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Executive Summary 
Urbanisation exacerbates health, environmental and climate-related issues, while at the same 
time using more natural resources. Recovering water-embedded resources including water, 
energy, nutrients and other valuable materials is a crucial opportunity for regions or countries 
to shift from a linear to a circular economy. In this regard, a radical redesign of water services 
and increasing reuse opportunities in a circular economy has become an urgent and important 
task to turn urban environments into green infrastructure and fast track achieving significant 
socio-economic benefits and making resource efficient. 
 
The NextGen project aims to explore and demonstrate opportunities for water, energy and 
materials reuse for benefit of the urban, industrial and agricultural sectors. The findings will 
provide a more practical and sustainable solution to water in a circular economy through the 
demonstration of novel technologies and addressing business and governance challenges.  
 
Filton Airfield (United Kingdom) is the case to be developed as a showcase by demonstrating 
the feasibility of circular solutions supporting a circular economy transition in the water 
sector. NextGen activities involved closing the water, energy and materials cycles to improve 
urban resource management. Thus, the NextGen circular solutions are applied to the 
greenfield implementation in Filton Airfield which will be developed as an attractive and 
sustainable area. Implementing circular solutions in practice requires a clear overview of 
benefits and challenges to identify opportunities for greater resource recovery efficiency. 
 

Therefore, the below table presents an overview of the NextGen actions performed in the 
Filton Airfield case; related tasks, technologies/approaches and quantifiable results obtained 
from tasks. 
 
Overview of NextGen tasks and quantifiable results for each task in Filton Airfield. 

Task Subtask Technology/Approach Quantifiable results 

1.2 
Closing the 
water cycle 

1.2.7  
Integrating 
alternative 
water sources 
at district level 
at Filton 
Airfield 

Alternative water sources 
at district level: rainwater 
harvesting and greywater 
reuse 
 

Toilet flushing and public 
irrigation: 10 - 75% of water 
savings 

1.3 
Closing the 
energy cycle 

1.3.1  
Local heat and 
energy 
recovery from 
wastewater 

Feasibility study: low-
grade heat recovery 
potential at district level 

Domestic heating (space or water 
heating on-site reuse): 
7.8 - 38% of energy savings 

1.4 
Closing the 
materials cycle 

1.4.9 
Integrated 
recovery and 
use of 
nutrients at 
district level 

Feasibility study: nitrogen 
and phosphorus recovery 
and local reuse at district 
level 
 

Impact of wastewater flow rate 
on nutrient concentrations in 
wastewater (on-site recovery): 
53% of decrease in flowrate 
increase in N and P concentration 
in wastewater (53% and 31%, 
respectively) 
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Sub-Task 1.2.7 Integrating alternative water sources at district level at Filton Airfield 
(Chapter 3) 
As an urban water management solution, a feasibility assessment of rainwater harvesting 
(RWH) from the rooftop of the residential buildings and commercial YTL Arena for non-potable 
purposes, including washing machine, toilet flushing, irrigation and the combined use of toilet 
flushing and irrigation, depending on scenarios. The RWH systems of these applications were 
demonstrated using hydraulic and economic indicators ς water savings efficiency (WSE), 
stormwater capture efficiency (SCE), cost-saving potential and unit product water cost. Five 
RWH scenarios were assessed. Four scenarios involved the RWH system for residential water 
applications while one scenario involved the RWH system for commercial water applications. 
 
For the residential applications, two RWH scenarios were first considered ς centralised and 
decentralised RWH systems. The harvested rainwater was used for non-potable purposes, i.e., 
washing machine and toilet flushing. It was found that the decentralized system had greater 
WSE at 47% compared to only 35% for the centralized system. Results showed that the 
amount of harvesting rainfall became a limiting factor at high tank volumes leading to upper 
limits of WSE at 45% for the centralised RWH system while at 70% for the decentralized RWH 
system. In addition, when the harvesting rainwater was used only for toilet flushing, the 
maximum WSE was 44%. The optimum tank size determined for a passive RWH system was 
100 m3. Within this scenario, this tank size gave a WSE of 38% and an SCE of 88%. Furthermore, 
within the extended scope of the study, the harvesting rainwater was assumed to be used for 
dishwasher, washing machine and toilet flushing. With more demand for the harvested 
rainwater (i.e., a medium-scale RWH system), the results highlighted the potential for a 
medium-scale system and showed that a larger system can recover capital costs and showed 
a net economic benefit.  
 
However, the long return on investment periods remained a significant limitation to the 
adoption of these types of systems. The last RWH scenario demonstrated a large roof (30,000 
m2) RWH system in the YTL Arena (a commercial building) by conducting hydraulic and 
economic assessments. Three water demand scenarios, toilet flushing, irrigation and 
combined use, were considered. The hydraulic assessment results suggested that a storage 
capacity ranging from 400 to 1,000 m3 would be enough for rainwater reuse scenarios 
considered in this application. From the economic aspect, the RWH system with a rainwater 
storage capacity of between 100 and 600 m3 was more economically feasible as it showed 
high cost-saving potential. Furthermore, the unit water cost varied from 0.37 to 0.40 £/m3 
depending on the water demand, showing lower than the mains water cost (0.40 £/m3). 
Consequently, the RWH system with a capacity between 400 and 600 m3 can be the most 
favourable range under the given conditions. 
 
A decentralised hybrid rainwater harvesting (RWH) and greywater reuse (GWR) system was 
further assessed for use in residential and commercial buildings. Within the scope of this 
study, stochastic water demand profiles and urban water cycle simulations at a block scale, 
taking possible RWH and GWR options for non-potable purposes, were conducted to 
quantitatively assess urban harvesting potential indicators (water demand minimization, 
urban resource reuse, and wastewater discharge minimization). When the RWH was 
implemented, the water demand minimization potential varied from 62% to 71%. Meanwhile, 
the combined use of RWH and GWR yielded even better results in terms of water demand 
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minimization, peaking at 78% due to the additional supply from GWR. The combination also 
reduced wastewater discharge potential from 100% to 54% and consequently improves self-
sustainability potential from 0 with no recycling, to 44% with only GWR, and to 100% with the 
combined use of RWH and GWR. Overall, this scenario-based urban water management study 
can provide insights into the applicability of urban water resource harvesting and its 
assessment approaches in existing and new development areas. 

 
Sub-Task 1.3.1 Local heat and energy recovery from wastewater (Chapter 4) 
Domestic wastewater has been recognised as a renewable heat source as it contains a 
relatively high amount of thermal energy, originating from hot water use at homes. 
Wastewater after discharging into a sewer network system will have an elevated temperature 
(20-30 °C). Since it is low-grade heat, it cannot be transported over long distances. The Filton 
Airfield Development offers potentially great opportunities for heat recovery from the sewer 
network and local reuse. Thus, the feasibility of local heat recovery from wastewater was 
demonstrated by simulating the heat balance (demand and supply) of the Filton sewer system.  
 
There were two scenarios for demonstrating heat recovery potential and its reuse: (1) 
residential area consisting of conventional houses and (2) residential area consisting of so-
called ecohouses (i.e., houses with water saving appliances). Three different changes in water 
temperature occurring due to a heat recovery system were considered: 0.5, 2 and 3 °C. Thus, 
the impact of the water use option in houses on energy recovery potential was assessed. As a 
result, it was confirmed that housing units generating a large amount of wastewater (i.e., 
conventional houses) held significant potential for energy recovery. Using historical energy 
demand data, the total energy demand for the study area was assumed to be 463,300 kWh/y 
and followed by 293,800 kWh/y for space heating and 101,700 kWh/y for water heating.  
 
Energy recovery from wastewater discharge where the sewage is cooled by 0.5, 2 and 3 
degrees, theoretically can recover 6,465, 25,860 and 38,790 kWh/y for the conventional house 
scenario, and 2,915, 11,660 and 17,490 kWh/y for the ecohouse scenario. The total heat 
recovery potential is highly dependent on wastewater flow rates. This study provides practical 
insight into the applicability of local heat recovery and its reuse in Filton Airfield. However, 
further investigation and development on simulating wastewater profiles, flow rates and 
temperature via reliable data collection and monitoring and heat storage are required to 
balance heat availability and demand. In addition, the effect of a scale of development area 
(e.g., densified housing plan and completion of development) should be implemented. 
 
Sub-Task 1.4.9 Integrated recovery and use of nutrients at district level (Chapter 5) 
Filton Airfield is set to become the best use of the largest area of greenfield land, and a new 
sewer design will be used that transports at higher density (lower water volume) which can 
enhance valuable nutrient recovery efficiency. Therefore, the feasibility of local recovery of 
nutrients from wastewater and local application as a fertilizer in the green spaces in the Filton 
area was investigated using a stochastic household wastewater discharge model. Thus, water 
demand and discharge profile analysis were conducted using the integrated method that 
consists of three simulation phases in the analysis, the spatial and temporal demand and 
discharge pattern analysis using SIMDEUM® and SIMDEUM WW®, and the sewer network 
input and output flows and nutrient quality analysis using SWMM (described in Chapter 2).  
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Two water consumption scenarios were considered: conventional houses with normal water 
use appliances and ecohouse with water-saving appliances. In ecohouse, water-saving toilets, 
water-saving shower heads and waterless washing machines were utilised. As a result, the 
total volume of wastewater into the sewer network was reduced by as much as 28.7% with 
an average reduction of 18.2% for the morning period (6:30 am ς 9:30 am). Both morning and 
evening periods had flow reductions although the morning period often had the largest 
decrease in wastewater volume using the water-saving appliances.  
 
In response to the change in the wastewater volume, the phosphorous concentration in the 
wastewater increased by as much as 36.6% using water-saving appliances and increased by 
an average of 27.9% over the morning period. The approach demonstrated in this study 
allowed assess the effect of variations of wastewater volume discharged into the sewer 
network system. The results highlighted that due to the increased nutrient concentrations 
from the use of a separated network and water-saving appliances, nutrient recovery would be 
more efficient, which is necessary for a more sustainable future, especially when natural 
resources such as phosphorus are becoming extremely depleted in the natural world. 
Although the application on a case study in Filton Airfield demonstrated the suitability of the 
suggested method as well as the promising potential of nutrient recovery, and the role it can 
play to reach sustainable circular economy targets, a more detailed spatial and temporal 
model prediction of the nutrient recovery is still required as it will allow for a more precise 
prediction of the feasibility of nutrient recovery and reuse in urban areas and thus the 
selection of the most suitable nutrient recovery technology for the Filton case. 
 
Chapters 6 and 7 further addressed existing and emerging policy and regulatory frameworks, 
including barriers, challenges, opportunities, financial options and upscaling and future 
implementations to improve the social acceptability of circular solutions. Public and social 
acceptance is still a critical barrier to the successful introduction and implementation of 
NextGen approaches and technologies to recover and reuse urban resources. Understanding 
key findings from this Filton case study (this deliverable 1.8) provides useful input to the type 
of expert information people are likely to know. However, a range of policy and regulation 
options needs to be considered to promote greater support for NextGen solutions within the 
Filton Airfield development schemes. We examined barriers and challenges that impact 
circular water systems and services. Since NextGen circular solutions demonstrated in Filton 
Airfield are district level, the study focused on aspects of policy and regulation for circularity 
on a small, decentralised scale and their incorporation into planning and building frameworks 
and explored possible financing options for circular solutions. The findings highlighted the role 
of laws and government policy in implementing NextGen circular solutions. In this context, 
the adoption and uptake of decentralised circular solutions require new forms of innovative 
support that can work within the existing regulatory frameworks. It was found that although 
the UK has its set of permits, risk assessments, and authorisation requirements and protocols 
for circular-water solutions, implementing decentralised circular solutions for water continues 
to be challenged by local regulations and building-related regulations specific to smaller-scale 
installations and the cost-benefit gap.  
 
However, barriers and challenges identified from this study provide an opportunity of 
establishing new and revised policies and regulations to improve the viability of NextGen 
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technologies and approaches. This study thus concluded with recommendations to further 
integrate and implement circular solutions through urban planning and building: 
 
(1) Determination of reclaimed water use purpose ς it is crucial to evaluate technical 
requirements to control and monitor water quality and thus avoid additional costs to achieve 
high water quality requirements. 
 
(2) There is a need for more experimental research that helps identify which variables affect 
the implementation of NextGen technologies and approaches. This also includes the context, 
application (product quality and risk management), and scale (system). Thus, the research 
findings can be applied to improve policy, guidelines, processes, and protocols for circular 
water reuse.  
 
(3) Since a pricing concern is related to greater acceptance of circular solutions, the 
assessment of life-cycle cost-benefits and risks for socio-economic profiles should be 
conducted.  Thus, the findings will be used to create financial incentives that should be 
implemented to support circular technology uptake in the built environment.  
 
(4) For upscaling and future implementations of NextGen solutions, understanding how design 
and plan can address end-users concerns is critical. Thus, social participation and collaboration 
platforms play a vital role to provide a coherent justification and knowledge of the 
environmental, economic, and social benefits and impacts. This will support engagement 
activities demonstrated in Filton Airfield, by outlining ambitions beyond the NextGen project 
and findings that can be fed into the current design codes/Building regulations. 
 
