified in due course. Application of this
method in other countries where wet and dry seasons take place is also possible, but a seasonal
measure of Y/D would be necessary.

Much of England has an annual rainfall of less than 750mm. This is made up of more than 150
rainfall events a year, with many of them being very small depths. Table S2 summarises the
time series rainfall data that has been used in this study. This data set is a 100 year series and
was generated using the tool TSRsim and trained against a ten-year data set from the Elmdon
gauge at Birmingham. The average annual rainfall depth of this series is 713mm.

Table S2 Number of rainfall events per year in depth bands from the 100 year series
Depth 0- 5- 10— 20 - 30- 40 - 50 - 60 — 70+ mm
range Smm [10mm |20 mm | 30 mm | 40 mm | 50 mm | 60 mm | 70 mm
No.of s | gg 13 3 08 | 03 | 009 | 006 | 0.09

events/ yr
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Summary continued

If one assumes that the 125 events less than Smm have an average rainfall depth of 2mm, this
actually represents around 35% of the total annual rainfall. This draws attention to the fact that
even for tiled pitched roofs, initial losses are likely to be a significant component in the
assessment of run-off. The runoff assumptions made in this study were that every event had an
initial wetting loss of 0.5mm (an annual depth of 75mm) with a subsequent run-off proportion
of 0.81. This value comprises an assumed 10% loss for subsequent run-off after wetting and
another 10% loss for the rainwater filter. These assumptions result in a net run-off depth
of 517mm/pa. This illustrates that, even on surfaces which have small wetting losses, total
annual runoff losses can have a significant impact on the estimate of net rainfall run-off and that
an allowance for losses is important. This has very significant implications when this approach
is extended to green roofs.

In addition to evaluating net rainfall through the year, assumptions have to also be made with
regards to the run-off proportion for design events (the stormwater rainfall depth to be stored).
For events of the order of 60mm (the storm event depth used on this study) clearly the wetting
loss element is trivial, but what is less clear is whether the assumption of 81% of the rainfall
depth is suitable. Losses in the filter system during short periods of very high intensity are likely
to be very different to low intensity, longer duration events. Similarly the assumption of 10%
losses, once the roof is thoroughly wetted, may be an overestimate. This study has assumed the
same assumptions as for ‘normal’ event runoff and used 81%.

The design method for rainwater harvesting tank sizing
Appendix A of this document details the rainwater harvesting storage design methodology for
stormwater management. The principal features of the method are explained here.

The key parameter is the ratio Y/D, where the criterion for stormwater management requires this
ratio to be less than 0.95. What this means is that the demand, on average, must be more than
the yield and that this ensures that there is storage normally available in the tank. From the
previous work by Gerolin and Kellagher (2009) [8], it was shown that where this ratio is less
than around 0.7, there is usually considerable storage available. However as the ratio tends
towards unity, the availability of storage is much less certain. When the ratio exceeds 1.0 the
tank is often full though there are also frequent periods when some storage volume is available.
However as the ratio rises above 1.2, the storage available becomes significantly less and also
more infrequent.

The procedure therefore provides a method for sizing the tank storage for any specific design
rainfall depth, (and in this case the study used 60mm as this is approximately the 100 year 6
hour event and relates to a drainage design criterion used in UK), and a specific allowance is
made to take into account the increasing uncertainty of storage availability as the ratio tends
towards 0.95.

As a rule of thumb, the storage volume needed per person ranges from 1 to 3m’ depending on
the Y/D ratio. This is approximately between two and six times more storage than is usually
provided when sizing tanks for water supply purposes only (see BS8515). It is recognised that
this is a considerable volume and implies both cost and space issues.

Pilot study results
The pilot study selected a modern residential development, in the town of Banbury in England.
It is typical of many such developments being built in the UK at present.
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Summary continued

The study made detailed investigations into the size of properties and the number of bedrooms
and explicitly modelled all the properties individually. Of the 66 properties of the study area,
there were 11 that did not comply with the Y/D ratio limit of 0.95 based upon the statistical
(theoretical) occupancy. 55 properties were therefore assumed to have rainwater harvesting
systems which were sized in accordance with the procedure to store a 60mm rainfall event.

Information on the actual occupancy of the houses was obtained by questionnaire for 34 of the
properties, of which 30 would have been provided with rainwater harvesting systems based
upon the statistical occupancy complying with the Y/D ratio. Of these 30 properties, 7 had
actual occupancy levels which did not comply with the 0.95 ratio limit.

A check was made as to whether the proportion of non-compliance of real occupancy houses
would have reduced if the ratio limit for providing rainwater harvesting systems was dropped
to 0.8. In this instance this would have meant that only 38 of the 66 properties would have
received rainwater harvesting systems (as opposed to 55), and of this smaller group of houses,
only 22 properties had known occupancy information. Although one would expect a
proportional reduction in non-compliance, in fact this resulted in 5 of the 22 properties being
non-compliant, which is actually a slightly greater proportion. This implies that the Y/D ratio is
not sensitive factor, and it is largely a function of occupancy variability. This aspect (occupancy
distribution and its impact) can be explicitly addressed in the methodology for designing
drainage systems and is detailed in appendix D.

The result of the analysis for real occupancy is shown in Figure S2. This figure shows that for
all events larger than 60mm that the average volume of runoff stored is S8mm — slightly under
the design value of 60mm. However this includes the “failed” properties. The figure shows that
the non-compliant houses (in terms of Y/D ratio) always “fail” to store the majority of the
rainfall runoff. This can be seen by the fairly constant proportion of runoff from each event.
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Figure S3 54 events larger than 40mm: retained and stored depth for each event for
actual occupancy of 31 properties
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Summary continued

Detailed discussion of the actual compliance to the Y/D ratio achieved by the rainwater
harvesting systems is left to the main report including the performance of the non-compliant
houses, but, in principle, the results indicate that storage was only effective for those properties
where the Y/D ratio complies with the limit of 0.95. Therefore for any group of houses provided
with rainwater harvesting to store a specific design storm depth, an estimate of the proportion of
non-compliant properties needs to be made when calculating the effective storage provided
towards the total stormwater storage required for the whole site in providing runoff control.

However where rainwater harvesting systems are provided on a communal basis with all houses
served by a central tank, the study has shown that the statistically designed basis for sizing the
tank successfully meets the requirements for storing the design extreme event. Calculations have
not been made to establish the number of properties that need to be served communally in order
to minimise the risk of the average occupancy being significantly different to the statistical
mean, It is suggested, for now, that 10 properties that are served by a communal system would
probably reflect average occupancy characteristics sufficiently and would therefore reliably
achieve 100% contribution to the storage requirements for an extreme design event. Figure S3
shows that storage generally exceeds design rainfall depths for al events greater than 60mm,
though one or two events fail to meet design requirements.
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Figure S3 54 events larger than 40mm: retained and stored depth for each event for a
communal tank designed to retain 60mm rainfall
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Summary continued

Conclusions
The three main conclusions from this study are:

1. The design methodology for sizing rainwater harvesting storage tanks for stormwater
control is effective in being able to store stormwater runoff for a specific design event, but
properties must comply with the rule Y/D<0.95.

