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Abstract 

Water is a precious natural resource and as populations grow the demand for its 
increased usage in many sectors is becoming widely apparent. Water Demand 
Management (WDM) has all too often been inwardly focussed and until recently 
has not considered sufficiently well the interdependencies that exist and loom 
large on the not too distant horizon (e.g. meeting rising mains water demands and 
wastewater removal requirements, whilst reducing pluvial related flood risk in 
peak storm events) storing up pinch-points for the future. The end-user is one area 
where changes to WDM can help to alleviate these problems through locally 
supplied water sources and provision of interim storage for rainfall.  
     This paper considers 175 scenarios for a RWH water supply system within the 
Tyseley Demonstrator project in Birmingham, UK, based upon 5 different years 
of rainfall data (2010 to 2014) and 35 variations in tank size, roof size and 
occupancy rates. Findings show that depending on these ranges of local conditions 
a RWH system has the potential to reduce ‘Annual Mains Water’ inflow by 4.3% 
to 18.0% and ‘Annual Storm Water’ outflow by 34% to 100%.      
Keywords: rainwater harvesting, water demand management, pluvial flood risk. 

1 Introduction 

Tyseley is located in the south eastern half of Birmingham, bordering Small Heath 
and Yardley. The area consists of 230 businesses (employing in excess of 5000 
people) including Webster and Horsfall (one of the oldest cable industries that laid 
the first wired communications across the Atlantic); school (Redhill); College; 
railway station with museum; Grand Union Canal Wharf; Energy from Waste 
facility (incinerating 350,000 tonnes/yr) and an Energy Park (BCC [1]). “The 
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vision for Tyseley is an Environmental Enterprise District (EED) as the principal 
location in Birmingham for CO2 reduction as part of a low carbon, low waste 
economy through encouraging recycling, energy production and renewables 
including manufacturing and supply chain development” (BCC [1], p. 2). Whilst 
this is primarily focussed on energy there is an appreciation by Severn Trent (the 
local water provider) that there is a need to provide a community-scale living 
laboratory to demonstrate the practicality and benefits of combined water reuse 
and sustainable drainage in order to stimulate innovation and commercialisation 
of UK water technology and to raise public awareness and support for more 
sustainable living. The Birmingham ‘Water’ Demonstrator looks to provide local 
enhancements to existing green infrastructure and tangible improvements to a river 
corridor. Therein it will monitor measure and evaluate the costs and benefits (i.e. 
physical, financial, environmental, health and wellbeing) over a five-year period 
(Brewington [3]). This paper forms part of preliminary research looking at 
potential performance for a range of localised water supply options (in this case 
RWH) taking into account local context and conditions for Tyseley (Figure 1). 
 

 

Figure 1: Tyseley EED location map showing typical dwellings. 

2 Methodology 

Step 1: Define household water demands appropriate to Tyseley – for an individual 
and for a household (Section 2.1); 

 

Step 2: Investigate whether RWH could be adopted as a potential water supply 
source at household level.  

 

 Conduct an MFA;  
 Identify influential variables likely for Tyseley (Section 2.2). 
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Step 3: Perform a parametric scenario(s) study using Mass Flow Analysis (MFA) 
for RWH supply options within the Tyseley area, considering:  

 

   Annual Mains Water Reduction (%) – inflow; 
 Annual Storm Water Reduction (%) – outflow; 
 Annual Waste Water Reduction (%) – outflow. 

 

     In order for the analyses to be meaningful and to best reflect likely 
performances in the Tyseley area a total of 175 scenarios are considered with:  

 

 1 (constant) value for water demand (Section 2.1);  
 1 RWH option for water supply (Section 2.2); 
 5 years of daily (variable) rainfall data, 2010-14 (Section 2.3); 
 35 variations in tank/roof size & occupancy rate (Section 2.4). 