Chapter 8 finally concludes with recommendations for future research. Conducting a risk 
analysis is crucial to address potential risks affecting the commercialisation of secondary 
products (i.e., treated wastewater reuse). Through this assessment, public and social 
acceptance of the use of treated wastewater can be increased. In addition, there is a need for 
more simulation and experimental research that helps establish ways or mechanisms that 
would foster strengthening trust. Such experimental research on demonstrating urban water, 
energy and nutrient recovery potential at a large scale can help develop new sustainability 
indicators that can reduce barriers to fast and direct decisions. Finally, this deliverable 
recommends developing a new roadmap that can be used for the small-, medium- and large-
scale NextGen solution process design and system analysis and application at other sites.   
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Acronyms 
 

ATES Aquifer thermal energy storage 

BOD Aquifer thermal energy storage 

CAPEX Capital expense 

CE Circular economy 

COD Chemical oxygen demand 

COP Coefficient of performance 

CSO Combined sewer overflows 

DMI Demand minimisation index  

DS Dry solids 

FAO Food and Agriculture Organization  

FC Filter coefficient  

GHG Greenhouse gas  

GW Greywater 

GWH Greywater harvesting 

GWR Greywater reuse 

HFMC Hollow fibre membrane contactor  

HT High temperature 

IEX Ion exchange 

KPI Key performance indicator 

KS test Kolmogorov-Smirnov test  

LCA Life cycle assessment 

LCC Life cycle cost 

LPM Litre per minute 

NF Nanofiltration 

NPV Net present value  

OPEX Operational expense 

PBP Payback period 

PCI Precipitation concentration index 

PE Population equivalent 

REI Resource exported index  

RO Reverse osmosis 

ROI Return-on-investment period  

RW Rainwater 

RWH Rainwater harvesting 

SCE Storm capture efficiency  

SPI Standard precipitation index  

SSI Self-sufficiency index  

SSW Surface water system  

SWMM Storm water management model  

TDS Total dissolved solids 

TH Total hardness 
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TKN Total kjeldahl nitrogen 

TP Total phosphorous 

UV Ultraviolet 

UWC Unit water cost 

UWOT Urban water optioneering tool  

WOI Wastewater output index 

WSA Water saving appliance 

WSE Water savings efficiency  

WW Wastewater 

WWHR Wastewater heat recovery 

WWTP Wastewater treatment plant 

YAS Yield after spillage 

YBS Yield before spillage  
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Disclaimer 
The authors of this document have taken all possible measures for its content to be accurate, 
consistent and lawful. However, neither the project consortium as a whole nor individual 
partners that implicitly or explicitly participated in the creation and publication of this 
document hold any responsibility that might occur as a result of using its content. The content 
of this publication is the sole responsibility of the NextGen consortium and can in no way be 
taken to reflect the views of the European Union. 
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1. Introduction 
 
Globally, around 80% of all wastewater is released back into the environment where it creates 
health, environmental and climate-related issues (IWA, 2018). Urbanisation further 
exacerbates these challenges with an increase in wastewater production and discharge, while 
at the same time using more natural resources.  
 
In the context of greenfield implementation, designing and planning sustainable water 
services and systems and increasing reuse opportunities in a circular economy is an important 
task to turn wastewater into wealth and fast track achieving significant socio-economic 
benefit while at the same time making it resource efficient and climate resilient. Thus, 
recovering water-embedded resources including water, energy, nutrients and other valuable 
materials is a crucial opportunity for regions or countries to shift from a linear to a circular 
economy. This will contribute to filling the gap between increased natural resource demand 
and supply shortage. NextGen has therefore built up its circular economy system on the next 
generation of water systems and services to increase the availability of water, reduce energy 
consumption and recover other valuable resources.  
 
In the frame of closing the water cycle, there are many water reuse strategies that have been 
commenced to address issues, including (i) high operating and maintenance costs of nutrients 
removal (e.g., nitrogen and phosphorus) from the wastewater effluent to mitigate negative 
environmental impacts (e.g., eco-toxicity due to eutrophication), (ii) accelerated urbanization 
and (iii) climate change (e.g., heavy rainfall and drought) (Voulvoulis, 2018). Therefore, 
rainwater and treated wastewater reuse and valuable resource recovery (i.e., thermal energy 
and nutrients) from wastewater would become a new generation of validated, progressive 
solutions to address these challenges.  
 
Reuse of rainwater and wastewater is very common and has been implemented using a wide 
range of technologies from small to medium/large scales for non-potable purposes. However, 
most energy recovery practices have been primarily demonstrated at the large scale with a 
conventional anaerobic digestion system while recovery of nutrients (i.e., nitrogen, N and 
phosphorous, P) by source separation has shown to be feasible at a small scale application 
(Diaz-Elsayed et al., 2019). In this context, there is a need of a practical approach for their 
design and scale, prior to the choice of resource recovery technologies and economic 
evaluation. In other words, a more detailed spatial and temporal model prediction of urban 
resource recovery potential is required as it will allow for a more precise prediction of the 
feasibility of urban resource recovery and reuse in urban areas. 
 
Filton Airfield has been developed as a showcase and demonstrated a scenario-based 
simulation and analysis approach to evaluate potential of urban resource recovery (water, 
energy and nutrients) and thus providing quantitative results, including water saving 
potential, energy saving potential and recoverable nutrient concentrations. This report 
therefore aims to provide understanding and awareness underpinned by the utilization of a 
more reliable simulation approach to water-embedded resource recovery in the Filton area. 
It also aims to explore business and governance ŎƘŀƭƭŜƴƎŜǎ ǘƘŀǘ Ŏŀƴ ŜƴƘŀƴŎŜ ¦YΩǎ ŀōƛƭƛǘȅ ǘƻ 
have a resilient urban resource management strategy and thus greenfield implementation. 
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The findings in this report are expected to be used to transform water-wise communities. This 
report also provide evidence to prove the applied concepts for closing the water, energy and 
nutrients.  
 

1.1. Report structure 
 
This deliverable 1.8 consists of eight chapters with the introduction and report structure in 
the Introduction. In addition, the Introduction provides the status of the Filton Airfield 
development and the specific NextGen tasks. Further, Table 1.1 presents a brief description 
of the approaches for closing water, energy and materials, Chapter 3, 4 and 5 (Work package 
1, WP1).  
 
Table 1.1. Three main tasks to demonstrate the feasibility of the water, energy and materials cycles in the water sector in 
Filton Airfield.  

Chapter # Feasibility study Related Deliverable* 

3. Closing the water cycle Alternative water sources at 
district level 

D1.3 New approaches and best 
practices for closing the water 
cycle 

4. Closing the energy cycle Heat recovery from 
wastewater and local reuse 

D1.4 New approaches and best 
practices for closing the energy 
cycle in the water sector 

5. Closing the materials cycle Nutrients recovery potential at 
district level 

D1.5 New approaches and best 
practices for closing materials 
cycle in the water sector 

*Deliverables will be accessible via the Water Europe Marketplace at the case study section: 
https://mp.watereurope.eu/l/CaseStudy/ 

 

Chapters 6 and 7 concentrate on regulatory aspects for urban resource recovery and reuse 
(challenges, opportunities and cost and incentives) to implement circular solutions in either 
existing or new housing developments for operators/planners of resource reuse schemes. The 
major findings from the tasks and recommendations for future research and implementation 
of circular solutions are presented in Chapter 8. 
 

It has to be noted here that NextGen will deliver technological, economic and environmental 
impact assessments and business and governance solutions for water in the circular economy 
in 10 demonstration cases across Europe including the Filton Airfield demonstration case in 
the UK. Thus, other deliverables that emphasize on the technical demonstrations of closing 
the water, energy and materials cycles (WP1), but activities related to economic and 
environmental assessment and design systems (WP2), stakeholder engagement (WP3) and 
policy and governance challenges (WP4) can be found via the Water Europe Marketplace 
(https://mp.watereurope.eu/l/CaseStudy/). 
 

1.2. Filton Airfield Development 
 
Filton Airfield is a landmark, prime regional greenfield redevelopment opportunity. The site 
lies within the South Gloucestershire Council administrative area in UK. It is at the heart of the 
wider mixed-ǳǎŜ ŀǊŜŀ ƻŦ .ǊƛǎǘƻƭΩǎ bƻǊǘƘ CǊƛƴƎŜΣ ƛƴŎƭǳŘƛƴƎ ŜƳǇƭƻȅƳŜƴǘΣ ƳŀƴǳŦŀŎǘǳǊƛƴƎΣ ǊŜǘŀƛƭΣ 
residential and recreational uses. The majority of the site comprises the former operational 

https://mp.watereurope.eu/l/CaseStudy/
https://mp.watereurope.eu/l/CaseStudy/
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ŀƛǊŦƛŜƭŘΣ ƛƴŎƭǳŘƛƴƎ ǘƘŜ !ƛǊŦƛŜƭŘΩǎ ŦƻǊƳŜǊ terminal buildings, fire station, helipad, storage 
buildings and the older WWII service shed. As shown in Figure 1.1, the principal existing 
feature of the Airfield site is the main runway, which runs in an east-west direction. The 
runway is 2,467 m in length and 91 m wide and is constructed in concrete with adjacent 
surface water drainage. In addition to the main runway, there are the remnants of a crosswind 
runway which runs in a north-south direction.  
 
The Filton Airfield masterplan proposes to form a new mixed-use neighbourhood. A new 
suburb to be named Brabazon, will comprise 141.79 ha (350.35 acres) for 2675 new homes 
and 25 ha (62 acres) of commercial space, as well as new schools, recreation spaces and health 
facilities ƛƴ .ǊƛǎǘƻƭΩǎ ƴƻǊǘƘŜǊƴ ŦǊƛƴƎŜ (Figure 1.1). In addition, it includes a nursery facility, retail 
space, a 120-bedroom hotel, a secondary and two primary schools, safeguarded land for a 
railway station, community facilities and provides a setting for the Aero heritage museum to 
ŎŜƭŜōǊŀǘŜ ǘƘŜ ŀǊŜŀΩǎ ŀǾƛŀǘƛƻƴ ƘƛǎǘƻǊȅΦ ¢ƘŜǊŜ ŀǊŜ ŀƭǎƻ ƛƴŦƻǊƳŀƭ ŀƴŘ formal open spaces, new 
road accesses and associated infrastructure. The specific land use plan is described in Table 
1.2. 
 

 
Figure 1.1. Location of Filton Airfield and Filton Airfield master plan. 

 
Table 1.2. Filton Airfield land use plan (YTL, 2021). 

Land use Area (ha) Area (acres) 

Total residential area 54.3 134.18 

Total mixed use (commercial 
and residential) 

2.10 5.19 

Residential extra care 0.69 1.7 

Employment 24.95 61.65 

Other non-residential uses 17.10 42.25 

Open space 27.49 62.92 

Infrastructure/Highways 15.16 37.46 

Total application site 141.79 350.35 

 

1.3. NextGen objectives 
 
A masterplan for the site development is available, but further development and exploration 
of ideas for sustainable development are required. Urban greening strategies need to be 
demonstrated in new cities to support sustainable urban planning and development. An 
integrated local recovery and reuse of water, energy and nutrients is one of the promising 
solutions and can provide multiple and complementary benefits to the public.  
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The aim of the NextGen project is to demonstrate and evaluate the application of circular 
economy to a Filton Airfield development case study where the area will be a showcase in 
urban development for the UK. The aim of this project translates into the following set of 
objectives as described in Figure 1.2 and Table 1.3. 
 
Water: Demonstrating the feasibility of urban water resource management 
Energy: Demonstrating the feasibility of thermal energy recovery from the sewer system and 
local reuse 
Materials: Demonstrating the feasibility of nutrient recovery potential 
 

 
Figure 1.2. Positioning of Filton Airfield in the circular economy. The red circles indicate the technologies assessed in the 
Filton case study. 

 



 

 

Table 1.3. Description of NextGen tasks and objectives.  

Case Study number & name Subtasks Technology baseline 
NextGen intervention 
in circular economy for 

water sector 
TRL Capacity Quantifiable target 

# 9  
Filton Airfield 
Location: A former airfield in 
South Gloucestershire, north 
of Bristol 

Sub-Task 1.2.7 
Integrating alternative 
water sources at 
district level at Filton 
Airfield 

- A former airfield in South 
Gloucestershire, north of 
Bristol, UK 
- YTL Developments will 
develop this former 
airfield into an attractive 
and sustainable area 

- Decentralized 
solutions for increased 
circularity in new 
housing districts 

¢w[ т Ҧ ф 

50-600 m3 
storage capacity 
for residential 

and commercial 
buildings 

Urban water resource 
reuse for non-potable 
uses (on-site reuse) 

Sub-Task 1.3.1 Local 
heat and energy 
recovery from 
wastewater 

TRL 9 113 housing units 
Domestic heating - 

space or water heating 
(on-site reuse) 

Sub-Task 1.4.9: 
Integrated recovery 
and use of nutrients 
at district level 

TRL 9 113 housing units 

Nutrient recovery 
potential - nutrient 
concentrations in 

wastewater 
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2. Methodology 
2.1. Introduction 

 
In this deliverable, a series of theoretical, experimental and scenario-based investigations 
were conducted. In particular, the experimental investigation was carried out to analyse the 
quality of fresh rainwater samples collected across Filton Airfield.  
 
Feasibility of water, energy and nutrient recovery and reuse at district level was investigated 
through theoretical simulation and scenario-based approaches. For the feasibility study, water 
demand and discharge profiles, including flowrate, nutrient concentrations (i.e., nitrogen and 
phosphorus) and temperature were obtained using specific analysis tools - Simulation of 
Water Demand, End-¦ǎŜ aƻŘŜƭέ ό{La59¦aύΣ SIMulation of water Demand, an End-Use 
Model Wastewater (SIMDEUM WW) and Storm Water Management Model (SWMM).   
 
With the aid of urban water cycle analysis results, an urban assessment tool, namely Urban 
Water Optioneering Tool (UWOT), was used to assess and compare different urban water 
management options. The results obtained from the UWOT simulation were used to assess 
urban harvesting potential using demand minimisation index, wastewater output index, self-
sufficiency index and resource exported index (Agudeƭƻπ±ŜǊŀ Ŝǘ ŀƭΦΣ нлмнΤ [ŜǳǎōǊƻŎƪ Ŝǘ ŀƭΦΣ 
2015). 
 
This chapter describes the general approaches that were applied within the Filton case study, 
including the experimental procedure used for rainwater quality analysis and the overview of 
the simulations. More specific details can be found in their respective chapters. 
 