2. Where properties are provided with individual tanks, that a proportion of properties will
“fail” to control the runoff and that this number can be estimated statistically. This
therefore still allows design of storage on a site to take account of storage provided by the
rainwater harvesting systems.

3. A communal approach to rainwater harvesting removes the uncertainty associated with
occupancy rates and effectively removes the non-compliant property element. The
minimum number of properties that need to be served communally to avoid having to
consider occupancy uncertainty has not been evaluated in this research.

Overcoming barriers to the general use of rainwater harvesting for stormwater control

Although the procedure and the principal of using rainwater harvesting systems for stormwater
control has been effectively demonstrated here, there are still a number of technical,
management and health risk obstacles which will limit widespread implementation.

Technical risks are:

e  space availability for storage tanks;
e the cost of their construction; and
e  carbon - principally the embedded carbon of such systems.

Space
Modern housing developments are generally high density with very limited space between the
road and the property. This has serious implications for finding room to place a storage tank.
The larger volume required could result in a deeper tank design (shaped more like a traditional
soakaway), but this may have implications for floatation in locations with high groundwater
levels.

Cost

The cost of rainwater harvesting systems is quite significant, and in designing for stormwater
control, the storage volume has to be significantly increased which has implications for
increasing the cost. The additional cost may actually be relatively small as much of the cost of
rainwater harvesting is in the cost of installation and also the extra storage could be in the form
of geo-cellular storage units.

Carbon

A recent Environment Agency report (Environment Agency, 2010) found that both the
operational carbon cost and the embedded materials and construction carbon cost of rainwater
harvesting system were greater than the carbon cost of providing potable water. Upon reviewing
the report, the conclusion that operational carbon of rainwater harvesting systems is greater than
potable water seems open to challenge, but it is clear that the embedded carbon is significant
and that, even looking at total lifetime carbon, this aspect is heavily weighted in favour of
potable water. It is worth noting that carbon associated with treatment of potable water did not
appear to be included in the Environment Agency study, nor the implications of providing an
additional 30% supply of water, which rainwater harvesting effectively achieves.
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Summary continued

Management risks are associated with proper operation and maintenance of these units by
private owners. If they are decommissioned, any benefit regarding their water saving or
stormwater control capability is lost.

An issue which is seen as being a big problem is the number of instances of cross-connection of
non-potable water supply systems with the potable reticulation in private properties. This
problem is receiving considerable attention at present.

Although these obstacles are a considerable barrier to the take up of rainwater harvesting, it is
important to provide a balanced picture and consider the significant benefits that are provided.
The first of the two principal advantages of rainwater harvesting systems is the issue of water
scarcity and resource minimisation. The fact that a significant proportion of the water consumed
in dwellings that needs to be abstracted, treated and delivered to people, can be significantly
reduced (which in certain parts of the UK is an important aspect) along with a similar reduction
of chemicals and energy costs associated with treating the water. The second main advantage is
the range of benefits associated with reducing the volume of run-off during storm events which
will help in reducing pollution as well as flooding downstream.

Further research

There are areas where further research would usefully be carried out to assist in refining and
promoting the procedure. Confirmation of the method using additional pilot studies would be
helpful in demonstrating universal (or at least in UK) application of the procedure. There are a
couple of specific research activities which are needed to assist in refining some of the technical
assumptions made in the design method.

Appliance water demand

The assumptions made with regards to water demand toilet (flushing and washing machine use)
are based upon a competent literature review, but it is important to recognise that the
consumption rates used vary from person to person and property to property. Further
investigation on getting a detailed understanding of the average consumption and variability of
individual water use (for both appliances) for actual occupancy, and by house type and other
demographic characteristics would be very useful to collect and analyse. This work would also
look into the effect of holiday patterns and week-end behaviour affecting demand, and whether
this makes a significant difference to the current assumption of a standard daily demand. It is
worth noting the myth busting results of in-depth research on shower usage which has shown
that people stay in showers for much longer than had been assumed.

Communal rainwater harvesting systems

This research would look at the whole issue of Communal versus Individual rainwater
harvesting systems. This would address the statistical issues of house occupancy uncertainty,
construction and operational costs and management issues.

Rainfall yield

The net rainfall run-off from standard pitched roofs warrants further investigation. The
effectiveness of the filter system at different rates of run-off in particular needs to be
understood. This applies equally to the extreme event performance and very small rainfall
depths to evaluate wetting losses.
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Summary continued

Green roofs

Although runoff losses are needed to be understood for standard tiled pitched roofs, it could also
be usefully extended to metal roofs, flat roofs and green roofs. The last clearly requires in-depth
investigation due to the seasonal variation in hydraulic characteristics along with the variability
in terms of media depth and explicit water storage provision. The benefit of green roofs in
assisting with compliance with meeting the Y/D ratio are very significant and would allow
stormwater control to be applied much more effectively across the UK in higher rainfall areas,
though the implications for reductions in yield for non-potable water will also need to be
understood.

Other methods for ensuring adequate tank storage

As mentioned earlier, this methodology assumes no other mechanisms other than demand for
reducing the volume of water stored in the tank to provide sufficient storage for an extreme
event. Other options include using infiltration (even where the soils are clayey), or positive
action to partially empty the tank into the stormwater drainage system during dry periods. There
is scope for a number of different approaches to be explored for active system control.

Application of the procedure in commercial and industrial properties
Research needs to be carried out to investigate application of the method for non-residential use.

SR 736 X1 R.2.0



Stormwater Management using Rainwater Harvesting
Testing the Kellagher / Gerolin methodology on a pilot study ‘l HR Wallingford

SR 736 Xii R.2.0



Stormwater Management using Rainwater Harvesting
Testing the Kellagher / Gerolin methodology on a pilot study

ZHR Wallingford

Glossary and abbreviations

Attenuation

Depression storage

Discharge

Extreme event

Greenfield development

Greenfield runoff rate

Groundwater

Non-potable water

Potable water

Rainwater harvesting

Receiving waters

Regulator

Return period

Runoff coefficient

Sewerage system

Soakaway

Stochastic rainfall

Sustainable Drainage systems

A reduction of the rate of flow with a consequent increase in
duration of flow.

The depth of water retained on a surface prior to runoff taking
place.

Flow emanating from a site.

(Rainfall) that occurs infrequently and is large and / or of high
intensity.

Development that takes place on land which either is
farmland or in its natural vegetated state and has never
previously been built on.