 

Step 4: Present and discuss results (Section 3.0): 

2.1 Water demands 

The water demands (litres per person per day) shown in Table 1 were assumed for 
domestic properties in Tyseley based on the work of Zadeh et al. [13]. A sensitivity 
analysis of socio-technological influences has been investigated previously by 
Zadeh et al. [14] and is beyond the scope of this research. The household demand 
for every occupant is assumed identical and therefore the only influencing factor 
in household demand is occupancy rate (which is assumed to vary from 1 to 5 for 
Tyseley); these are shown in Table 2. This paper assumes a linear relationship 
between non-potable demands and occupancy with the proviso that it must be 
appreciated that subtle changes can exist (EST [5], Bello-Dambatta et al. [2]), 
however, they are not considered as variables here. 

Table 1:  Household water demands (modified from Zadeh et al. [13]). 

Conventional  
water supply 

source(s) 
Water use 

Total water 
demand 
(l/p/day) 

Conventional 
fate of 

stream(s) 

From mains Dishwasher 3.6 to sewer 

From mains Sink 10.4 to sewer 
From mains Washing machine 27.3 to sewer 
From mains Shower 52.4 to sewer 
From mains Bath 25.3 to sewer 
From mains Hand basin 1.6 to sewer 
From RWH W/C 26.5 to sewer 

 TOTAL 147.1 
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Table 2:  Household water demands. 

Occupancy 
rate 

Daily household 
demand 

(litres/day) 

Yearly household 
demand  

(litres/day) 

5% household 
demand 
(litres) 

1 147.1 53692 2685 
2 294.2 107383 5369 
3 441.3 161075 8054 
4 588.4 214766 10738 
5 735.5 268458 13423 

2.2. RWH water supply option 

When it rains within a household boundary (this includes house and garden) this 
water either infiltrates directly into the ground until saturated (X in Figure 2) or 
hits impermeable surfaces (i.e. rooftops, paths and driveways) and runs-off into 
the storm water system (Y and Z in Figure 2).  Rainwater harvesting (RWH) 
systems capitalise on this local supply of water by redirecting rainwater from 
rooftops into a storage tank subsequently using it to meet non-potable demands 
(e.g. toilet flushing and garden irrigation) either partially or fully (a in Figure 2).  

 

Figure 2: MFA of domestic RWH showing inflows and outflows 
(l/person/day). 
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     The advantage of a RWH system based upon an MFA analysis for a single 
occupant (Figure 2) is that the requirement for mains water (and related carbon 
emissions) can be reduced by 18.1% when WC demands alone are met through 
rainwater. However, the overall temporal performance of RWH systems is 
influenced by rainfall events (Section 2.3), roof size, filtration systems (including 
skimmer overflow and backflow valve, with inlet calming), tank size (Section 2.4) 
and the dynamics of this filling and emptying (Roebuck [11]).   These factors 
influence the supply demand balance and the amount of rooftop run-off that enters 
(or not) the storm water system (Hunt and Rogers [8]).   

2.3 Rainfall  

Accurate rainfall data is important as it influences RWH tank sizing (Section 2.4) 
and therefore the supply/demand balance (Section 2.5). Therefore, five years of 
rainfall data (2010 to 2014, Table 3) for Coleshill (circa 7 miles from Tyseley) 
have been adopted for RWH calculations (Table 3). This rainfall data was 
collected by the Met Office and can be found in the National Meteorological 
Archive. Rainfall is typically collected via an automated Tipping Bucket Rain 
 

Table 3:  Average rainfall data over five years. 

Year 
A = Yearly averages 

 
(mm/day) 

B = Daily average 
values = A/365 

(mm/day) 
2010 537.9 1.5 
2011 425.4 1.2 
2012 863.7 2.4 

2013 594.9 1.6 

2014 789.3 2.2 

 
Average = 
624mm/yr

Average = 
1.7mm/day

.  

 

Figure 3: Impact of RWH on daily water inflows in 2010 (l/person/day). 
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Gauge (TBRG) providing digital half-hourly data outputs for actual rainfall (mm) 
and rate of rainfall (mm/hr). For the purposes of this research daily values 
(Figure 3) are deemed to be more than adequate for a baseline estimation of 
potential rainwater supplies. 