2.2. Study area - Filton Airfield eastern 
infrastructure 

 
Figure 2.1 shows the location of the study area. This study only considered the east side of the 
Filton Airfield site as information on design and planning of the east side was available at the 
time of the study. The east side includes apartments and free-standing housing units named 
ΨIŀƴƎŀǊ 5ƛǎǘǊƛŎǘΩΦ In addition, there is only one commercial application as illustrated in Figure 
2.1. There exists the three-bay Brabazon Hangar, which was built in 1946. This will be 
transformed into a premier live entertainment venue with a capacity about 17,080 visitors, 
named as YTL Arena (YTL, 2021). The total roof area of the arena is about 30,000 m2: 8500 m2 
(East), 13,000 m2 (Centre) and 8500 m2 (West). The feasibility of urban water resource 
recovery and reuse was investigated by considering residential and commercial buildings 
while that of energy and nutrient recovery from wastewater was carried out by considering 
only residential buildings (i.e., Hangar District). Details of different residential and commercial 
application scenarios are described in their respective chapters.  
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Figure 2.1. Cƛƭǘƻƴ !ƛǊŦƛŜƭŘ ŜŀǎǘŜǊƴ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜ ŘŜǾŜƭƻǇƳŜƴǘΥ ǊŜǎƛŘŜƴǘƛŀƭ ŀǊŜŀ ά¢ƘŜ IŀƴƎŀǊ 5ƛǎǘǊƛŎǘέ ŀƴŘ ŎƻƳƳŜǊŎƛŀƭ ά¸¢[ 
!ǊŜƴŀέΦ 

 

2.3. Rainwater quality analysis 
 
Rainwater samples collected directly from atmospheric precipitation were analysed. There 
were five different sampling points (SP1-SP5) across the Filton Airfield (n = 25 samples). As 
shown in Figure 2.2, SP1 is located at the northwest of the Filton Road. SP2 and SP5 are located 
at the right side and the front of the east wing of the YTL Arena (YA), respectively. SP3 and SP4 
are located at the behind of the west wing (near the used tanks) and the centre of the YA, 
respectively.  
 
At this location, there is a local road with moderate traffic, with its distance from the YA 
varying between 0.5 km and 2 km. In addition, commercial and residential areas are located 
to the east, northeast and northwest of the YA, Figure 2.2 (a). In addition, a sewage treatment 
plant and light industrial areas are located less than 10 km from the study area, but these are 
not shown in the figure. Figure 2.2 (b) shows prevailing winds in this area are from the 
southwest. It has to be noted here that the wind direction data during the sampling period 
were obtained from at weather station located 2.3 km from the Filton site (Underground, 
2020).  
 
Weekly collection of rainwater samples conducted, and the samples were kept in the cold 
room at 4 °/ ǇǊƛƻǊ ǘƻ ŀƴŀƭȅǎƛǎΦ ǇIΣ ŜƭŜŎǘǊƛŎŀƭ ŎƻƴŘǳŎǘƛǾƛǘȅ ό9/Σ ˃{κŎƳύΣ ǘƻǘŀƭ ŘƛǎǎƻƭǾŜŘ ǎƻƭƛŘǎ 
(TDS, mg/L) were measured on site using a pH/EC/TDS meter Hanna Instrumentsϰ HI9812-5, 
while samples were sent to Wessex Water Scientific Centre to analyse the other selected 
physiochemical and microbiological parameters according to the Standard Methods ISO 
17025 (UKAS, 2020) as described in Table 2.1. The physicochemical parameters analysed are 
turbidity (NTU), chemical oxygen demand (COD) and biochemical oxygen demand (BOD). In 
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addition, nutrients, major ions and metals including total hardness, calcium hardness, 
magnesium hardness, alkalinity (HCO3

-), ammonia (NH4-), nitrite (NO2
-), nitrate (NO3

-), chloride 
(Cl-), sulphate (SO42-), fluoride (F-), calcium (Ca), potassium (K), magnesium (Mg), sodium (Na), 
iron (Fe), manganese (Mn), copper (Cu), chromium (Cr), cadmium (Cd), nickel (Ni), zinc (Zn), 
and lead (Pb), were determined using different methods described in Table 2.1. Microbiology 
parameter (i.e., E.Coli) was analysed by membrane filtration method. Tap water was also 
analysed for the same parameters to compare the quality of both rainwater and tap water.  
 

(a) 

 

(b) 

 
Figure 2.2. (a) Characteristics of the Filton Airfield area. Sampling points - SP1: at the end of the Filton Airfield, close to 
green area, SP2: the right side of the east wing of the arena, open area, SP3: at the behind of the west wing of the arena 
and near the used tanks, SP4: the behind of the arena, close to green area, and SP5: the front of the east wing, surrounded 
by small buildings) and (b) Wind direction data from Little Stoke Weather station (Distance from the arena: 2.3 km). 
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Table 2.1. Physiochemical and microbiological analysis methods (UKAS, 2020).   

Parameter Method No. Techniques used 

Physiochemical parameters 

pH - pH/EC/TDS meter Hanna Instrumentsϰ HI9812-5 

Conductivity at 25 °C - pH/EC/TDS meter Hanna Instrumentsϰ HI9812-5 

Turbidity 3:404 Turbidity meter; nephelometric method (Hach 2100N 
Turbidimeter) 

Alkalinity (CaCO3) 2:301 Inductively Coupled Plasma - Mass Spectroscopy 

Total dissolved solids, TDS - pH/EC/TDS meter Hanna Instrumentsϰ HI9812-5 

Biochemical oxygen demand 2:702 Incubation at 20 ̄C 

Chemical oxygen demand 2:703 Acid Dichromate - Colorimetric 

Total hardness (CaCO3) 2:301 Inductively Coupled Plasma - Mass Spectroscopy 

Ca. Hardness 2:301 Inductively Coupled Plasma - Mass Spectroscopy 

Mg. Hardness 2:301 Inductively Coupled Plasma - Mass Spectroscopy 

Nutrients, major ions and metals 

Chloride, Cl 2:550 Automated - Colorimetry by Discrete Autoanalyzer 

Nitrite, NO2 2:550 Automated - Colorimetry by Discrete Autoanalyzer 

Nitrate, NO3 - Calculation 

Ammonium, NH4 2:550 Automated - Colorimetry by Discrete Autoanalyzer 

Sulphate, SO4 2:550 Automated - Colorimetry by Discrete Autoanalyzer 

Fluoride, F 3:408 Ion Selective Electrode 

Calcium, Ca 2:301 Inductively Coupled Plasma - Mass Spectroscopy 

Potassium, K 2:301 Inductively Coupled Plasma - Mass Spectroscopy 

Magnesium, Mg 2:301 Inductively Coupled Plasma - Mass Spectroscopy 

Sodium, Na 2:301 Inductively Coupled Plasma - Mass Spectroscopy 

Iron, Fe 2:301 Inductively Coupled Plasma - Mass Spectroscopy 

Manganese, Mn 2:301 Inductively Coupled Plasma - Mass Spectroscopy 

Copper, Cu 2:301 Inductively Coupled Plasma - Mass Spectroscopy 

Chromium, Cr 2:302 Inductively Coupled Plasma - Mass Spectroscopy 

Cadmium, Cd 2:301 Inductively Coupled Plasma - Mass Spectroscopy 

Nickel, Ni 2:301 Inductively Coupled Plasma - Mass Spectroscopy 

Zinc, Zn 2:301 Inductively Coupled Plasma - Mass Spectroscopy 

Lead, Pb 2:301 Inductively Coupled Plasma - Mass Spectroscopy 

Microbiological parameters 

E.Coli 3:301 Membrane filtration 

 

2.4. Simulation procedure 
 
Figure 2.3 shows an overview of the simulation procedure. Data from the UK Time Use Survey, 
UK household occupancy statistics, and survey of UK appliance ownership (penetration) were 
required to generate water demand profiles for households in SIMDEUM. SIMDEUM WW was 
then used to create a stochastic wastewater discharge element based on appliance-specific 
discharge parameters such as nutrient loads in the wastewater. These patterns were then 
incorporated into the SWMM software by editing MATLAB codes behind SIMDEUM which 
produced file types that could be inputted into the SWMM programme. For a feasibility study 
on urban water recovery and reuse, SIMDEUM, SIMDEUM WW and UWOT were used while 
for a feasibility study on energy and nutrient recovery potential, SIMDEUM, SIMDEUM WW 
and SWMM were used. Details for each tool are presented in the following sections.  
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Figure 2.3. Overview of simulation procedure.  

 

2.4.1. Water demand simulation 
 
A potable water demand model entitled SIMDEUM® or "SIMulation of water Demand, an End-
Use Model" developed by the KWR Water Research Institute (Blokker, 2010) was used. 
SIMDEUM is a stochastic end-use simulation with a small temporal and spatial level and 
generates water use patterns in both residential and commercial buildings based on water 
using devices, and consumer activities.  
 
This study estimated water demand within the commercial YA building (i.e., toilet flushing and 
hand basin usage) using the default data Blokker et al. (2017) within SIMDEUM with the 
following assumptions: (i) an equal proportion of men and women; (ii) for hand basins, 2 L/use 
as a frequency of two times per day; and (iii) annual operation of 365 days (Hills et al., 2001). 
Although this study has not considered the effect of seasonal weather changes on water 
demand, this calibration nevertheless provides highly reliable results on water use profiles in 
houses within the study area. There were three calibration steps before running the 
SIMDEUM simulation, and details are as follows. 
 
First, a calibration ǿƛǘƘƛƴ {La59¦a ǿŀǎ ŎƻƴŘǳŎǘŜŘ ǳǎƛƴƎ ǘƘŜ ¦YΩǎ ƻŦŦƛŎƛŀƭ ƘƻǳǎŜƘƻƭŘ 
occupancy statistics (Statistics, 2020) and the UK time use survey (Gershuny, 2017) by 
replacing the default Dutch data. Using the UK household occupancy statistics, the proportion 
ƻŦ ŜŀŎƘ ƘƻǳǎŜƘƻƭŘΩǎ ƻŎŎǳǇŀƴŎȅ όƻƴŜΣ ǘǿƻΣ ƻǊ ŦŀƳƛƭȅύ ŦƻǊ ŜŀŎƘ ƘƻǳǎŜ ǘȅǇŜ ǿŀǎ identified and 
thus used as input data within the model (Table 2.2). In addition, using the UK time use survey, 
how people spend their time with different age groups (eight years and over) was illustrated 
and summarised in Figure 2.4 and Table 2.3, respectively.  
 
This replaced the default input of the Dutch time budget within SIMDEUM®. This was then 
used to simulate average weekday and weekend diurnal patterns in the UK. Finally, each 
house type utilizes different water use appliances. For example, two-bedroom house has two 
bathrooms, so we considered the use of two toilets, two freestanding showers and one 
bathtub for this household type. Such information for each house type was set in SIMDEUM. 
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Therefore, SIMDEUM could provide water demand patterns for each household type 
depending on the number of occupancy and bedrooms as presented in Table 2.4.  
 
For the purposes of assessing the viability of energy and nutrient recovery (Chapter 4 and 
Chapter 5), stochastic modelling of discharge has an advantage over continuous models in 
that it may highlight where irregularities in wastewater flowrate may undermine performance 
of recovery equipment. For example, if there was only one house with a single occupant 
discharging into a system, whatever the average flowrate might be across a 24-hour period 
the modal flowrate would presumably be 0 LPM. 
 
Table 2.2. Average household occupancy for each household type in the UK used for the SIMDEUM® simulation (Statistics, 
2020).  

1-person 
households 

2-person 
households 

Family 
households 

1-bedroom 69.5% 24.8% 5.7% 

2-bedroom 36.6% 40.1% 23.3% 

3-bedroom 21.0% 35.6% 43.4% 

4-bedroom 11.1% 33.7% 55.2% 

 
 

 Sleeping patterns Home presence patterns 
Age: 8-12 

  
Age: 13-18 

  
Age: 19-64 
(Full-time 
employment) 
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Age: 19-64 
(Unemployed) 

  
Age: 65+ 

  
Figure 2.4 Diurnal patterns. The dashed red line indicates the method for calculating the standard deviation around the 
time of getting up and sleep. Values obtained from this figure were summarized in Table 2.3 and used for SIMDEUM 
simulation. 

 
Table 2.3. Time budget data for the UK used for the SIMDEUM® simulation (Gershuny, 2017). 

 
Time of 

getting up 

Time of 
leaving the 

house 

Duration of no 
presence at 

home 

Duration of 
sleeping 

Avg. SD Avg. SD Avg. SD Avg. SD 

Child Week 7:11 0:30 8:20 0:40 8:00 1:00 9:56 0:30 

8-12 Weekend 7:57 1:00 9:35 1:00 8:50 1:30 10:24 1:30 

Teen Week 7:17 0:50 8:02 0:45 8:38 1:30 8:46 0:50 

13-18 Weekend 9:10 0:50 10:35 0:45 9:17 1:30 10:12 1:00 

Working adult Week 6:31 0:30 7:44 0:30 9:32 1:15 7:34 0:30 

19-64 Weekend 6:58 1:15 8:01 1:00 10:54 2:00 7:50 1:00 

Home adult Week 7:22 0:30 8:45 1:30 9:46 1:30 8:20 0:50 

19-64 Weekend 7:59 0:50 9:52 1:30 8:48 2:00 8:51 1:00 

Senior Week 7:15 0:45 9:17 1:00 7:32 1:30 8:15 1:00 

65+ Weekend 7:35 1:10 9:35 1:00 7:48 2:30 8:32 1:20 

Total 
Week 6:59 1:00 8:09 0:50 9:48 1:10 8:07 0:50 

Weekend 7:55 1:30 9:31 1:30 9:29 2:00 8:57 1:30 
Avg.: Average, SD: Standard Deviation 
 
Table 2.4. Average household occupancy for house with given number of bedrooms ± standard deviation. 

 1 Bedroom 2 Bedrooms 3 Bedrooms 4 Bedrooms 

Average household occupancy 1.31 ± 0.59 1.86 ± 0.90 2.45 ± 1.20 2.88 ± 1.30 

 
The SIMDEUM pattern generator (SPG) tool was supplied by Watershare and the calibration 
for this pattern generator is described in the following section. The SPG tool is coded in 
MATLAB to provide a user-friendly interface without editing information within the code script 
of the programme, which can be seen in Figure 2.5. 
 
The SPG works firstly by reading an .spg file which is user-produced in the Watershare tool 
and then saving the information in the .spg file as a week.stats file and a weekend.stats file, 
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as Ŏŀƴ ōŜ ǎŜŜƴ ǳƴŘŜǊ ǘƘŜ άwŜŀŘ ΦǎǇƎ ŦƛƭŜ ŀƴŘ ǎŀǾŜ ŀǎ Φǎǘŀǘǎ ŦƛƭŜέ ƘŜader of Figure 2.5. These 
.stats files can then be used to run a simulation of the water demand patterns which can then 
be plotted as time series graphs (Figure 2.7). 
 

 
Figure 2.5. SIMDEUM Pattern Generator (SPG) User-Friendly Interface. 