The maximum rate of runoff from a greenfield area that is
expected to occur due to rainfall of a specific return period
and duration.

Water in the saturated zone below the surface of the land.

Water that is untreated or has had limited treatment but does
not meet potable water standards.

Water that has received treatment and is fit for consumption.

Collected rainwater runoff for subsequent use, usually from
roof surfaces.

A general term for all streams, rivers, lakes and other water
bodies into which drainage is discharged.

A legal organisation (such as the Environment Agency) with
responsibility for controlling and permitting certain actions.

The frequency with which an event occurs. A 100 year storm
is one that occurs on average once every one hundred years.

The proportion of water that runs off from a surface (from
rainfall).

A piped drainage system which serves either stormwater or
foul water.

A sub-surface structure into which surface water is passed to
infiltrate into the ground.

Generated rainfall series using a computer package to
replicate the characteristics of rainfall for a continuous period,
usually for a number of years, for a specific location.

A drainage system which is designed to manage stormwater
by reducing surface water runoff volume, partially treating it
and maximise environmental benefits which generally
involves the use of vegetated storage and conveyance
systems.
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Glossary and abbreviations continued

CSO Combined Sewer Overflow.

Defra Department of Environment Food and Rural Affairs.

FSR Flood Studies Report (produced in 1975).

FEH Flood Estimation Handbook (produced in 1999 to replace
FSR).

Rainclim Stochastic rainfall generator produced by Newcastle
University.

SAAR Standard Average Annual Rainfall (mm)

SuDS Sustainable Drainage systems

TSRrain Stochastic rainfall generator produced by HR Wallingford —

now referred to as TSRsim
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1.

2.1

Objectives

The aim of this research project is to:

e  Demonstrate that rainwater harvesting systems have stormwater control capability;

e Test a proposed method for sizing of tanks to achieve a specific level of
stormwater control; and

e To select the most appropriate design parameters to be used and examine the
uncertainties associated with them.

The work is based on a pilot study catchment of a typical modern residential
development in Banbury.

This study takes place in the context of the current ambivalent position where there is an
interim methodology proposed in BS8515 (2009) [3] for using rainwater harvesting for
stormwater control, but with the Environment Agency currently taking the position that
rainwater harvesting cannot be presumed to provide stormwater management benefits
when designing drainage systems. This work is particularly relevant at this time in the
light of current developments on the production of the SuDS Standards [29] and
revisions to the Code for Sustainable Homes (2010) [2]. This study aims to resolve the
current uncertainty in the water industry with regards to the ability of rainwater
harvesting to be designed to control runoff from flood events.

This project tests the proposed methodology developed by Gerolin and Kellagher (2009)
[8] for sizing rainwater harvesting tanks designed to control stormwater runoff.

This report draws heavily on an MSc report from a study carried out at Coventry
University by David Inch (2010) [12] which was carried out in close cooperation with,
and assistance from, HR Wallingford.

Future investigations in this topic area are needed to progress aspects such as the use of
green roofs with rainwater harvesting, designing for industrial and commercial
buildings, and quantifying benefits in reducing CSO spills for improving the quality of
receiving waters.

Project context

This section is provided to give an over-view of the potential role rainwater harvesting
can play in drainage systems, and the issues associated with trying to design rainwater
harvesting to meet specific stormwater control objectives.

WHY IS RAINFALL HARVESTING POTENTIALLY SO USEFUL?

Rainwater harvesting has been used by mankind throughout history until dependency on
this method of collecting water was removed by the development of reliable potable
water supply systems. Its current use is largely based on the opportunity for minimising
demand on the water supply system where fresh water is a scarce resource.
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Benefits associated with stormwater runoff control are thought to exist, but there is no
agreed basis for estimating or designing for this. However the growing emphasis on
reducing the volume of stormwater runoff to protect those downstream from flooding as
a result of extreme rainfall has focused greater attention on the potential for rainwater
harvesting to assist in providing this benefit. In addition, the reduction in volume of
polluted runoff and reduction in spills from CSOs from many rainfall events will have
significant benefits in reducing stress on receiving streams and rivers.
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Figure 2.1  The benefits of rainwater harvesting

Current rules on stormwater management include two principal hydraulic criteria; the
control of the peak flow rate of discharge from a site, and control of the runoff volume.
Any reduction in runoff volume into a peak flow control system will result in a
reduction in the size of the attenuation system. However it is the volume control
criterion that is often the most onerous to achieve, as it is difficult to reduce the runoff
volume from a site unless extensive use of infiltration is possible. Rainwater harvesting
is effectively the only other method of reducing runoff volume. Proving that rainwater
harvesting will retain sufficient stormwater during an extreme event is therefore the
critical and unanswered question which this study addresses.

The volume of runoff to be stored depends on the benefits being sought. However as
house roof areas are generally only around a third or less of the paved surface area in an
urban conurbation, the amount of runoff stored should be reasonably large to make a
significant impact on total volumes of runoff from a drainage system.
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2.2

2.3

An important distinction to note is that rainwater harvesting design depths is not a
function of return period. As demand is small but continuous, the concept of critical
duration does not apply. Therefore a 60mm storm (which is the design event depth
chosen by this study) is equivalent to a 100 year 6 hour storm, but only of the order of
a 20 year return period for a 24 hour event. It is probably also worth noting that in the
context of urban flooding, critical duration flooding events are of the order of 1 hour
to 3 hours for the 100 year event, and therefore smaller design event depths could still
provide effective reduction of flooding risk if retrofit rainwater harvesting was applied
widely in cities.

THE CURRENT RESEARCH SITUATION

Work on sizing of rainwater harvesting storage systems for water supply reasons has
been addressed as long ago as the 70’s. More recently, investigations by researchers
world-wide on the stormwater management benefits of rainwater harvesting have
resulted in mixed conclusions. However Kellagher has carried out work under the
WaND EPSRC research study, Kellagher and Udale Clarke, (2008) [9], Kellagher and
Maniero (2005) [10] and research by HR Wallingford Gerolin and Kellagher (2009) [1]
[8] has demonstrated that benefits can be achieved by suitably designed rainwater
harvesting systems.

There seems to be minimal guidance internationally on designing rainwater harvesting
tanks for purposes other than water saving.

This report is aimed at providing the necessary proof to show the water industry the
benefits of rainwater harvesting and that it can be designed to provide a specific level of
stormwater management for an extreme event of a specific depth.