2.4 Roof size and tank size  

The following assumptions appropriate to Tyseley’s Urban Form were adopted for 
the RWH system:  

i. Roof type = steep tiled roofs (walkover survey of site, see Figure 1); 
ii. Roof area = 30 to 120 m2 (walkover survey of site, see Figure 1);  

iii. Tank size = 700 to 2900 litres (see Figure 4). Sized according to BS8515, 
the lesser of 5% annual rainfall collected (the average value over five 
years is used – Table 3) and 5% water demand. The 35 scenarios adopted 
within this paper, which vary with occupancy and roof area, are shown 
in Table 2. 
 

 

Figure 4: Tank sizes, roof areas and occupancy rates within scenarios. 

2.5 Matching supply with demand  

The amount of water that can be used each day depends on the availability of water 
from the rainwater tank. The water volume within the tank will vary daily and the 
rate at which the tank empties and fills dictates how (and if) daily demands are 
met. Potential rainwater supply volumes are calculated according to Equation (1).  
 

Qt = Rt.A.(Z1.Z2.Z3)                                                 (1) 
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where:  
Qt = Flow into RWH tank in time t (litres); 
Rt = Average rainfall in time t (mm); 
A = Plan surface area of the roof (m2);  
Z1 = Coefficients for roof pitch (dimensionless); 
Z2 = Coefficients for material type (dimensionless); 
Z3 = Coefficients for filter (dimensionless); 
Rt is the total accumulated rainfall in a single time step. t is calculated on a daily 
basis using 365 separate time steps (i.e. from t0 to t364). In total of 1825 time steps 
are used over for the 5 yr period considered. It is assumed that not all the rainwater 
that falls is collected. In this paper assessment losses are assumed to occur from a 
pitched (Z1 = 0.9) tiled (Z2 = 0.95) roof with in line filters (Z3 = 0.95). In other 
words, 81% of the rainfall volume falling on the roof is successfully collected for 
re-use (Woods-Ballard et al. [12]). Both aspects rely on a water balance equation, 
adapted from McMahon et al. [9]. 
 

Vt = Vt-1 + Qt - Dt                                                  (2) 
 
Subject to 0 ≤ Vt ≤ S, where:  
Vt   = Stored water in RWH tank at time t (litres);  
Vt-1 = Stored water in RWH tank in time t-1, i.e. stored water volume from previous 

day (litres); 
Qt  = Flow into the RWH tank in time t (litres); 
Dt   = Non-Potable demand in time t (litres); 
S    = Useable RWH tank volume (litres). 
 

     A ‘yield-before-spillage’ approach is adopted (Mitchell [10], Roebuck [11], 
Hunt et al. [6], Hunt and Rogers [7, 8]) and spillage (i.e. overflow) occurs once S 
is exceeded. The total yearly overflow Ohh per household (l/hh/yr) for the RWH 
tank is the sum of the daily spillages. No leakage or evaporation losses are assumed 
within the tank itself (it is essentially a sealed underground unit,  Chu et al. [4]).  
In essence therefore this means when daily inflows are insufficient to meet daily 
non-potable demands, water levels ‘drawdown’ will occur within the RWH tank 
and where daily inflows are more than sufficient to meet daily non-potable 
demands a ‘topping up’ will occur. If the RWH tank is empty or to be more precise 
the extractable volume is zero, then no draw down can occur. In such cases the 
demands will be met through mains water. (N.B. A RWH tank will never empty 
as a ‘reserve’ is maintained to ensure the pump remains submerged.)  When the 
tank is filled any overflow passes into the mains storm water system or 
alternatively to a combined sewer system adding to pluvial flood risk or combined 
sewer overflow risk. Where sufficient ‘empty’ storage space (or holding capacity) 
occurs within the tank this pluvial flood risk can be reduced. Figure 5 shows a 
typical response of the RWH tank during a 365-day period. These plots were 
recorded for all scenarios but, are not shown within the confines of this paper; 
instead the results are summarised over each year considered. 
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Figure 5: Typical response of tank as it fills and empties (the year is 2010, a 
2900-litre tank, 120m2 roof and 5 occupants). 