 
Once all 3 sections of the Watershare Tool had been completed, the data could be saved and 
exported into an .spg file type. If necessary, these .spg files could be opened in a notepad app 
as .txt files and be easily manipulated. 
 
Using the downloadable SPG from the Watershare Tool, the .spg files could be read and saved 
as .stats files as shown in Figure 5.1. Using the SPG interface it was possible to view the 
household statistics information of the .stats files. This information on household statistics is 
summarised in Figure 2.6 for a 2-bedroom house type. The distribution of single, two person 
and family households are defined in the middle of Figure 2.6 and the other parameters 
including age, gender and labour division are shown around the edge. 
 

Using this household occupancy information as well as the time use data, together with the 
water consumption information for each appliance, SPG was able to run a simulation and 
produce discharge profiles for each house type (Figure 2.7). 
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Figure 2.6. Household statistics data ς an example of two-bedroom house. 

 

 

 
Figure 2.7. SIMDEUM simulations for each household types in catchments A and B. 
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2.4.2. Wastewater discharge profiles 
 

SIMDEUM WW is an extension of SIMDEUM and was used to assign appliance-specific 
wastewater quality profiles to each wastewater discharge. Certain appliances have similar 
demand and discharge patterns, for example, the shower running to the drain, however, other 
appliances such as a toilet or washing machine may discharge much faster than they are filled. 
By using SIMDEUM and SIMDEUM WW together it is possible to produce probabilistic 
discharge pulse flows into the sewer network. Unlike for the SPG, however, there has been no 
user-friendly interface built for the SIMDEUM WW programme, meaning these wastewater 
quality profiles were developed within the MATLAB code of SIMDEUM WW to produce time 
series .dat files to be integrated into SWMM. A separate time series file was required for each 
parameter, i.e., time series files for each house type and each nutrient, Nitrates (N) and 
Phosphates (P). Separate time series files were also needed for the water-saving appliances 
situations. The water saving appliances were water-saving shower heads and water saving 
toilets.  
 
Time steps of 1 minute were used and the simulations were conducted over a 5-day period, 
the weekdays. The SWMM software could then produce a time series at the outfall of the 
network showing the cumulative flow and concentrations collected from the network over 
the simulated period. 
 

2.4.3. Urban water cycle model 
 
An urban assessment tool, namely the Urban Water Optioneering Tool (UWOT), is a model 
that optimizes the development of sustainable strategies for urban water cycle management 
(Makropoulos et al., 2008). UWOT produces various urban cycle metrics, including urban 
water flows (non-potable and potable water demand, wastewater production and stormwater 
volume) and water treatment technologies (treated greywater and rainwater) (Makropoulos 
et al., 2008; Rozos et al., 2013; Rozos et al., 2010). 
 
{ǘƻǊŜŘ ǿƛǘƘƛƴ ǘƘŜ ¦²h¢ άǘŜŎƘƴƻƭƻƎȅ ƭƛōǊŀǊȅέ ƛǎ ŀ ǾŀǊƛŜǘȅ ƻŦ ƘƻǳǎŜƘƻƭŘ ƛǘŜƳǎ ǿƘƛŎƘ ƘŀǾŜ 
assigned water consumption and frequency of use parameters which correspond to different 
water-ǎŀǾƛƴƎ ƻǇǘƛƻƴǎ ŦƻǊ ŜŀŎƘ ƛǘŜƳ όƛΦŜΦΣ ǎƘƻǿŜǊǎ ƛǘŜƳǎ ƘŀǾŜ ƳǳƭǘƛǇƭŜ άōǊŀƴŘǎέ ǿhich offer 
different water-saving parameters). While the stored database offers a user-friendly 
operation, the parameters stored within the database may need to be verified and modified 
according to more up-to-date data. For the UWOT to make use of the database information, 
users are required to input 3 data measurements: 
 
1. A time series of rainfall information that will be used to set up the rainwater harvesting 
scheme and to aid in the urban runoff from the area using permeability. For this timeseries, it 
is necessary to have access to primary rainfall data and set up possible forecasts as to the 
variation the Brabazon development can expect.  
 
2. A timeseries of occupancy demonstrating the population expectations over an extended 
period of time. This is important information when identifying possible season trends in 
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population expectancy. For the Brabazon development, it is expected that there will not be a 
significant seasonal variation in population numbers.  
 
3. A timeseries of the number of households. This information accounts for the influence of 
urban growth. For the Brabazon development, the entire project is expected to occur over 
more than 10 years, with housing areas being completed in stages. This can be seen as a form 
of urbanization and thus the rate at which the development expands falls under this 
timeseries.  
 
In an assessment of water recycling technology, the UWOT has been used to prove the benefit 
of rainwater harvesting technology by reducing the drinking water demand in households 
(harvested rainwater can be used for non-potable uses which saves the use of drinking water) 
(Rozos et al., 2012). The effective modelling of these technology alternatives proves that the 
UWOT is successful in the simulation of integrated water management schemes, hence 
proving the tools suitability to the Brabazon development. 
 

2.4.4. Sewer network model 
 
The EPA storm water management model (SWMM) is primarily used to determine the impact 
of wet weather events on the urban water cycle with special consideration for combined 
sewer systems where wet weather events can create flooding events.  
 
Using the files produced from SIMDEUM WW, each house has a node which can be matched 
to a specific time series, e.g., a time series of flow rates and temperature or a time series of 
nutrient concentrations. SWMM runs the wastewater quality model alongside the hydraulic 
model to produce realistic patterns. The concentration at every node is calculated for every 
time step, following the conservation of mass. It was assumed that the nodes are well mixed 
and there is no deposition or accumulation along the system. Dispersion along the conduits is 
also assumed to be negligible in SWMM and pollutants move through the conduits at a 
constant velocity. The SWMM simulation can then be run and the time series that results at 
the outfall for the 5-day period can be exported to Excel.  
 
For the purposes of a modelling a closed gravity sewer the network consists of inflow nodes, 
junction nodes, outfalls, and channels. At inflow nodes wastewater is added to the network 
as described by a time series. At junction nodes flows are combined and are proceed onwards 
as a perfectly mixed plug. The outfall is simply the last node in the network where wastewater 
is removed. Channels carry wastewater along their length between nodes according to the 
Manning Equation 2.1 given below: 
 

Ὂ  
ρȢτω

ὲ
 ὃὙȾὛȾ Equation 2.1 

 
where Ὂ is the flow rate, ὲὓ is the Manning roughness coefficient for the channel material, ὃ 
is the cross-sectional area of flow through the channel, Ὑ is the hydraulic radius of channel, 
and Ὓ is the slope of the channel. Hydraulic radius is described by Equation 2.2 below: 
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Ὑ ὃȾὖ Equation 2.2 

 

where ὖύ is the wetted perimeter of the conduit. 
 

SWMM does not track dispersion, treating the network as a series of plug flows. This results 
in higher peak flowrates with periods of no flow that would not be encountered in actual 
sewers.  
 
While SWMM does account for atmospheric temperature when determining inflows due to 
snow melt or losses due to evaporation, it does not natively track the temperature of 
wastewater itself. However, as SWMM does track pollutant concentrations in wastewater a 
simple model of wastewater temperature could be created by treating it as a material 
pollutant in an otherwise homogenous flow. SWMM ignores diffusion of pollutants, instead 
treating them as a slug. 
 

In a simple case of two flows (Ὂ1, Ὂ2) with different temperatures (Ὕ1, Ὕ2) mixing at a junction 

node (as illustrated in Figure 2.8), the temperature of wastewater leaving that junction node 
(Ὕ3) would be described by Equation 2.3 below 
 

 
Figure 2.8. Example of mixing flow at junction. 

 

Ὕ  
ὝὊ  ὝὊ

Ὂ Ὂ
 Equation 2.3 

 

In general, this takes the form shown below in Equation 2.4 for a confluence of n pipes. 
 

Ὕ  
ὝὊ  ὝὊ Ễ ὝὊ

ВὊ
 Equation 2.4 

 

where ὝάὭὼ is the temperature of the resultant flow. 
 
Pollutants can be removed from any node in the network using a treatment function which 
takes the form of an equation describing either the outlet concentration or removal fraction 
from that node. Depth of wastewater, flowrate, surface area, simulation time step, and 
hydraulic residence time at the node are all valid variables for removal expressions. 
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The sewer network for the housing residential area shown in Figure 2.9 (Chapter 4 and 
Chapter 5). For this residential development, a separated sewer network was developed, 
meaning it excludes storm water. The sewer network is a gravity driven system with the outfall 
being the lowest point of the network and the furthest house from the outfall being the 
highest point. There are inflow junctions from each house or apartment block and all nodes 
are connected by conduits.  
 
From the outfall the wastewater may be taken to a water treatment plant. The pipe network 
containing all junctions, nodes, conduits, and outfall can be seen in Figure 2.9. Figure 2.9 
shows a map of the sewer network, with the network outfall (discharge to a wastewater 
treatment plant, WWTP) marked by an inverted triangle. By reading the map of the sewer 
network it was established that the path of flow through the sewer network to the network 
outfall was no more than 250 m for any node, and the maximum direct distance between the 
outfall and a network node was 168 m. This satisfies the proximity requirements for WWHR 
suggested by (Ali et al., 2019), making the site suitable for assessment. 
 
The vertical pipes shown in Figure 2.10 demonstrate manhole locations from street level to 
the sewer pipes along the network. Each conduit was assigned a roughness factor of 0.01 and 
the conduits were all circular closed. The highest point of the network at 64.15 m and is the 
inflow from the 3-bedroom house, whilst the outfall is the lowest point at 58.665 m giving an 
overall elevation change of -5.485 m. Each node shown in Figure 2.10 could contain inflow 
from one or more houses in the network.  
 

 
Figure 2.9. Map of the residential development with overlaid sewer network (SWMM). 
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Figure 2.10. Cross sectional view of the sewer network from highest to outfall (lowest) point (SWMM). 
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CHAPTER 3 
Deliverable D1.8 

 
  

This chapter was published as:  
1. Mackenzie, B., Is rainwater harvesting a feasible water supply for Filton Airfield, Bristol. MEng Research 

Project, University of Bath, 2020. 
2. Ezekiel, J., Dynamic modelling of a rainwater harvesting system for the YTL Development at Filton Airfield. 

MEng Research Project, University of Bath, 2020. 
3. Hubertus, L., Rainwater harvesting system feasibility study for medium-scale urban developments ς the 

Brabazon Development case study. Master Research Project, University of Bath, 2020. 
4. Kim, J.E. et al., Optimal storage sizing for indoor arena rainwater harvesting: Hydraulic simulation and 

economic assessment. Journal of Environmental Management, 2021. 280: p. 111847. 
5. Kim, J.E. et al., Evaluation of harvesting urban water resources for sustainable water management: Case 

study in Filton Airfield, UK. Journal of Environmental Management, 2022. 322: p. 116049. 

Sub-Task 1.2.7 Integrating alternative water sources at district level at Filton Airfield 



 Deliverable D1.8. Filton Airfield 

 

43 

¢Ƙƛǎ ǇǊƻƧŜŎǘ Ƙŀǎ ǊŜŎŜƛǾŜŘ ŦǳƴŘƛƴƎ ŦǊƻƳ ǘƘŜ 9ǳǊƻǇŜŀƴ ¦ƴƛƻƴΩǎ IƻǊƛȊƻƴ нлнл ǊŜǎŜŀǊŎƘ ŀƴŘ ƛƴƴƻǾŀǘƛƻƴ 
programme under grant agreement N°776541 

3. Closing the Water Cycle 
 
The study site covers the development of Filton Airfield eastern infrastructure where includes 
residential and commercial land uses. We focussed on this first phase of the development 
with the intention that the results and findings from the research providing a useful business 
case for YTL Developments in the future phases of the development. The development plan 
involves different blue-green infrastructure elements. In this study, the main reasons for 
including blue-green infrastructure on-site are to demonstrate alternative water resources 
and evaluate sustainable urban water management strategies: (i) rainwater harvesting system 
and (ii) hybrid rainwater-greywater harvesting system. 
 

3.1. Rainwater harvesting system  
 

3.1.1. Introduction 
 
Rainwater harvesting (RWH) has been recognised as an effective management method. RWH 
can provide benefits, including a supply of non-drinking water for end uses such as toilet 
ŦƭǳǎƘƛƴƎΣ ǿŀǎƘƛƴƎ ƳŀŎƘƛƴŜǎΣ ǿŀǎƘƛƴƎ ŎŀǊǎ ŀƴŘ ǿŀǘŜǊƛƴƎ ƎŀǊŘŜƴǎΦ ¢Ƙƛǎ Ŏŀƴ ǊŜŘǳŎŜ ŀ ōǳƛƭŘƛƴƎΩǎ 
clean water demand and water bills (Campisano et al., 2017). Rainwater collected from roof 
runoff is the most common type of RWH system as it requires minimum treatment and only 
consists of a collection area, a conveyance system and a storage tank (Ward, 2007). Several 
scales of RWH systems operate in the UK, ranging from individual houses to commercial 
buildings for different non-potable water purposes (Fewkes, 2012).  
 
The existing studies on the simulation-based optimization of a rainwater harvesting system 
and cases implemented in the UK have offered some solutions to determine the optimum 
storage capacity for rainwater harvesting at residential or commercial buildings by taking into 
account optimizing variables, including cost, reliability, water saving efficiency, green roofs 
irrigation and runoff capture (An et al., 2015; Bocanegra-Martínez et al., 2014; Okoye et al., 
2015; Ruso et al., 2019; Sample et al., 2014; Ward et al., 2012). However, it is often difficult to 
validate a global optimum for any conclusions and any applications as identifying an optimal 
storage size for a RWH system is highly depends on water demands, seasonal conditions, 
economics and infrastructure at a given geographic area (Alim et al., 2019; Semaan et al., 
2020).  
 
Besides, in the UK, there has been a wider implementation of rainwater harvesting at 
commercial scales due to their financial benefit (Campisano et al., 2017), there is limited 
information for closing the implementation and investment gap in the rainwater reuse. 
Therefore, there is still a need to demonstrate practical ways to increase the applicability and 
cost-benefit of a rainwater harvesting system.  
 