THE UNCERTAINTIES ASSOCIATED WITH DESIGNING RAINWATER
HARVESTING TANKS FOR STORMWATER CONTROL

The water retained in the tank of a rainwater harvesting system is a function of the
recharge rate, which is a function of the rainfall events through the year and the
contributing surface area, and the demand for the water, which is a function of the water
based appliances and the frequency of their use. This is illustrated in the Figure 2.2 with
storage tanks ranging from a low Y/D ratio which shows significant spare storage
available for most of the time, to a high Y/D value where there is virtually no storage at
any time.
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Figure 2.2  The storage available (shown as depth of rainfall) for 4 rainwater harvesting

systems with Y/D ratio ranging from 0.4 to 1.9

Where Y/D is lower than 1.0, the spare storage in a rainwater harvesting tank is a
function of the volume of stored water and the total volume of the tank. The general
characteristic of tanks in being able to store water has been established before this study,
(Gerolin and Kellagher 2010) and others. (For the observant reader who has noted that
the available storage is greater in July for the Y/D ratio of 0.9, than lower ratios, this is
because the tank size designed for a high Y/D ratio is larger to take into account the
increased uncertainty of available storage). Where Demand is much greater than the
Yield, the water level in the tank tends to be consistently low, and conversely the tank is
nearly always full. Where Demand and Yield are very similar rates, the storage ranges
widely from nearly full to empty and is more sensitive to the variability in the weather
(wet periods and season characteristics) than where Y and D are very dissimilar. This
variability in available storage is the reason why it is difficult to design a tank to retain a
specific storm depth.

In terms of uncertainty in Yield, other than the random nature of rainfall events in size
and frequency, unless the collection surface is unusual (say a green roof) the amount of
runoff can be calculated relatively accurately as the roof area, or the proportion used for
collection, is easily established.

However there is generally much greater uncertainty associated with Demand. The use
of rainwater for internal domestic application is normally limited to toilet flushing and
washing machines to limit health risks. The water use is therefore a function of the
number of people in a property and their habits along with the hydraulic characteristics
of the appliances used. Unfortunately appliance water use varies significantly with
products and standards are changing all the time. Similarly the number of people in a
house will also vary. At the time of the design of a house (or when retrofitting a house
with a rainwater harvesting system), the only long term near-certainty is the number of
rooms that might be considered to be bedrooms.
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This study has made considerable efforts to understand the uncertainties associated with
both population characteristics associated with house occupancy and also the use of
water by appliances. This is covered in some detail later in the report. It has not however
looked into the effects of holidays, week-ends and other issues which also affect
demand for short periods of time.

It should be noted that two main presumptions have been made; firstly that Demand
does not take into account external use such as gardening and car washing, and secondly
that the tank is not emptied by any other mechanism than the domestic demands made
on the water in the tank.

The first assumption is clearly a very conservative one in that any use of water in the
garden and for the car would increase the demand considerably thus providing more
space for storing an extreme event. However there is no logical basis for estimating
these volumes and taking them into consideration as the demand will be both
intermittent and vary greatly depending on people’s habits.

The second assumption is needed as the storage management of a tank emptied by some
decision rule (pumping out onto the ground, surface water system or foul system during
or after an event) is yet to be used widely. This is briefly explored in appendix E, but
there is obviously considerable potential merit in using active control systems. What
would need to be achieved is an emptying process which takes place in dry weather, at
least 24 hours before or after rainfall. This would ensure storage would be available for
a specific design event and have no additional impact on any flooding that might be
occurring downstream. This approach could probably be applied relatively simply
though it would be useful to carry out a study to test the details of this approach. If Y/D
is greater than 1.0 then the emptying process would occur quite frequently, but the tanks
could still be used for managing stormwater runoff.

The Kellagher/ Gerolin methodology

The design methodology proposed and tested in this study is appended in full in
appendix A of this report. Figure 3.1 provides an overview of the design process.

A comparison of typical tank storage volumes between this methodology and the
interim method in BS8515 (2009) [3] is also provided in this section. In general the
results are similar, though for Y/D values greater than 0.75, the BS8515 methodology
calculates significantly less storage.
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Rainwater harvesting storage tank
sizing for stormwater control

Calculate Y/D ratio
(Y = SAAR x loss coeffs x Roof area)
(D = Pop x l/c/day x 365)

Is Y/D <0.95?
No Yes
A v
Rainwater harvesting
cannot be used for Is Demand based on
stormwater control unless regular daily
Active control of tank consumption?
storage is used
No No Yes
A v
. . Obtain Coefficients
Calculate tank size using _
- - e CS=1(Y/D)
100 years of rainfall time _
series or similar method *  Ad=H(Y/D)
e CP50=1(Y/D)

Y

Calculate sP50
sP50 = CSx1000
A

=

Solve for V(tank size) or RD (design rainfall depth)
RD = sP50 - Ad + (V-1) x CP50 x 10°
A

Figure 3.1  Flow chart for sizing of rainwater harvesting tanks for stormwater
control

Stage 1 of the procedure is to carry out a calculation of the annual Demand and annual
Yield of the rainwater harvesting system. This is relatively simple as information on
annual rainfall, contributing roof area and number of bedrooms is easily established. A
decision is required as to whether only toilet flushing is to be used or also to include
washing machines. However it should be noted that a conclusion of this report is that the
use of washing machines is likely to be essential if the Y/D ratio is to be less than 0.95
for most properties. If the calculation does not achieve this criterion, then the use of
rainwater harvesting for stormwater control is not viable and should not be considered.

The information for assessing annual Yield and Demand is detailed later in this report.

Stage 2 is to decide on a design rainfall depth which is to be retained in the tank. At
present a drainage design criterion on volume control is that runoff from the site after
development should be no greater than the 100 year 6 hour event prior to development.
This is therefore a function of the rainfall depth and soil characteristics and the extent of
the paved area being positively drained. The 100 year 6 hour rainfall depth across much
of the UK is of the order of 60mm. If all the runoff is retained from roof runoff, and
around 30% of hard surfaces in a development are roofs, this would, in some cases,
probably result in total site runoff complying with this criterion, or go a long way to
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meeting it. In addition, any attenuation storage volume required on the site will be
significantly reduced.

Appendix B provides a figure of the rainfall depths for UK for the 100 year 6 hour
rainfall event along with annual rainfall depths across the country.

Stage 3 is calculation of the parameter values the storage volume equation. These are all
related to the Y/D ratio. There are three parameters which need to be obtained. These
are:

° CS
° Ad
° CP50

CS: is the coefficient related to the proportion of effective storage volume of a 1m’
tank

CP50: is the proportion of effective storage for additional tank storage provided

Ad: is an additional storage allowance to address the uncertainty associated with the
variability of the available storage volume.

Each of these parameters result in more storage being required as the ratio of Y/D tends
towards 0.95.

Figure 3.2 provides a summary of storage volumes of tanks comparing this method with
BS8515 for a range of Y/D factors. This information shows that BS8515 does not
provide sufficient storage for high Y/D ratios though at around 0.6 the provision is the
same.