3 Results 

From Figure 6 it can be seen that there is a clear correlation between roof area and 
annual mains water reduced. Provided the demands remain unchanged then an 
increase in roof area leads to an increase in the amount of ‘Annual Mains Water 
Reduction %’. This is because more rainwater can be collected, treated and reused 
in order to meet demands previously met by mains water. In addition, there is a 
clear correlation between household occupancy and annual mains water reduced. 
In other words provided the roof area is unchanged then any increase in household 
occupancy results in a decrease in ‘Annual Mains Water Reduction %’. This is 
because demands are being increased and yet available RWH supplies remain 
unchanged. When considering all five years ‘Annual Mains Water Reduction %’ 
varied from 4.3% to 18.0% The former occurred in one case in 2011 with 5 
occupants and 30m2 roof area, the latter occurred in 20% (i.e. 7/35) of cases: in 
2012 with 2 occupants, ≥ 80m2 roof area; and in 2014 with 2 occupants and ≥ 60m2 
roof area, 3 occupants and ≥ 100m2 roof area, 4 occupants and ≥ 120m2 roof area). 
     In terms of ‘Annual Storm Water Reduction %’ this was found to vary from 
34% to 100%, the former occurred in one case in 2012 with 5 occupants, 30m2 
roof area, while the latter occurred in 13% (i.e. 23/175) of cases – 1/35 (3%) in 
2010;  20/35 (57%) in 2011; 0/35 (0%) in 2012; 1/35 (3%) in 2013; and 1/35 (3%) 
in 2014. Interestingly if the tank had been sized 3 times larger than required by 
BS8515 then 100% could have been achieved in almost all cases (even in peak 
events) in all years – this is in line with the findings of Hunt and Rogers [7].  
     A RWH system has no impact on the waste water stream and therefore, no 
impact on ‘Annual Waste Water Reduction %’ for any occupancy and roof size. 
This is because the same amount of water is being used within the household and 
therefore the same amount of wastewater is being produced (irrespective of 
occupancy and roof size). The same is not true of a greywater system. 
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Figure 6: Annual mains water and storm water reduction according to roof areas 
and occupancy rates – for tank size see Figure 4. (Results are shown 
for 2011 (top) and 2010 (bottom).) 

4 Concluding discussion 

By considering 175 scenarios for RWH water supply systems within the proposed 
Tyseley Demonstrator project in Birmingham, UK, it has been demonstrated 
through the use of MFA that there is the potential to reduce ‘Annual Mains Water’ 

Urban Water Systems and Floods  127

 
 www.witpress.com, ISSN 1743-3509 (on-line) 
WIT Transactions on The Built Environment, Vol 165, © 2016 WIT Press



flows within domestic properties by between 4.3% and 18.0% and ‘Annual Storm 
Water’ flows by between 34% and 100%.   These results have critical implications 
in terms of actual water supply options that might be considered for the Tyseley 
demonstrator project and highlights the fact that any variability in local conditions 
(e.g. occupancy rate (1 to 5); rainfall (2010 to 2014); tank size (700 to 2900 litres) 
and roof size (30 to 120m2)) will significantly impact on RWH performance. This 
is even more important when considering the short- and long-term (i.e. far future) 
changes in flows that can occur and will undoubtedly be influenced by changes in 
user behaviour and technological efficiency (both in isolation and combination). 
The proposed 5-year monitoring will help to understand some of these aspects 
more clearly in addition to highlighting the differences between predicted and 
actual flow performance within a live demonstrator project. 
     That said there are many other considerations that must be made when 
assessing the wider impacts of modified flows as a result of water supply 
interventions such as RWH in areas such as Tyseley. For example, what would be 
the implications (in terms of flows and performance) for man-made mains 
infrastructure systems that feed clean water into (and take water away from) 
domestic properties? Would their functionality be impacted by such interventions? 
In addition, what would the implications be for natural systems (e.g. rivers/flood 
plains) that are ultimately impacted by these inflows/outflows, not least if adoption 
became more widespread following a successful demonstrator initiative? 
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