This section 3.1 reports a feasibility study of a RWH system in an indoor arena and residential 
area via daily water balance simulations and economic analysis approaches. Rainwater 
harvesting scenarios therefore include centralised and decentralised rainwater supply 
systems with different rainfall catchment scenarios.  
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3.1.2. Methods 
 

3.1.2.1. Rainwater catchment and water demand scenarios 
 
Table 3.1 presents detailed information on scenarios for collecting rainwater from rooftops of 
residential and commercial buildings. The centralised system involves a rainwater harvesting 
system with a single rainwater storage tank while the decentralised system involves multiple 
rainwater harvesting systems with multiple rainwater storage tanks which each system is 
connected to a small number of houses. Collected rainwater is used for non-potable purposes, 
including dishwasher, washing machine, irrigation and toilet flushing, depending on scenarios 
(Table 3.1). 
 
As the early stage of the Brabazon development design plan, a total of 278 housing units were 
planned, but there was little information on the percentage of apartments and housings. So, 
a mean catchment area of 65 m2 per unit was initially assumed. For S-1, a group of 23 houses 
was considered for the decentralized system with a roof surface of 1,495 m2. Whereas S-2 
considered a centralized rainwater system that collects rainfall from a roof of the central 
hangar 13,000 m2. It was assumed that the collected water is used for non-potable uses, 
including washing machine and toilet flushing. Thus, the annual demand for the decentralized 
(S-1) and centralized (S-2) systems amounted to 1,275 m3 and 15,412 m3, respectively. 
Although S-3 also considered a centralised rainwater collection from the roof of the central 
hangar (13,000 m2), water demand in this scenario differs from S-1 and S-2, considering only 
toilet flushing. Thus, the yearly demand without the washing machine was 12,652 m3. 
 
Scenario 4 (S-4) further demonstrated a centralised rainwater collection from a group of 278 
houses. During the second stage of the Brabazon development design plan, although it was 
intended to include 1- and 2-bedroom apartments as well as 2-, 3-, 4- and 5-bedroom houses, 
the exact details of the breakdown of the number of each unit type were not available 
(September 2020). However, this information provided an indication of the potential roof 
surface collection area. An estimation for the floor space for each of the unit types was the 
starting point for the estimate of potential collection surface areas.  
 
Table 3.2 thus shows a summary of the estimated breakdown of the number of each of the 
different unit types with an estimate of roof collection surface areas for each unit type. It has 
to be noted here that apartment buildings consist of 34 units per floor (x17 1-bedroom units, 
and x17 2-bedroom units). Thus, the total collectable surface area is limited to the total 
surface area of these 34 units. The catchment area for S-4 assumed to be 16,530 m2. In this 
scenario, an upper and lower limit to the input data for the supply and demand characteristics 
was employed to obtain a performance range which will include the likely performance of the 
system. This approach also has the added benefit of incorporating a measure of sensitivity to 
changes in the supply and demand information. To achieve the upper and lower limit for the 
ǎȅǎǘŜƳΩǎ ǇŜǊŦƻǊƳŀƴŎŜΣ ǾŀǊƛŀǘƛƻƴǎ ƛƴ ǘƘŜ ǎǳǇǇƭȅ ŀƴŘ ŘŜƳŀƴŘ ƛƴǇǳǘ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ǿŜǊŜ 
simulated. The lower limit combines the highest demand and lowest rainwater supply 
(referred to as the worst case), while the upper limit combines the lowest demand with the 
highest rainwater supply (referred to as the best case). Table 6 indicates the best and worst 
cases. 
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Scenarios 1-4 used the collected rainwater for only domestic purposes while S-5 assumed to 
use the collected rainwater for commercial uses, including toilet flushing within YTL Arena and 
irrigation for both Filton golf course and Brabazon park as described in Table 3.3. In this 
scenario, the entire roof of the YTL Arena (30,000 m2) was assumed to be the catchment area 
for the centralised rainwater harvesting system.  
 
Table 3.1. Rooftop rainwater harvesting scenarios for Filton Airfield ό²aҐ ΧΣ ²/ҐǘƻƛƭŜǘ ŦƭǳǎƘƛƴƎΣ ŜǘŎ. 

Scenario (S) Supply system Catchment Roof area (m2) 
Water reuse  

(non-potable) 

S-1 
Decentralized 

system 

Roof of a group 
of 23 houses, 65 

m2/unit  
1,495 WM, WC 

S-2 Centralised system 
Central roof area 

of YTL Arena 
10,000 WM, WC 

S-3 Centralised system 
Central roof area 

of YTL Arena 
10,000 WC 

S-4 Centralised system 278 houses  16,530 DW, WM, WC 

S-5 Centralised system 
Entire roof area 

of YTL Arena 
30,000 WC, IR 

 
Table 3.2. Estimated unit number and roof surface area used for scenario 4. 

Residential unit 
type 

Bedroom type 
Assumed 
quantity 

Unit roof surface 
area (m2/unit)  

Roof surface 
area estimate 

(m2) 

Apartment 
1 68 50 850 

2 68 75 1,275 

Houses 

2 36 100 3,600 

3 36 130 4,680 

4 35 80 2,800 

5 35 95 3,325 

Total - 278 - 16,530 

 
Table 3.3. Water demand scenarios and values used for scenario 5. 

Scenario   Unit Value 

Single use YTL Arena 
(YA) toilet 
flushing (TFYA) 

Visitors  
(TFYA1, TFYA2, TFYA3, TFYA4) 

Person/day 2,000, 5,000, 
10,000, 20,000 

Toilet L/flush 6 

Urinal L/flush 3.6 

Frequency Flush/capita/day 2 

Irrigation 
(IRBP & IRFG) 

Brabazon Park (BP) 
(IRBP1 & IRBP2) 

ha 6 and 12 

Filton Golf Course (FG) 
(IRFG1 & IRFG2) 

ha 23 and 46 

Frequency 
(MayςOctober) 

Irrigation/week 1 

Water use L/m2/day 5 

Combined use 50%TF + 50%IR and 70%TF + 30%IR 

 
For S-5, there were sub-scenarios for water reuse applications. Figure 3.1 and Table 3.4 show 
the water demand scenarios and values used for four different water use scenarios: (a) toilet 
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flushing (WC) within the YTL Arena (YA), (b) irrigation (IR) for the Brabazon Park (BP), (c) the 
Filton Golf Course (FG) and (d) a combination of toilet flushing and irrigation (WC+IR).  
 

 
Table 3.4. Demand characteristics for each scenario. 

Scenario (S) Water reuse (non-potable) 
Water demand 

(m3/year) 

S-1 WM, WC 
23 houses per 
RWH system 

1,275 

S-2 WM, WC 278 houses 15,412 

S-3 WC 278 houses 12,652 

S-4 Best case DW, WM, 
WC 

278 houses 
9,787 

Worst case 39,463 

S-5 TFYA1 

WC YTL Arena (YA) 

8,030 

TFYA2 19,710 

TFYA3 39,420 

TFYA4 78,840 

IRBP1 

IR 

Filton golf 
course (FG) and 
Brabazon park 

(BP) 

55,115 

IRBP2 110,230 

IRFG1 211,700 

IRFG2 423,035 

50%TFYA4 + 50%IRBP2 

WC+IR YA, FG and BP 

94,535 

70%TFYA4 + 30%IRBP2 88,330 

50%TFYA4 + 50%IRFG2 182,135 

70%TFYA4 + 30%IRFG2 251,120 

 
For toilet flushing demand within the YA (S5), four different capacities were assumed to be 
met every functional day. An equal proportion of males and females was considered. For toilet 
use, half the males used urinals and the other half used toilet bowls. Toilet bowls were 
assumed to use 6 litres per flush, while the urinals used 3.6 litres per flush (Hills et al., 2002; 
Zadeh et al., 2013). The annual operation days was assumed to be 365 (Hills et al., 2001). An 
irrigation plan was assumed to be in operation when there is no rain from May to October for 
BP and FG. The volume of irrigation water was assumed to be 5 litres per square meter per 
day (Matos et al., 2013; Roebuck et al., 2011). Equations 4.1 and 4.2 to determine the water 
demand for each application are as follows (Matos et al., 2013): 
 
Water demand 
for toilet 
flushing 

Ὀ ὠ Ὂ ὔ  
 

Equation 3.1 

 
Figure 3.1. Location of water reuse applications, YTL Arena, Brabazon park and Filton golf course.  
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where DWC is the total demand for toilet flushing (m3), VWC is the 
volume of water used per flush (m3), FWC is the frequency of 
toilet use/flush (-) and N is the number of people using the toilet 
(-). 
 

Water demand 
for irrigation 

Ὀ ὠ Ὂz Ὅzὃ 
 
where DIR is the total demand for irrigation (m3/day), VIR is the 
consumption unit per irrigation area (m3/m2), FIR is the 
frequency of irrigation (day-1) and IA is the irrigation area (m2). 

Equation 3.2 

 

3.1.2.2. Rainfall data 
 
As described in Table 3.5, scenarios 1-3 used the same rainfall data with a time series covering 
an 11-year. Whereas, S-4 and S-5 used different historical rainfall data, 10-year and 53-year, 
respectively. Detailed rainfall analysis conducted for each scenario are addressed in the 
following sections.  
 
Table 3.5. Description of collected rainfall data used for each scenario. 

Scenario (S) Historical rainfall data Rainfall analysis 

S-1 
11-year, 1st January 2008 - 31st 

December 2018 

Rainfall data was used to 
generate synthetic rainfall 
data 

S-2 

S-3 

S-4 
10-year, 16th September 2010 - 1st 

October 2020 

Correlation coefficients was 
evaluated to select the 
most reliable weather 
station 

S-5 
53-year, 1st January 1968 - 31st 

December 2020  

The precipitation 
concentration index (PCI) 
and standard precipitation 
index (SPI) values were 
analysed to confirm the 
climatic regimes (dry, 
normal and wet years) using 
long-term period rainfall 
data 

 

Synthetic rainfall data generation - Scenarios 1, 2 and 3 
Throughout the preliminary stages of development, a placeholder approximation was used 
for daily rainfall, represented by the variable X, which was normally distributed around a mean 
of 10 mm. Once generated, X was appended to an array containing the previously generated 
values. Consequently, the tank volume model was run using this array of values to simulate 
rainfall. This approach to rainfall simulation was taken to ensure the tank volume model 
functioned as intended ς once this was established, a more sophisticated and real-world 
approach to rainfall simulation was taken. A time series containing an 11-year-long set of daily 
rainfall values in the Bristol region for approximately 4000 consecutive days from the 1 of 
January 2008 until the 31 of December 2018 was used as an input to replace the rudimentary 
placeholder approximation described above. This approach allowed for the demonstration of 
the tank volume model with real-world, region-specific rainfall data. 
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Given that the RWH systems in urban settings are beginning to form part of a more holistic, 
decentralized approach to urban stormwater management systems, it is important to 
consider resilience and long-term applicability when optimizing design parameters (Valdez et 
al., 2016). Consequently, proposed RWH systems must be designed with the capacity to 
withstand and manage extreme events. Given the typical operational lifetime of a RWH 
system, an extreme event that occurs once in 30 years should be accounted for (Ghimire et 
al., 2019). An 11-year-long historical set should not be used to simulate a once-in-30-year 
event due to the limitations of extrapolating a data set beyond a reasonable scope. Hence 
probabilistic modelling must be employed. 
 
Weather events can be simulated by either deterministic or stochastic models. The word 
άǎǘƻŎƘŀǎǘƛŎέ ƛƳǇƭƛŜǎ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŀ ǊŀƴŘƻƳ variable, e.g., stochastic variation is a variation 
in which at least one of the elements is a variate and a stochastic process is one wherein the 
system incorporates an element of randomness as opposed to a deterministic system. In a 
deterministic model, the values for the dependent variables of the system are entirely 
determined by the parameters of the model. In contrast, stochastic, or probabilistic, models 
include randomness in such a way that the outputs of the model take the form of probability 
distributions rather than discrete values (Rey, 2015). Rainfall is a complex phenomenon driven 
by multiple physical mechanisms acting at multiple spatial-temporal scales; thus, 
deterministic modelling holds limited practical value for the purpose of rainfall simulation 
(Hingray et al., 2005). More specifically, Hingray et al. (2005), through an analysis of seven 
disaggregation models, showed that classic deterministic models lead to a significant 
underestimation of some important rainfall statistics such as variation coefficient and 
extremes of 10-min rainfall amounts. 
 
Stochastic models have been the standard for several decades where the model outcomes are 
non-discretised (Rey, 2015). Instead, they are probability distributions, or density functions, 
which represent the inherent statistical properties of a phenomenon. Koutsoyiannis et al. 
(1996) demonstrated the efficacy of such models at simulating rainfall by showing there to be 
no substantial difference in behaviour between a synthetic and historic rainfall time series. 
Kurothe et al. (1997) provides evidence to show that the intensity of daily rainfall levels is 
distributed exponentially if only wet days (days with rainfall) are considered. To allow for the 
modelling approach described by the flowchart in Figure 3.2, two assumptions were made. 
Firstly, daily rainfall levels were assumed to be exponentially distributed for wet days only. 
Secondly, the probability of a day without rainfall occurring is equal to the total number of 
ΨŘǊȅ ŘŀȅǎΩ ŘƛǾƛŘŜŘ ōȅ ǘƘŜ ǘƻǘŀƭ ƴǳƳōŜǊ ƻŦ Řŀȅǎ ƛƴ ǘƘŜ ǘƛƳŜ ǎŜǊƛŜǎΦ CƻǊ ǘƘŜ мм-year-long set of 
daily rainfall values this probability was found to be 0.47. With these two modelling 
assumptions, synthetic rainfall time series could be generated using the simulation steps 
described below.  
 