12 ——+——2 Bedrooms_Gerolin Kellagher
10 - ——g8— 3 Bedrooms_Gerolin Kellagher
4 Bedrooms_Gerolin Kellagher
%)‘ 8 = =A- =2 Bedrooms_BS8515 Stormw ater
; = =0= =3 Bedrooms_BS8515 Stormw ater
S 6 - - = - -4 Bedrooms_BS8515 Stormw ater
S~ —- & - — 2 Bedrooms_BS8515 Water Saving
= 4 — - % - — 3 Bedrooms_BS8515 Water Saving
& ————— 4 Bedrooms_BS8515 Water Saving
2 -
T T T T

Tank Volumes by Different Methods

Figure 3.2  Storage tank sizes as a function of Y/D for both Gerolin and Kellagher and

BS8515 (2009)
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4.

Project overview

The study was scoped to address a number of issues for which there is no information
currently. These were:

1. Does rainwater harvesting provide an opportunity to reduce stormwater runoff
volume from extreme storm events?

2. Is the proposed tank sizing methodology effective in storing the design storm
runoff volume?

3. If this is shown to be possible, how should the size of the rainwater harvesting
tanks be taken into account in the design of drainage systems?

To answer these questions a pilot study based on a real site using a realistic continuous
rainfall series is necessary.

The project therefore involved:

e Investigation of the uncertainties associated with estimating the Demand (non-
potable water consumption). This needed to address both house occupancy and
water consumption of appliances (toilets and washing machines).

e Building a detailed drainage model of the pilot site to test the formula developed
by Gerolin. This needed to include information on roof area, occupancy and
numbers of bedrooms.

e  Development of a suitable rainfall series and demonstration of its adequacy in
reflecting real rainfall characteristics for the pilot site.

The MSc on rainwater harvesting which was carried out by David Inch (2009) [12] to
support HR Wallingford’s investigations into stormwater control included:

e Data collection from Waterwise [20] and Ofwat [21] and others to obtain statistics
on water consumption figures, and in particular water use by the two types of
appliances.

e  The selection of a suitable pilot site (part of a new housing estate) in Banbury and
obtaining information on the properties from the developer as well as carrying out
surveys on the estate to collect house occupancy information.

e  Collection of statistical data on housing occupancy from census information, local
authority and other data.

The InfoWorks CS models of the drainage systems represented every house and road
explicitly. The sizing of the storage and their representation based on the method
derived by Gerolin was carried out for every property, with roof areas and other paved
surfaces estimated by area take-off using a GIS tool and Google Earth.

The design rainfall depth was selected as being 60mm. This is probably as high a value
as would be realistically stored on domestic property curtilages. It also probably
provides the most demanding test of the procedure. Smaller rainfall depths could have
been chosen, but to make a significant difference on the volume of runoff from sites, it
is felt that storage of this magnitude would often be required.
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5.

5.1

Demand related data

This chapter details information on data associated with the calculation of demand.
More information can be obtained from Inch (2010) [12]. Demand is a function of house
occupancy and usage of toilets and washing machines. This chapter summarises this
information.

HOUSE OCCUPANCY — COUNTY AND NATIONAL

Individual house occupancy varies all the time and therefore the reasonable presumption
that water usage is closely linked to occupancy clearly poses a difficulty in assessing the
demand. As rainwater harvesting tanks cannot be modified in size every time there is a
change in the tenancy of a house, and at the time of construction the number of people
in a dwelling is usually not known. Design rules therefore need to be linked to surrogate
parameters and the implications of the variation in occupancy needs to be taken into
account.

Therefore although there is probably a close relationship between water consumed by a
household and the occupancy level, using an approach based on knowing household
occupancy is not suitable for designing rainwater harvesting tanks. This means that
occupancy levels need to be estimated using a surrogate measure.

The parameter which is unlikely to change significantly and which has a measured
relationship with occupancy is the number of bedrooms in a house. This study has
therefore collected regional information on occupancy as a function of dwelling type.

Although this parameter will therefore not provide the actual occupancy in any one
house, it does provide a useful way of establishing the average consumption from a
number of dwellings. As every house will actually not have this average population in it
(as it is not a whole number), the demand will either be less or more, resulting in a
different system performance than designed for; either better or worse in terms of
stormwater retention. Measuring the consequences of using the mean occupancy rate
(by comparing with actual dwelling occupancy) was therefore a crucial element of this
study.

Oxfordshire County Council commissioned a survey of housing occupancy across the
County and its District Council regions (OCC, 2009) [22], which provided information
on occupancy as a function of the number of bedrooms in the property. This information
was broken down into a number of categories, but these could be subdivided into two
main groups:

e those in the private sector (owned outright, owned with mortgage or loan, rented
out by a private landlord); and

e the public sector (rented from local authorities, housing associations, registered
landlords).

This latter category tends to have significantly higher occupancy, but constitutes a
relatively small fraction of the housing stock (OCC, 2009) [22]. Ignoring this public
sector element is “safe” in that their higher occupancy rates will result in greater
demand (and therefore more storage being available) and it was felt that design of
rainwater harvesting should be aimed at the larger private sector. Table 5.1 summarises
the occupancy rates for the private market housing within Cherwell District, which
includes the study location at Hanwell (the pilot study site at Banbury).
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Table 5.1 Summary of occupancy rates for new market housing in Cherwell District,

Oxfordshire. Source: OCC (2009)

Number of bedrooms in the property
0 | 1] 23] 4]-s 6 | 7 ] 8

Overall

Cherwell District

Properties sample size | 2 70 | 192 | 217 | 128 | 67 14 0 0 690

Number of occupants 2 99 | 334 | 523 | 386 | 207 | 65 - - | 1616

mean occupancy 1.00 | 1.41 | 1.74 | 2.41 | 3.02 | 3.09 | 4.64 - - 1234

The mean occupancy values for Cherwell were selected for the tank sizing calculations
for the pilot study.

Data was also obtained from supplementary information the same source (OCC 2009)
[22], and used to calculate both the mean and standard deviations for each category.
Analysis of these values is reported in Table 5.2, for Cherwell District and for the whole
of Oxfordshire. The supplementary data was not supplied in the same format as the data
shown in Table 5.1.

Table 5.2 Summary of occupancy rates for new market housing in (i) Cherwell District

and (ii) Oxfordshire County. Source: OCC (2009)

Number of bedrooms in the property

0o | 1 | 2 | 3 | 4 [ »5 |Overall
Cherwell District
firz"epemes sample 3 84 210 | 243 145 87 772
Number of occupants 3 118 362 579 431 295 1788
Mean occupancy 1.00 1.40 1.72 2.38 2.97 3.39 2.32

Standard deviation 0.00 0.58 0.66 0.97 1.12 1.24 0.92

Oxfordshire

Properties sample size 28 514 1191 1044 809 311 3897
Number of occupants 31 716 2069 2453 2443 1138 8850
Mean occupancy 1.11 1.39 1.74 2.35 3.02 3.66 2.27

Standard deviation 0.42 0.56 0.73 1.02 1.17 1.32 0.95

Comparison of the mean and standard deviation for each dwelling size indicates that the
Cherwell characteristics are virtually replicated across the County.

Occupancy data in terms of occupants per household which is also available by the
number of bedrooms at the national scale has been obtained ONS (2004) [23] and
Figure 5.1 shows that the pattern of the proportion of occupants by household size is
very similar when comparing Cherwell with South East England and England as a
whole.
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Figure 5.1 Number of occupants by number of households; Cherwell, SE
England, England
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Table 5.3 summarises occupancy by bedrooms for England. This provides further
comparison with the Cherwell and Oxfordshire data. It can be seen that occupancy at
each of the three scales have similar mean values. This suggests that using this measure
for assessing occupancy is fairly robust.

Table 5.3 Occupancy by accommodation type and number of bedrooms, England 2004-

2007. Source: DCLG (2007) [24]

Type of accommodation and number of bedrooms Mean household size
All types of accommodation
One bedroom 1.3
Two bedrooms 1.9
Three bedrooms 2.6
Four or more bedrooms 3.2
Overall mean 2.4
5.2 HOUSE OCCUPANCY — HANWELL PILOT STUDY

An occupancy survey was conducted at the Hanwell study estate. This was carried out
to check on the statistical information obtained, and also to produce an actual occupancy
model to assess the implications of designing rainwater harvesting systems to the
regional average occupancy levels.

All 66 houses were supplied with a brief questionnaire asking for the number of people
normally living at the address. The response rate was good, with 34 houses supplying
data (over 50% return rate), but sample sizes for some house types were small and some
property categories were not represented at all. Table 5.4 summarises the survey results.

Table 5.4 Summary of occupancy rates for housing in Hanwell

i\lumbrr of l;edmo'ms in 3the prrperti Overall
Hanwell Fields Phase 2a survey
Properties sample size 0 9 21 4 34
Number of occupants - 16 53 13 82
mean occupancy - 1.78 2.52 3.25 2.41
Standard deviation - 0.44 1.12 1.26 0.98

5.3

Comparing this data with Table 5.1 shows surprisingly good similarity between the
survey population data and the published values for Cherwell and Oxfordshire in spite
of the small sample.

APPLIANCE WATER CONSUMPTION

Water consumption is the other half of the demand equation. The per capita
consumption varies a little across the country and this is often broken down by category
as shown in Figure 5.2.
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Washing up
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Outdoor Personal
7% Washing -
Baths and
taps
21%

Toilet Flushing
30%

Clothes
Washing
13%

Figure 5.2  breakdown of domestic consumption by water use (Waterwise 2010)
[20]

However it is important to take into account the current trends in water consumption
that are taking place. From pressure being exerted by the Environment Agency, water
consumption is being squeezed resulting in this distribution of water use changing as
well as the total overall demand being reduced. The traditional distribution of water use
for toilets and washing machines in Figure 5.2 is significantly different from what was
established in this study.

Ofwat collects annual industry statistics from each UK Water Company including
estimates of daily water usage per person (Ofwat, 2010) [21]. Table 5.5 shows the
results reported by Thames Water, the authority covering the Hanwell location, and
other UK Water Authorities.
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Table 5.5 Daily consumption estimates from Thames Water and others. (Ofwat, 2010)

Consumption unmetered Consumption metered
Supplier households litres/person/day households litres/person/day
2002 | 2006 | 2007 | 2008 |[Mean | 2002 | 2006 | 2007 | 2008 | Mean

B’mouth Hants 167 | 155 | 156 | 156 | 159 | 137 | 150 | 153 | 154 | 149
Bristol 154 | 161 | 158 | 159 | 158 | 134 | 129 | 125 | 123 | 128
Cambridge 149 | 149 | 143 | 146 | 147 | 133 | 134 | 130 | 128 | 131
Dee Valley 155 | 165 | 155 | 157 | 158 | 119 | 115 | 111 | 114 | 115
Essex & Suffolk 159 | 160 | 163 | 163 | 161 | 142 | 145 | 143 | 147 | 144
Folk’stn Dover 160 | 150 | 162 | 169 | 160 | 154 | 131 | 140 | 135 | 140
Northumbrian 146 | 151 | 147 | 142 | 147 | 128 | 140 | 129 | 129 | 132
Portsmouth 157 | 163 | 162 | 165 | 161 | 177 | 136 | 132 | 128 | 143
Severn Trent 129 | 146 | 141 | 135 | 138 | 132 | 117 | 115 | 112 | 119
South East 167 | 157 | 172 | 177 | 168 | 165 | 143 | 143 | 158 | 152
South Staffs 147 | 151 | 148 | 141 | 147 | 138 | 126 | 127 | 125 | 129
South West 159 | 164 | 154 | 152 | 157 | 138 | 139 | 131 | 127 | 134
Southern 162 | 149 | 154 | 149 | 154 | 148 | 136 | 138 | 137 | 140
Sutton E Surrey 176 | 166 | 164 | 170 | 169 | 145 | 130 | 139 | 137 | 138
TendringHun’d 140 | 131 | 128 | 132 | 133 | 116 | 114 | 111 | 113 | 113
Thames 165 | 157 | 158 | 163 | 160 | 149 | 143 | 144 | 142 | 144
Three Valleys 178 | 177 | 175 | 175 | 176 | 156 | 143 | 153 | 142 | 149
United Utilities 149 | 144 | 144 | 143 | 145 | 128 | 122 | 116 | 112 | 119
Welsh 151 | 157 | 156 | 160 | 156 | 140 | 127 | 123 | 124 | 129
Wessex 147 | 154 | 149 | 148 | 149 | 129 | 138 | 136 | 136 | 135
Yorkshire 146 | 152 | 150 | 148 | 149 | 137 | 136 | 133 | 114 | 130

Mean all suppliers | 155 | 155 | 154 | 155 140 | 133 | 132 | 130
Industry Mean 155 Industry Mean 134

(all unmetered data) (all metered data)
Standard deviation | 11.0 Standard deviation | 13.1

The data shows a lower consumption where customers are supplied with a water meter.
However it is interesting to note that in spite of pressure to reduce water consumption,
this is yet to be reflected strongly in the annual statistics, though the metered volumes
are, on average, slowly reducing.

The traditional proportion of water consumed in a residential property that is attributed
to toilet flushing is 30% and figures of around 15% or slightly less for washing machine
use (Waterwise, 2010). However there has been a dramatic change in the design of
toilets in the last decade with flushes of around 9 litres used in the past now reduced to
around 4 litres in the major flush of dual flush toilets with the minor flush being even
less at around 2.6 litres. As rainwater harvesting use is likely to be dominated by new
build developments, the assumption of using 30% of existing consumption rates for
toilets cannot be used for assessing the size of rainwater harvesting tanks.