Firstly, the 11-year-long set of daily rainfall values (2008-2018) was manipulated by omitting 
all dry days from the data set to only include days with non-zero rainfall levels. The 
Kolmogorov-Smirnov test (KS test) is a distribution-fitting algorithm that quantifies the extent 
to which a dataset adheres to an empirical distribution. The K-S test outputs the location and 
scale parameters for the probability distribution which most closely matches the dataset as 
well as the p-value which indicates the probability that this pattern was due to a random 
sampling error. After the application of the KS test (distribution fit), the inherent statistical 
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properties of the historical time series are represented by a probability (continuous) 
distribution using the location and scale parameters. Subsequently, a Monte Carlo simulation 
Ŏŀƴ ōŜ ŀǇǇƭƛŜŘ ǘƻ ȅƛŜƭŘ ŘƛŦŦŜǊŜƴǘ ǎŜǘǎ ƻŦ ǊŀƛƴŦŀƭƭ Řŀǘŀ ƻǊ ΨǇŀǘƘǎΩ ƻŦ ǘƘƛǎ ǎǘƻŎƘŀǎǘƛŎ ǇǊƻŎŜǎǎ 
ǘƘǊƻǳƎƘ ƛǘŜǊŀǘƛƻƴ ǿƛǘƘ ŀ ǎŜǘ ƻŦ ǊŀƴŘƻƳ ǾŀǊƛŀōƭŜǎ ƻǊ ΨǎǘŀǘŜ ǎǇŀŎŜΩ ƳƻŘŜƭƭŜŘ ōŀǎŜŘ ƻƴ ǘƘŜ 
probability distribution produced in the previous step. 
 

 
Figure 3.2. Flowchart displaying the process for generating synthetic rainfall data from a historical time series. 

 
The efficacy of the distribution-fitting and Monte Carlo simulations were analysed to ensure 
that the inputs to the tank volume model were consistent with typical rainfall patterns of the 
North Bristol region which encompasses Filton Airfield. Rainfall events, patterns and 
behaviours may be described by a plethora of metrics. Within the context of this enquiry as it 
relates to the applicability of RWH systems to a development at Filton Airfield, five key metrics 
were identified as necessary components of a thorough comparison of synthetic and historical 
rainfall data. These metrics are the distribution of rainfall event intensity, total annual rainfall, 
peak annual rainfall, seasonality, and periodicity. This analysis is comprised of a comparative 
analysis of rainfall data from between 2008 and 2018 with a year-long synthetic time series. 
 
The distribution of rainfall events was assessed through a side-by-side, qualitative comparison 
of Figure 3.3 (a) and (b). Both time series appear to be distributed exponentially ς this is 
expected since the synthetic time series displayed in Figure 3.3 (a) reflects the inherent 
statistical properties of the historical time series in Figure 3.3 (b). Given the assumption that 
rainfall levels for wet days are exponentially distributed, the KS test may be applied to yield 
the p-value which was used to quantify the validity of this assumption. The KS test yields a p-
value of 0.027; thus, the probability that this pattern was due to a random sampling error is 
sufficiently low. The KS test provided location and scale parameters of 0.254 and 3.85 
respectively. These parameters describe an exponential distribution with the best-possible fit 
to the historical data, i.e., the distribution in Figure 3.3 (b) is the best-possible representation 
of the inherent statistical properties of the historical data insofar as it can be assumed that 
the historical data is distributed exponentially. This assumption is valid due to the p-value from 
the KS test, and consequently the synthetic time series accurately reflects the distribution of 
rainfall event intensity. Annual rainfall averaged 706 mm per year with a peak of 1135 mm in 
2012 and a low of 585 mm in 2010 over the 11-year period from 2008 to 2019. This year-on-
year variability is not apparent in the synthetic time series since each set is based off the same 
probability distribution ς it is only the random nature of the input variables that results in 
variance. The overall average of mean annual rainfall for a set of ten synthetic time series was 
729 mm which is within ± 2.5% of the real-world figure. As expected, there was little year-on-
year variance with a peak of 743 mm and a low of 717 mm. The similarities in mean annual 
rainfall between historic and synthetic data demonstrate the general accuracy of the 
simulation, however, the lack of exceptionally wet years in the synthetic data (due to the low 
year-on-year variance) limit the applicability of such data. RWH system parameters need to 
be optimized with both typical and high-rainfall years since this will have a direct effect on 
flood attenuation performance ς the main cost saving benefit of RWH systems. Peak annual 
rainfall is the amount of rainfall experienced on the wettest day of a calendar year. 

(a) (b) 
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Figure 3.3. (a) Histogram displaying the distribution of daily rainfall levels ς excluding dry days ς for Bristol from 1st January 
2008 to 31st December 2018 and (b) Histogram displaying the distribution of daily rainfall levels ς excluding dry days ς for 
a yearlong period that was generated stochastically based on the time series presented in Figure 3.3 (a). 

 
In the synthetic time series, the peak annual rainfall was 24.1 mm and 29.5 mm for the 
historical as shown in Figure 3.4 (a) and (b) respectively. The peak annual rainfall for each of 
the other years was analysed to ensure this discrepancy was not due to an abnormal year. 
From this, it was found that as a mean, peak annual rainfall in the historic time series was 24% 
greater than in the synthetic time series. Although the historical data may be closely 
approximated by an exponential distribution, it is not a perfect fit. This is the cause of 
discrepancies between peak annual rainfall values in historic and synthetic time series. This 
discrepancy was more pronounced when looking at extreme rainfall events. I.e., the rainfall 
values of common events are within ± 5% of each other for historic and synthetic time series, 
however, for extreme events this difference is significant since the adherence to 
exponentiality decreases as events become less frequent. The histogram of rainfall events in 
Figure 3.4 (b) shows this deviation from exponentiality at high rainfall values (greater than 15 
mm). For this reason, a fitted exponential distribution will be unable to produce synthetics 
time series with similar peak annual rainfall values. 
 

(a) (b) 

  
Figure 3.4. (a) Daily rainfall levels for Bristol from 1st January 2018 to 31st December 2018 and (b) Daily rainfall levels for a 
year-long period that were generated stochastically based on a time series of rainfall values from 2008 to 2018. 

Seasonal variance is a key characteristic of rainfall that affects the distribution of wet and dry 
months throughout the year. Figure 3.5 (a) contains the mean monthly rainfall from 2008 until 
2019 and exhibits seasonal variance with significantly wetter months from September to 
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January and drier months from February to August. Although this data is specific to the Bristol 
region, this reduction in rainfall during the summer period is consistent with national rainfall 
data. Figure 3.5 (b) shows the mean monthly rainfall for data produced by the simulation 
which does not account for seasonal variance and as a result, month-on-month variance does 
not exceed ± 3.5% from a mean of 66.8 mm. 
 

(a) (b) 

  
Figure 3.5. (a) Monthly average rainfall for the Bristol region from 2008 to 2019 and (b) Monthly average rainfall for 
synthetic rainfall data produced by the simulation (11-year 
aggregates). 

 
Thus, the simulation underestimates monthly rainfall totals from September to January and 
overestimates these totals from February to August. This limitation has significant implications 
for the optimization of RWH system parameters ς namely, it may lead to an underestimation 
of the overall tank volume since parameters optimized using the synthetic data (found in 
Figure 3.3 (b) and Figure 3.4 (b)) do not account for the high-rainfall months from September 
to January. I.e., RWH systems that are optimized for an inflow from 66.8 mm of rainfall per 
month will likely be unable to manage greater inflows caused by the effect of seasonality on 
rainfall. As a metric, the periodicity of rainfall has important implications for the design and 
optimization of RWH systems, specifically the impact of periodicity on the reliability of storage 
systems (Afzal et al., 2016). As stated earlier in this report, the periodicity of rainfall is not 
accounted for due to an assumption made during modelling ς specifically that a rainfall event 
has a 47% chance to occur on any given day. The longest annual dry periods were 18 days and 
7 days for the 2018 data and the synthetic data displayed in Figure 3.4 (a) and (b) respectively. 
 
Moreover, inspection of these graphs shows dry periods to be more sustained and frequent 
in the historical rainfall data compared to the synthetic data. This stark difference is a result 
of the modelling assumption mentioned prior as the probability of rainfall on any given day is 
function of complex meteorological conditions and not a constant value of 47%. Since the 
simulation cannot accurately model dry periods, the RWH model will have a steadier influx of 
rainwater when operated using synthetic data. This feature will result in the artificial inflation 
of RWH system reliability as the RWH tank is less likely to be empty. When operated with 
historical data, dry periods have a far more prominent effect on the dynamics of the tank 
water level, with a higher likelihood for an empty tank, necessitating mains water usage and 
consequently reducing performance. This difference in tank volume behaviour for historic and 
synthetic rainfall data is demonstrated in Figure 3.6 (a) and (b) which report the tank volume 
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over a monthlong period for both historical and stochastic rainfall data with the centralized 
RWH system. 
 
Evidently the tank volume in Figure 3.6 (b) does not accurately simulate the tank volume based 
on real-world data because of the rainfall simulation method. Without accounting for 
periodicity, rainfall levels from the simulation are highly erratic and therefore so is the tank 
volume. Considering all the above, historical rainfall data is best suited for RWH parameter 
optimization due to the limitations of the rainfall simulation at replicating the inherent 
statistical properties of the historical data. 
 

(a) (b) 

  
Figure 3.6. (a) Variance of tank volume for a month-long period with rainfall data from October 2018 with an hourly 
temporal scale and (b) Variance of tank volume for a month-long period with synthetic rainfall data with an hourly temporal 
scale. 

 
In summary, although probabilistic modelling encompasses possible extreme rainfall events 
not within the scope of an 11-year-long data set, the synthetic data was inaccurate since the 
periodicity and seasonality of rainfall were not taken into account. RWH tank parameters were 
optimized with rainfall data from 2018 which is a typical year with mean annual rainfall of 706 
mm, within 2% of the mean. Subsequently, the optimized system was stress-tested using 
rainfall data from November 2009 (the wettest year of the available historical data, mean 
annual rainfall of 1,135 mm) to assess the resilience of the optimized system to adverse 
conditions. 
 

Selection of weather station - Scenario 4 
The forecasted rainfall in the area is the principal factor in calculating the amount of water 
the system can harvest. This factor requires the use of a historical rainfall dataset. The 
University of Bath operates a weather station (now referred to as UOB1) that is located at the 
Filton site and has a complete hourly rainfall dataset from 16 September 2019. This station 
represents the most accurate rainfall recordings for the Filton site, but the use of this data is 
limited due to the short reporting period. By using rainfall datasets from weather stations 
surrounding the Filton site, it is possible to extend the UOB1 dataset to cover a 10-year period 
between 16 September 2010 and 1 October 2020. Although the extended dataset will not be 
an exact representation of the historical Filton rainfall, it will represent an acceptably accurate 
estimate for this period. 
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Figure 3.7 shows a summary of the nearby weather stations and their respective reporting 
periods. The IBRISTOL25, IBRISTOL137, IBRIST53 and IBRIST73 weather stations are all 
excluded from this study due to their short reporting period. However, the IBRISTOL3 and 
IBRISTOL29 stations have acceptable reporting periods for use in this study. Rainfall data is 
obtained from Weather Underground (Underground, 2020) for each of the IBRISTOL3 and 
L.wL{¢h[нф ǎǘŀǘƛƻƴǎΦ ¢ƻ ŘƛǎǘƛƴƎǳƛǎƘ ōŜǘǿŜŜƴ ǘƘŜǎŜ ǿŜŀǘƘŜǊ ǎǘŀǘƛƻƴǎΣ tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ όƻǊ 
correlation coefficient) is used to compare the readings from the 2 stations for the period 
between 16 September 2019 and 25 June 2020 to the readings taken by the UOB1 station.  
 
The correlation coefficient that is closest to a value of 1.0 represents a dataset that most 
accurately replicates the UOB1 station. The results from the correlation coefficient calculation 
can be found in Figure 3.8. 
 
Both weather stations present correlation coefficients above 0.86 which indicates that each 
of the stations presents a suitable dataset for the use in this project. Even though the 
IBRISTOL3 station shows the lower correlation coefficient (0.86 compared to 0.89 for 
IBRISTOL29), the IBRISTOL3 station is chosen as the representative dataset for the period 
September 2010 to September 2019 as this station is the closest weather station to the Filton 
site. 
 

 
Figure 3.7. Weather station reporting period timeline (16 September 2019 ς 25 June 2020). 
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(a) 

 
(b) 

 
Figure 3.8. Correlation coefficient between UOB1 and (a) IBRISTOL29 and IBRISTOL3.  

 

Rainfall trend analysis - Scenario 5 
Historical daily rainfall data from 1 January 1968 to 31 December 2018 was used. The annual 
average rainfall amount is 811 mm, and the annual average rainy days is 128 days. Two years 
(2000 and 2012) received significant precipitation of 1,112 and 1,125 mm, respectively, while 
in 1973 and 2010 the average annual rainfall was 569 and 584 mm, respectively. These results 
correspond to the annual rainy days. The years 2000 and 2012 counted 159 and 162 rainy 
days, respectively, while for 1973 and 2010 there were 97 and 113 rainy days, respectively. 
Figure 3.9 displays the seasonal variability of precipitation in Filton Airfield between 1968 and 
2018. The average monthly rainfall for the entire period is 67.6 mm. Rainfall in six months 
shows similar or higher rates than the average rainfall, indicating that the wet period starts in 
August and lasts for six months (AugustςJanuary). The precipitation rates between February 
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and July are lower than the average rainfall. This information suggests that the dry period is 
from February to July.  
 

 
Figure 3.9. Monthly average rainfall variations in Filton Airfield. 

 
The precipitation concentration index (PCI) and standard precipitation index (SPI) values were 
further analysed to confirm the climatic regimes (dry, normal and wet years). The PCI 
proposed Oliver (1980) was used to evaluate the fluctuation in rainfall amounts based on the 
monthly precipitation of 50 years. The SPI can provide a better understanding of qualifying 
rainfall variability over the selected period. From historical rainfall data and the analysed PCI 
and SPI values, three different years were selected to represent dry year, average year and 
wet year. PCI values can be classified according to four different distributions: (a) PCI values 
below 10 represent a uniform precipitation distribution throughout the period, (b) values 
between 11 and 15 indicate a moderate distribution, (c) values from 16 to 20 denote an 
irregular concentration of precipitation and (d) and values above 20 correspond to a strong 
irregular variability in precipitation (Oliver, 1980).  
 

0#)ρππ   
ὢ

Ὑ
 Equation 3.3 

 
where Xn represents the monthly precipitation (mm) of month n, and R denotes the annual 
rainfall data (mm). 
 