Although the volumes used in washing machines are also reducing, it is also apparent
that their usage is increasing. Therefore the proportion of water consumed has slightly
increased.
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Therefore an alternative estimate of consumption derived using a bottom-up approach
totalling individual appliance operations is required. Rates of use were obtained from
the Water Efficiency Calculator (DCLG, 2009) [25]. Volumes per use were established
from the Waterwise website (Waterwise, 2010) [20] assuming;:

e  Dual-flush WCs
e  Washing machine consumption (based on 278 products available for UK retail in
2007).

Table 5.6 shows the derivation of this estimate. This conveniently comes to an
approximate figure of 40 litres/person/day for the two appliances, and this has been used
in the tank sizing calculations for this project. It is important to recognise that this is a
key assumption. A 20% increase or decrease in demand would often make a significant
difference in properties to be served with rainwater harvesting systems, and their tank
sizes would also be affected.

Table 5.6 Daily non-potable water consumption estimated from appliance use

Per capita consumption
Appliance . Consumption per
Consumption rate | Mean use per day day Ve/d
Toilets 6 litres/full flush 1.46 flushes 20.6 litres
(dual flush) 4 litres/part flush 2.96 flushes '
Washing machines . .
(mean of 2007 products) 8.5 litre/kg 2.1 kg per day 17.9 litres
Total 38.5 litres
Adopted consumption of non-potable water | 40 litres/person/day

5.4

These consumption figures and usage is based on the most recent appliance data
available (frequency of use — Code for Sustainable Homes, and volumes — Waterwise).
These documents aim to minimise consumption and hence can be considered as the best
estimate for modern houses (and the likely least demand) in terms of assessing the use
of rainwater harvesting systems for stormwater runoff management.

DISCUSSION ON DEMAND FOR RWH DESIGN

From the preceding sections it is clear that each property has a variable population and
their water use is also dependent on people’s habits and the design of the appliances in
the property. As the only easily measureable parameter is the number of bedrooms, the
sizing of tanks, if linked to this, will result in the rainwater harvesting systems actually
performing differently to the assumptions that are used in the design. This pilot study
had to therefore take into account this uncertainty and measure the implications of this
uncertainty.
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6.

6.1

Yield related data — roof areas

As with issues associated with Demand, Yield (from rainfall runoff) related data is
equally important. Fortunately the issues are less uncertain, but there are a number of
aspects which still add uncertainty. The following sections discuss roof area and related
aspects of rainfall runoff, and also rainfall data.

DATA COLLECTION ROOF SIZE

No work has been carried out by this study on generic roof sizes for different categories
of properties. Previous work carried out by HR Wallingford SuDS for High Density
Developments — report SR 666 (2005) [26] looked at a number of estates and made an
assessment of roof sizes, as well as assessing the division of area between different
categories of impermeable surfaces (roofs, minor roads, access roads etc). The result of
the work carried out on this pilot study site generally supports the earlier project
findings. However it is not felt that this is a significant problem, as there is very little
difficulty in determining the actual plan roof area which drains to the rainwater
harvesting tank.

Before summarising the pilot site data, it is important to note that a modern housing site
comprises a mix of property types ranging from flats (roofs under which there are more
than one dwelling), through to detached properties, and that most roofs are multi-
pitched. Decisions have to be made as to whether rainwater harvesting is socially and
technically viable for dwellings with a shared roof, and whether the whole or only part
of the roofs of dwellings can be served by the rainwater harvesting collection system.
For instance terraced properties can only be drained to a tank at the back or the front of
the property, unless there is a pipe passing under the property.

There is a separate discussion to be had on the merits of having a common rainwater
harvesting collection tank serving some or all properties. This may or may not be served
by the roof surfaces of these properties. The performance of a communal system is also
measured in this pilot study.

The pilot study estate comprised 66 dwellings, offering one to four bedrooms in
bungalow, terraced, semi-detached and detached formats. GIS was used to measure the
roof areas (see Figure 6.1). The total roof area for the study estate was 4490m?, 19% of
the catchment surface area. Dwelling roofs totalled 3633m”, only 15% of the estate hard
surface, though this percentage is thought to be on the low side for normal
developments.

Table 6.1 shows roof area analysis by house model. Houses which were modelled with
garage attached were excluded from the analysis. The remaining dwellings represented
unmodified examples of their kind, and were collected into house model groups. Any
groups featuring less than three houses were also excluded.

Table 6.1 Roof areas by house model (excluding houses with garages attached)

House model Number in sample Mean roof area (m?)

CWY/B 11 43.20
FAI 3 77.75

FEN 3 70.34

HBR 7 52.59

KIR/B/C 12 51.88
WDK 6 45.76
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A similar approach was used to analyse the properties by number of bedrooms, to
examine the reliability of this parameter as a predictor of roof area. However this is
rather academic as the actual roof area is easily determined and therefore this
information is more important in evaluating which types of properties are most likely to
be suited to the use of rainwater harvesting based on the Y/D ratio. Five 1- and 2-
bedroom dwellings were unusual because they occupied only one floor (bungalow or
flat-over-garage formats) which led to disproportionately large roof arecas. The data
with single floor dwellings were therefore excluded from the analysis.

Large standard deviations indicated that the roof areas within each bedroom group were
highly varied. The standard deviation decreased with increasing numbers of bedrooms.

Table 6.2 Roof areas by number of bedrooms (houses with garages attached and single

floor dwellings have been excluded)

House . Mean roof Mean roof Roof area
Number in Mean roof

bed sample area (mz) area / , area / , standard

rooms bedroom (m”) | person* (m”) | deviation SD

1 bed 0

2 bed 8 42.04 21.0 24.2 6.91

3 bed 32 49.70 16.6 20.6 6.19

4 bed 6 74.04 18.5 24.5 4.10

* The occupancy rate is based on Table 5.1 — Cherwell District data

Although there is no trend, this result is not unexpected with 3 bedroom properties
having the least roof area per person, suggesting that these provide the lowest Y/D ratio.
Fortunately three bedroom dwellings tend to be the most common type built in
residential estates.

Finally, the approach was applied to houses grouped by house category, to test whether
roof area could be reliably estimated by style of house (Table 6.3). The correlation
between house category and roof area was poor. However from the figures it can be
seen that detached houses tend to be 4 bedrooms or more, and that semi-detached
houses were usually three bedrooms.

Table 6.3 Roof areas by house format (houses with garages attached)

No. in | Mean roof |Roof area standard 95% confidence interval
House format sample | area (m?) deviation SD 2 +1.96SD
(m”) % of mean
Flat-over-garages 3 71.98 11.95 +23.42 £32.5%
Terraced 8 41.74 6.72 +13.17 +31.6%
Semi-detached 31 48.33 4.36 +8.54 +17.7%
Detached 10 67.43 11.05 +21.66 +32.1%

A degree of caution needs to be taken in assuming these results provide good generic
information as it is only a small sample from one estate. However it is worth noting that
economic pressures along with government rules on housing density and technical rules
on various aspects of residential development (roads, drainage, etc) will tend to result in
many estates being fairly similar in their characteristics.
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7.

7.1

Yield related data - rainfall

Five minute rainfall data for 10 years for Elmdon (Birmingham) was obtained from the
Met Office. This is around 30 miles from Banbury, but is likely to be fairly
representative of the local weather. A stochastic 100 year series was generated from this
data using the tool TSRsim produced by Imperial College and HR Wallingford.
Production and analysis of this 100 year series was carried out in the Audacious project
(HR 2005) [14]. This analysis is necessary to demonstrate that the stochastic rainfall
series is representative of the real rainfall at the pilot site area.

RAINFALL ANALYSIS

The uncertainty of the Yield is less of an issue than assessing the Demand. The roof
areas are known and the characteristics of the rainfall have been analysed for their
accuracy against FEH and long term rainfall data.

It is important to note that the extreme rainfall characteristics are important at both the
daily scale (as these reflect the design criterion), but also the seasonal characteristics, as
the state of the storage is related to the size of tank and the continuous demand. The
monthly rainfall mean depth and its variability is therefore an important aspect to
consider.

The rainfall series used is a stochastically generated series and therefore its
characteristics needs to be evaluated against FEH predictions at the site and also the
observed data from which it was generated and other local sources to check that it is
representative of rainfall for that area. Its annual and seasonal variability is also
important to evaluate to check the variability of rainfall through the year.

The data resolution was 5 minutes intervals. For the analysis, events were defined by
selecting all rainfall events of any depth which were separated by a dry period of more
than 6 hours.

A detailed analysis of the capability of the tool (TSRsim) and the series accuracy was
carried out HR Wallingford (2005) [14]. This showed that it was very effective in
producing an extreme series from only a 10 year data set. Relevant abstracts from this
report are included here along with some additional analysis.

In summary this section on rainfall analysis looks at:

The number of events for a range of rainfall depths;

The season in which extreme rainfall events tend to occur;

Extreme value analysis based on 6 and 24 hour duration;

Comparison of extreme value analysis with FEH and FSR and the observed data
set;

e  The variability of annual, seasonal and monthly rainfall depths.

The first 3 bullets are associated with showing the accuracy of the tool in producing
extreme rainfall which is the critical feature for proving the methodology’s
effectiveness. The last two bullets are associated with showing that longer term rainfall
characteristics (rather than the individual events) are in accordance with observed
rainfall, as the performance of rainwater harvesting tanks is related to periods measured
in weeks due to the continuous nature of domestic water use.
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7.2

EVENT EXTREME VALUE ANALYSIS

An analysis was carried out of 6 and 24 hour rainfall events for this series. These events
were found and ranked and then assessed using a Gringorten extreme value analysis.

r—0.44
P(X)=——— 1
(X) N+0.12 ()

where r is the rank of X and N is the total number of data values. To do so, the
maximum values for each year (or season) and each storm duration were found and
ranked. Having P(X) the return period T(X) was calculated as follows:

1

=50

2

Figure 7.1 provides a plot of events for the 6 hour series and Figure 7.2 gives the same
information for the 24 hour depth. These figures from SR475 (HR 2005) [14] provide
this information both annually and seasonally. The seasons are not the same as the
standard Met Office seasons, in that this analysis has been based on winter being
January through to March, rather than December to February. Figures 7.3 and 7.4
provide the same information for the observed data. Figures 7.5 and 7.6 provide the
same annual information along with a comparison with both FSR and FEH for the gauge
location. (The additional data on RainClim and future climate plots should be ignored).

The following points can be seen from this information.

1. Annual Series accuracy: The stochastic series predicts slightly greater rainfall
depths compared to FEH and FSR rainfall depths (Figures 7.5 and 7.6), but it
should also be noted that the observed data also gives greater depths and that the
generated series is representative of the observed series.

2.  Seasonal rainfall accuracy: It can be seen (Figures 7.1 — 7.4) that the series based
on 6 hour events is dominated by summer events and this is still the case, but less
so, for the 24 hour events. This does reflect the same characteristics of the
observed data and indicates that the series can be assumed to reflect the
characteristics of the observed data well.

These results have implications for the analysis of the pilot study results. Firstly there
are slightly bigger storms in the series than might be expected in practice over a given
period; a conservative basis for the analysis. This means that there are more events that
are larger than the design depth being catered for (60mm) than might be expected in the
100 year series. Figure 7.7 provides a summary of the large events in the series — see
section 7.3 for more information on this.

SR 736

19 R.2.0



Stormwater Management using Rainwater Harvesting
Testing the Kellagher / Gerolin methodology on a pilot study

ZHR Wallingford
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Figure 7.1  Stochastic series event analysis by season — 6 hours
Elmdon, TSRrain, 24 hour storms
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Figure 7.2  Stochastic series event analysis by season — 24 hours
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Elmdon, observed data, 6 hour storms
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Figure 7.3  Observed event analysis by season — 6 hours
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Figure 7.4  Observed event analysis by season — 24 hours
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Elmdon, 6 hour storms
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Elmdon rainfall Events Distribution
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Figure 7.7  Events by depth bands in the 100 year series

7.3

MONTHLY RAINFALL ANALYSIS

Due to the importance of medium term (monthly, seasonal) rainfall characteristics, a
long series monthly data set for Oxford from the Met Office [27], (which is sufficiently
close hydrologically speaking to Elmdon and physically closer to the pilot site at
Banbury), has been used to make a comparison against the stochastic series. This has
been done for the whole series, (which is over 150 years long) as well as the last 25
years, in case there are different climate effects embedded in the longer series.

The three main parameters of SAAR, Ms60 and the ‘r’ ratio from FSR show the
hydrological similarity between the two locations.

Table 7.1 Rainfall parameter comparison for validating the seasonal analysis —

FSR maps
Rainfall parameter Oxford Elmdon
SAAR 650mm 710mm
M560 20mm 19mm
1’ 0.4+ 0.4-
Mean annual depth 658mm* 713mm**

* 25 year series
** Stochastic series

Figure 7.8 summarises the results of the monthly data analysis. This shows that:

1.  The longer 150 year series compared to the more recent 25 years definitely shows
the trends that are traditionally predicted by climate change effects; wetter winters
and drier summers are now occurring.

2.  The stochastic series generally predicts slightly higher depths of rainfall most
months (in keeping with the difference in SAAR between the locations) with 1
standard deviation being very similar, but slightly less. In general the variation
between winter and summer months in the generated series is slightly less than the