In addition, the daily rainfall data were used to calculate the SPI, hence the classification of 
the precipitation regimes. According to McKee et al. (1993), calculated SPI values constitute 
seven precipitation regimes: extremely wet (>2.0), very wet (1.5 to 1.99), moderately wet (1.0 
ǘƻ мΦпфύΣ ƴŜŀǊ ƴƻǊƳŀƭ όҍлΦфф ǘƻ лΦффύΣ ƳƻŘŜǊŀǘŜƭȅ ŘǊȅ όҍмΦпф ǘƻ ҍмΦлύΣ ǎŜǾŜǊŜƭȅ ŘǊȅ όҍмΦфф ǘƻ 
ҍмΦрύ ŀƴŘ ŜȄǘǊŜƳŜƭȅ ŘǊȅ όғҍнΦлύΦ 
 



 Deliverable D1.8. Filton Airfield 

 

56 

¢Ƙƛǎ ǇǊƻƧŜŎǘ Ƙŀǎ ǊŜŎŜƛǾŜŘ ŦǳƴŘƛƴƎ ŦǊƻƳ ǘƘŜ 9ǳǊƻǇŜŀƴ ¦ƴƛƻƴΩǎ IƻǊƛȊƻƴ нлнл ǊŜǎŜŀǊŎƘ ŀƴŘ ƛƴƴƻǾŀǘƛƻƴ 
programme under grant agreement N°776541 

30) 
ὢ  ὢ

„
 Equation 3.4 

 
where Xp is the seasonal precipitation (mm) of n years, Xm is the seasonal mean of n years 
(mm) and ̀  is the standard deviation. 
 
The PCI and SPI values were analysed to confirm the climatic regimes (dry, normal and wet 
years). Figure 3.10 shows that the PCI values ranged from a minimum value of 9.3 to a 
maximum value of 13. Notably, the PCI value did not exceed 16 for Filton Airfield. This result 
ƛƴŘƛŎŀǘŜǎ Cƛƭǘƻƴ !ƛǊŦƛŜƭŘΩǎ Ƙƻmogeneous rainfall distribution with moderate seasonality.  
 
Furthermore, as shown in Figure 3.10, the SPI values remained between ς0.6 and 0.7 (near 
normal and moderately wet), indicating that Filton Airfield tends to have maintained its moist 
conditions, which would be more beneficial for RWH even during the dry season. Throughout 
the historical period considered in this study, the highest and lowest SPI values were observed 
in 1973 and 2012 (ς0.59 and 0.69, respectively). In addition, the SPI value for 1982 was ς0.003, 
which is close to the average SPI value of 0. Therefore, 1973, 1982 and 2012 were selected for 
dry, normal and wet years, respectively. This study conducted the analysis of the economic 
impacts of rainfall patterns on the RWH system using the rainfall data of those three years 
(Section 3.1.2.5). Overall, Filton Airfield has shown a moderate rainfall trend for the last 50 
years, suggesting that the impacts of rainfall changes on the performance of the RWH system 
would be less significant than those of the water demand scenarios. 
 

 
Figure 3.10. Variations of the precipitation concentration index (PCI) and standard precipitation index (SPI). 

 

3.1.2.3. Hydraulic performance analysis 
 
For the hydraulic analysis of the RWH system for residential and commercial buildings, a 
spreadsheet-based daily water balance model was developed based on the yield after spillage 
(YAS) and yield before spillage (YBS) models developed by Jenkins et al. (1978).  The YAS and 
YBS models were used for scenarios 1, 2 and 3 while scenario 5 used only YAS model. In 
addition, only scenario 4 conducted rainwater cycle simulations using UWOT.   
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YAS and YBS models - Scenarios 1, 2, 3 and 5 
Figure 3.11 show the YAS and YBS models that represent extreme of a modelling assumption 
relating to when harvested rainwater is used.  
 
Starting with the YAS model, firstly, the total inflow into the tank is added to the stored volume 
at the previous time step. Secondly, the water volume that exceeds tank capacity (i.e., 
spillage) is calculated and subtracted. Finally, yield, is then accounted for, providing the stored 
volume at the current timestep. This is represented below by Equation 3.5 and Equation 3.6 
(Fewkes et al., 2000). 
 

ὣ ÍÉÎ
Ὀ
ὠ

 Equation 3.5 

ὠ ÍÉÎ
ὠ  ὗ ὣ
Ὓ ὣ

 Equation 3.6 

 
In both models, yield equates to demand insofar as the demand does not exceed the stored 
tank volume. In the case where demand exceeds stored tank volume (i.e., the tank is fully 
drained), water from the mains is used to ensure demand is fully met. The YBS model follows 
the same computations as the YAS model except that yield is accounted for before excess 
rainwater is spilled. This is represented below by Equation 3.7 and Equation 3.8 (Fewkes et al., 
2000). 
 

ὣ ÍÉÎ
Ὀ

ὠ  ὗ
 Equation 3.7 

ὠ ÍÉÎ
ὠ  ὗ ὣ

Ὓ
 Equation 3.8 

 

 
 

(a) (b) 

  
Figure 3.11. (a) YAS behavioural model with arrows denoting inflows and outflows to the tank and (b) YBS behavioural 
model with arrows denoting inflows and outflows to the tank. 
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Figure 3.13 presents key parameters and variables used to model rainwater harvesting (RWH) 
systems. Rainfall (Rt) represents the rainfall incident on the catchment surface. Harvested 
rainwater (Qt) represents the volume of rainwater harvested from the catchment area. 
Volume (Vt) represents the volume of harvested rainwater stored within the tank. Yield (Yt) 
represents the volume of harvested rainwater (stored within the tank) that is used to satisfy 
demand. Mains (Mt) represents the volume of water (supplied by the mains network) needed 
to meet demand if yield is insufficient. Demand (Dt) represents the volume of water supplied 
to household appliances which is met by either yield, mains or some combination of the two. 
Spillage (Ot) represents the volume of harvested rainwater diverted to a drainage network due 
to zero spare storage within the tank. For all the above variables, t is the time step of the 
model where each time step is separated by a constant time interval.  
 
The roof of the building collects the precipitation which then flows into the rest of the system 
via guttering and downpipes. After being flushed and filtered from contaminants such as 
bacteria, the water enters a storage tank. Here, the water can be extracted when needed for 
the non-potable water demand of the house. If the tank overfills, excess water is spilt into the 
surroundings or existing stormwater drainage. If the tank cannot provide enough rainwater to 
meet demand, potable water will be withdrawn from the mains, ring the resident will always 
have access to immediate water. Although commercial and large-scale applications of RWH 
will have much larger variables, the process remains the same.  
 
The key parameters of RWH design that can significantly affect the performance are the tank 
volume and the catchment area. Catchment area can be less flexible as it is often limited to 
roof space, but the economic benefits and performance of the system is highly dependent on 
the tank volume. Larger tank volumes will retain larger amounts of rainfall, meeting more of 
the non-potable water demand and further reducing stormwater run-off. However, too large 
and the capital and operating costs will affect the economics of the system. Similarly, a small 
volume will greatly reduce costs but inhibit the performance. 

 
Figure 3.12. Flowchart displaying the computations executed at each timestep of the model. 
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Inflow to the tank was calculated with Equation 3.9, where RC is the runoff coefficient and CA 
is the total area of the catchment surface. Runoff coefficient is a dimensionless factor that is 
used to convert the rainfall amounts to runoff. It represents the integrated effect of 
catchment losses. Consideration must be given to the type of surface, slope, degree of 
saturation and rainfall intensity when specifying the runoff coefficient for a given surface (Alim 
et al., 2019). The recommended runoff value for typical urban roofing used to determine the 
volumetric inflow is 0.95 (ASCE, 1996). The filter coefficient (FC) attempts to account for 
rainwater lost over the filter as harvested rainwater moves from the catchment area to the 
storage tank and was considered to be 0.9 (Ward et al., 2010a). It is assumed that the tank is 
covered, thus loses due to evaporation are negligible. The general balance for a RWH system 
is described by Equation 3.10. 
 

ὗ  ὙὅϽὊὅ Ͻ ὙϽὅὃ Equation 3.9 

ὠ  ὠ ὗ Ὓ  ὣ Equation 3.10 

 

 
Ὑ Rainfall (mm) during time interval, t 

ὣ Yield from store (m3) during time interval, t 

Ὀ Demand (m3) during time interval, t 

ὠ Volume in store (m3) during time interval, t 

ὠ  Volume of water in storage tank (m3) on the previous time 

ὗ Rainwater run-off (m3) during time interval, t 

ὓ  Volume of water from the mains supply (m3) 

Ὓ Storage capacity (m3) 

ὕ Overflow (m3) 

Ὂ First Flush volume (mm) 

ὅὃ Catchment area (m2) 
 

Figure 3.13. General configuration of a rainwater harvesting system.  

 

UWOT - Scenario 4 
The urban water cycle simulation is set up in such a way that the harvested rainwater is 
treated, stored and then distributed to meet the non-potable water demand from the 
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residential and commercial units, depending on scenarios. Where the supply of rainwater fails 
to meet this non-ǇƻǘŀōƭŜ ǿŀǘŜǊ ŘŜƳŀƴŘΣ ŀ άƳŀƪŜ-ǳǇ ǿŀǘŜǊέ ǎǘǊŜŀƳ ǿƛƭƭ ƛƴƛǘƛŀǘŜ ŀƴŘ ƳŀƪŜ ǳǇ 
the deficit. The make-up water stream is a potable water stream provided by the drinking 
water distribution network. In the case where the harvested rainwater exceeds the storage 
capacity, the spillwater stream will leave the system via the stormwater network. This simple 
urban water cycle is shown in Figure 3.14 and represents a simplified model of the simulated 
urban water cycle for the first phase of the Brabazon Development. 
 

 
Figure 3.14. Simplified urban water cycle model. 

 

3.1.2.4. Performance indicator analysis  
 
Water savings efficiency (WSE) is the percentage of non-potable demand that is met by 
harvested rainwater. Water savings efficiency quantifies the water conservation performance 
of RWH systems (Haque et al., 2016; Wallace et al., 2015). Water savings efficiency tends 
towards 100% when harvested rainwater can fully satisfy demand and it is defined according 
to Equation 3.11. 
 

ὡὛὉȟϷ  
Вὣ

ВὈ
 ρππϷ Equation 3.11 

 
Stormwater capture efficiency (SCE) is the percentage of stormwater generated from the 
catchment which is used to satisfy non-potable water demand (Zhang et al., 2013). In essence, 
the stormwater capture efficiency is identical to the water savings efficiency expect for 
spillage; storm capture accounts for spillage whilst water savings does not and thus it can be 
used to assess the effect of the RWH system on downstream drainage networks. It quantifies 
the runoff reduction performance and may be calculated through use of Equation 3.12 (Zhang 
et al., 2020). 
 

ὛὅὉȟϷ  
Вὣ

•ὃВὌȾρπππ
 ρππϷ Equation 3.12 

 
Campisano et al. (2014) define retention efficiency (ER) according to Equation 3.13 which 
evaluates the volumetric retention performance of the tank. The loss factor (LF), a new 
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indicator based on the retention efficiency is defined according to Equation 3.14. Instead of 
retention, the loss factor measures spillage from the tank (due to overfill and the setpoint) 
relative to the total volume of harvested rainwater. The loss factor tends towards 100% when 
the sum of overflow discharges (Ot) tends towards the total volume of harvested rainwater. 
This is commonly the case in systems with small tanks and reduced demand. Table 3.6 
presents a summary of performance indicators for each scenario. Scenarios 4 and 5 were 
selected to further conduct economic analysis of RWH systems, and the method is described 
in the following Section 3.1.2.5.   
 

ὉȟϷ  ρ
Вὕ

В•ὃ
Ὄ
ρπππ

ρππ Equation 3.13 

ὒȟϷ  
Вὕ

ВὃϽὌ
ρππ Equation 3.14 

 
Table 3.6. Summary of RWH performance indicators used for each scenario. 

Scenario (S) Water reuse (non-potable) Assessment indicators 

S-1 WM, WC 
23 houses per 
RWH system 

Water saving efficiency (WSE), 
Stormwater capture efficiency (SCE),  
Loss factor (Lf) S-2 WM, WC 278 houses 

S-3 WC 278 houses 
Water saving efficiency (WSE), 
Stormwater capture efficiency (SCE),  

S-4 DW, WM, WC 278 houses 
Water saving efficiency (WSE) 
Economic analysis 

S-5 WC YTL Arena (YA) 
Water saving efficiency (WSE) 
Economic analysis 

 

3.1.2.5. Economic analysis 
 

RWH system for residential building - Scenario 4 
As a preliminary study, scenario 4 includes economic assessment in terms of the return-on-
investment period (ROI). The results from the best- and worst-case scenario then define the 
upper and lower limit to the RWH systems performance range from a net economic 
perspective.  
 
The calculation of the return-on-investment period uses the net present value method which 
compares the cost of implementing, operating and maintaining the system with the potential 
benefit of the system. Equation 3 is the net present value formula with the necessary 
component description. This calculation is done from a net cost and benefit perspective. This 
means the calculation will determine the ROI and NPV for the system considering the net 
expenses and benefits to society. The analysis section of this report considers these results in 
the context of the development owner, homeowner, and authorities. 
 
The discount rate for the economic assessment is chosen as 30 years. The expected lifespan 
of the storage tank is about 30 years. Since the storage tank makes up a significant portion of 
the capital expense for the system, after 30 years the system may require an additional capital 
input. Therefore, measuring the feasibility up to 30 years will indicate the potential benefit for 
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the implementation of the system. The discount rate is chosen as 5% as is common in existing 
literature (Domènech et al., 2011; Roebuck et al., 2011). 
 

Medium-scale rainwater harvesting systems are relatively unexplored in literature. One of the 
most significant limitations to the feasibility of these systems is that there is very little 
information available about the economic performance of these larger systems. The smaller-
scale domestic systems show that the high capital expenses are infrequently recovered by the 
savings from the system. However, the principle of economies of scale, which suggest that 
there are improved economic benefits with an increasing scale of output from the system. 
 

Capital and operational costs  
The starting point for estimating the capital cost of the system is the small-scale domestic 
systems. A collection of quotes in the UK involving the purchasing of an underground tank, a 
pump, a filter unit, an electronic management unit and the excavation and installation costs 
for systems ranging between 1.2 m3 and 15 m3 provide the starting point for the estimation 
ƻŦ ǘƘŜ ǎȅǎǘŜƳΩǎ ŎŀǇƛǘŀƭ Ŏƻǎǘǎ (Roebuck et al., 2011). The results for these systems are 
summarized in Table 3.7. By extrapolating the capital costs for these systems, an estimated 
capital cost of the 430 m3 system for the first phase of the Brabazon Development can be 
approximated to £72,662. 
 
Table 3.7. Capital cost extrapolation using capital and installation costs of small-scale RWH systems (Roebuck et al., 2011). 

System Size (m3) Capital and installation cost (£) Reference/Method of estimation 

1.2  2,500  Roebuck et al. (2011) 

3 3,200-3,400 

4 3,500 

5 3,400-4,000 

7 4,000 

11 3,800-4,100 

13 4,500 

15 5,500 

430 72,662 Linear extrapolation 

 

As a second means of estimation, this result is compared to a study for a multistorey building 
in Spain (Domènech et al., 2011). The results for this research show that a 50 m3 concrete tank 
with tƘŜ ǇǳƳǇΣ ŦƛƭǘŜǊ ǳƴƛǘΣ ŀƴŘ ǇƛǇŜƭƛƴŜǎ ƛǎ ŜǎǘƛƳŀǘŜŘ ǘƻ Ŏƻǎǘ ŀǇǇǊƻȄƛƳŀǘŜƭȅ ϵмф,000 (using 
2011 exchange rates approximates to £16,530). Extrapolating this result shows an estimated 
system price for the 430 m3 system to be £142,158.  
 
Although these results show significantly different capital costs for the respective systems, for 
the purpose of this research, they serve as acceptable upper and lower limits to the feasibility 
of the system at the Brabazon Development. Hence, the capital costs that are used in the 
calculation of the economic feasibility of the system is £70,000, £100,000 and £130,000. 
 
The lack of information available regarding operating and maintenance costs highlight the 
significance of the literature gap for larger rainwater harvesting systems. However, an 
operating and maintenance cost of 5% of the initial capital investment is commonly employed 
and is used in the economic assessment for the Brabazon Development (Domènech et al., 
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2011; Roebuck et al., 2011). The nature of the percentage means these operating and 
maintenance costs will vary with the upper and lower limit to the capital costs.  
 
Although this assumption-based method is less accurate than obtaining actual maintenance 
cost and completing the full specifications of the system, the purpose of this research is not 
the full design of the rainwater harvesting system. Thus, the estimated operating and 
maintenance costs are suitable in determining the feasibility of the system. 
 

Sensitivity analysis 
It has already been discussed that the economic benefit considered in this economic 
assessment is limited to the savings associated with the substitution of the rainwater for the 
treated drinking water in meeting the non-potable water demand. As a result, these savings 
Ŏŀƴ ōŜ ŜǎǘƛƳŀǘŜŘ ōȅ ƳǳƭǘƛǇƭȅƛƴƎ ǘƘŜ ǾƻƭǳƳŜ ƻŦ ǊŀƛƴǿŀǘŜǊ ǘƘŀǘ ƛǎ άŎƻƴǎǳƳŜŘέ ƛƴ ǘƘŜ ǊŜǎƛŘŜƴǘƛŀƭ 
units by the future price of treated water.  
 
The price of water is expected to vary over the 30-year assessment period. The nature of this 
variation is dependent on many factors which may increase or decrease the cost of water. 
Thus, for the estimation of the potential savings, 3 future prices of water are considered: the 
current price of £1.2669/m3 (BristolWater, 2021); a 1% per annum decreasing water price and 
then a 1% per annum increasing water price.  
 
The exclusion of the economic savings of the reduced size of the storm water system and the 
reduced flood mitigation measures do limit the economic feasibility of the system. It is 
expected that these benefits will improve the feasibility of the system. 
 

RWH system for a large commercial building - Scenario 5 

Capital and operational costs 
The scope of the economic analysis was extended for scenario 5. Since RWH for a large 
commercial building is more economically favourable, it is crucial to evaluate and determine 
optimal rainwater tank size using financial scenarios. Life cycle costing (LCC) is an economic 
analysis technique for the evaluation of the financial feasibility of a system over its life span 
(Farreny et al., 2011; Nnaji et al., 2020). LCC is defined as the sum of the capital and the total 
operational expenses over the lifetime of the project (CAPEX and OPEX). CAPEX includes the 
investment and installation costs, including storage tank, filter, pump, a data logging unit, 
delivery and labour while OPEX includes the operation costs (i.e., water and energy costs), 
routine and infrequent maintenance and replacement costs. It has to be acknowledged that 
the specific system components and associated costs for this study were adopted from both 
RainCycle tool, which focuses on UK use (Roebuck et al., 2007) and previous studies (Roebuck 
Ŝǘ ŀƭΦΣ нлммΤ {ƱȅǏ Ŝǘ ŀƭΦΣ нлнлΤ ²ŀƴƎ Ŝǘ ŀƭΦΣ нлмрύ.  
 
The net present value (NPV, £) was calculated by the sum of present values (PV) of the cost 
over the project life-time (Christian Amos et al., 2016; Umapathi et al., 2019). PV is a well-
known and accepted financial term for calculating the present-day of an amount of money 
that is received at a future date (Linares et al., 2016). The annualised OPEX cost was then 
determined using capital amortisation (Christian Amos et al., 2016; Kim et al., 2017). The final 
unit water cost per m3 of rainwater and mains water is the sum of capital cost and annualised 
expenditure cost. Therefore, the optimal tank size was assumed to correspond to the 
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maximum value of savings over the project time (£) and the minimum value of total water 
cost per cubic metre of water supplied (£/m3). The prices of drinking water and sewage 
considered in this study were based on the non-household services with a fixed cost. 
Equations and input parameters used for economic calculations are presented in Table 3.8 
and Table 3.9 respectively.  
 
Table 3.8. Equations used for analysing cost in scenarios 4 and 5. 

Equations  Reference 

╟►▄▼▄▪◄ ○╪■◊▄ ╟╥  ╒
 ░ ▪

░
 Equation 3.15 

Abas et al. 
(2019); Christian 
Amos et al. 
(2016); Kim et 
al. (2017); 
Linares et al. 
(2016) 

╝▄◄ ▬►▄▼▄▪◄ ○╪■◊▄ ╝╟╥
╟╥◄
░◄

▪
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 Equation 3.16 
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 Equation 3.17 
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where C is the cost in GBP, n is the project period in year, i is 
the discount rate, t is the time in years and D: annual water 
demand, m3/y. 

Equation 3.18 

 
Table 3.9. Input parameters for the economic evaluation of the RWH system. 

Parameter Unit Value Reference 

Discount rate % 5 Roebuck et al. (2011) 

Water tariff £/m3 1.05 BristolWater (2021) 

Sewage £/m3 1.59 YTLGroup (2020) 

Energy tariff £/kWh 0.125 UK average price* 

System life span  years 50 Lani et al. (2018) 

CAPEXς
construction and 
installation 

Tank (50-year life span) 
£/m3 372.5 (Roebuck et al., 2007); 

Roebuck et al. (2011); 
Wang et al. (2015) 

OPEXς
maintenance and 
replacement 

Inspection, reporting and 
information management 

year 2 

Roof washing, cleaning 
inflow filters 

year 2 

Tank inspection and 
disinfection 

year 1 

Intermittent system 
maintenance (system flush, 
debris/sediment removal 
from tank) 

year 3 

Pump replacement year 10 

Minor fittings replacement year 10 

Filter replacement year 15 
*https://www.ukpower.co.uk/home_energy/tariffsςperςunitςkwh 

Sensitivity analysis 
The main variables in determining financial performances of the RWH system are rainfall 
variations (i.e., dry, wet and normal), mains water tariffs (i.e., the predicted cost) and discount 
rates (Lani et al., 2018; Zhang et al., 2018). A sensitivity analysis was conducted to evaluate 
the effects of these factors on the economic feasibility of the RWH system in terms of unit 

https://www.ukpower.co.uk/home_energy/tariffs-per-unit-kwh
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water costs with variations of the storage sizes. The optimal storage capacity was determined 
based on the unit water cost being lower than the mains-only supply water for the same water 
demand scenarios.  
 
Water and sewage tariffs were assumed to increase by 1.8% and 0.8% per year, respectively 
(Roebuck et al., 2011). Thus, the predicted water for the next 10 and 20 years would be 2.9 
£/m3 and 3.3 £/m3, respectively. Based on this estimation, the water price ranged from 1 to 3 
£/m3. In addition, three different years were selected to represent dry, wet and normal years 
based on the SPI analysis results. According to the LCC approach, a discount rate of 5% was 
taken as the baseline (Table 3.9). Since specific guidance on the selection of appropriate 
discount rates for the adaptation of the RWH system was unavailable, three possibilities of 
5%, 10%, and 15% used in previous studies were adopted for this study (Matos et al., 2015; 
Nnaji et al., 2020; Roebuck et al., 2011). In this regard, the payback period, which is the time 
required to recover the capital investment, was estimated by considering water tariffs (2 and 
3 £/m3) and discount rates (5%, 10% and 15%).  
 

3.1.3. Results and discussion 
 

3.1.3.1. Rainfall quality analysis 
 
Figure 3.15 presents the results of the following parameters: pH, conductivity, turbidity, total 
dissolved solids (TDS), total hardness, calcium, sodium, and E.Coli. Moderate or marginal 
differences are observed among sampling points. The physiochemical and microbial 
characteristics of all raw rainwater samples can be found in Table 1 in Appendix.  
 

Rainwater showed the pH range from 7.0 to 8.2, with a mean of 7.52, indicating rainwater of 
a neutral to alkaline nature. This is mainly because of basic components such as calcium and 
magnesium being present in the soil dust (Kulshrestha et al., 2003) and no accumulation of 
such acidic compounds in the rainwater due to the limited concentrations of nitrates and 
sulphates in the atmosphere (Table 2 in Appendix). 
 

Elsewhere, conductivity ranged between 8 and 62 µS/cm with an average of 25 µS/cm, 
representing a quality much lower than that of irrigation and drinking water (700 and 400 
µS/cm, respectively). In addition, concentrations of both turbidity (0.09-0.6 NTU) and TDS 
(4.2-60 mg/L) satisfied the irrigation and drinking standard levels (<5 NTU for turbidity and 
500 mg/L for TDS). Meanwhile, total hardness (TH) values showed the much lower values than 
the standard values of 460-500 mg/L CaCO3. Overall, these results indicate that the free-fall 
rainwater in Filton area is clean and soft (Al-Khashman et al., 2017).  
 
Furthermore, the effect of the marine environment on rainwater quality was also investigated. 
Table 3.10 shows the ratios of Cl, Ca, K and Mg to Na, and compared to seawater ratios. All 
ratios were found to be higher than the seawater ratios. In addition, the non-sea salt fractions 
for Cl, Ca, K and Mg shows 95.7%, 95.5%, 91.7% and 28%, respectively, indicating that most 
components in the rainwater here are established by local contributions. The enrichment 
factor values further confirm that these components originated from non-marine sources, 
such as natural and anthropogenic activities across the site (Herut et al., 2000; Kulshrestha et 
al., 2003).  
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E. coli (between 20 and 400 cfc/100 ml) was observed lower than the irrigation water 
standards (< 1000 cfc/100 ml), but higher than the drinking water standards (0 cfc/100 ml). 
This indicates that rainwater collected directly from the atmosphere here appears to be 
applicable for a wide range of non-potable purposes, but not for potable purposes without 
additional treatment. All rainwater samples showed low content of metals (Fe, Mn, Cu, Cr, Cd, 
Ni, Zn and Pb) and they met the recommended limit for irrigation and drinking water (Table 
B.1 in Appendix B). It has to be noted here that the main objective of the quality analysis was 
to understand the environment in Filton. Further analysis of factors that influence harvested 
rainwater quality such as catchment materials, location, seasonality, and pollutant 
concentrations need to be further investigated. 
 

 
Figure 3.15. Physio-chemical and microbial characteristics of free-fall rainwater collected from Filton Airfield. (a) pH, (b) 
conductivity, (c) turbidity, (d) total dissolved solids (TDS), (e) total hardness, (f) calcium, (g) sodium and (h) E. Coli. Five 
samples for each SP (n = 25 samples). IR: Irrigation water standards, DR: Drinking water standards. 

 
 
Table 3.10. Evaluation of marine contributions via comparison of seawater ratios with rainwater components. 

 Cl/Na Ca/Na K/Na Mg/Na 

Seawater ratios* 0.12 0.04 0.03 0.12 

Ratios in rainwater 2.79 0.85 0.36 0.17 

Sea salt fraction % 4.3% 4.5% 8.3% 71.9% 

Non-sea salt fraction % 95.7% 95.5% 91.7% 28.1% 

Enrichment factor** 23.2 21.2 12.0 1.4 
*Sea water composition ratios obtained from Kulshrestha et al. (2003) 
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** Enrichment factor = Ratios in rainwater/Seawater ratios 

 

3.1.3.2. Hydraulic performance analysis 
 

Scenarios 1 and 2 - residential application 
Scenarios 1 and 2 utilized optimization of parameters, storage fraction (Sf), which is a 
dimensionless parameter that allows for equitable comparison of the centralized and 
decentralized system. Sf is defined by Equation 3.19 which relates storage capacity (S), 
catchment area and mean annual rainfall (Rt) ς in this case t denotes a year-long period 
(Campisano et al., 2012b). 
 

Ὓ  
3

ὃϽὙ
 ρππϷ Equation 3.19 

 
The optimization approach for tank size involved variance of the storage fraction with the 
three performance indicators listed in Table 3.6: water savings efficiency (WSE), storm capture 
efficiency (SCE) and loss factor (LF). Both YAS and YBS algorithms were analysed. For each of 
these indicators, there is a trade-off between system performance and increased storage 
fraction, i.e., rising costs. Simulations for the decentralised RWH systems (scenario 1) were 
conducted producing data that related storage fraction with WSE, SCE and LF as presented in 
Figure 3.16 (a), (b) and (c), respectively.  
 
To ensure consistency in the optimization approach the setpoint was kept at 90% of the total 
tank volume in order to prevent it from being a limiting factor at the expense of flood 
attenuation performance. Since it is a dimensionless quantity, the storage fraction allows for 
comparison of performance indicators despite a difference in tank size.  
 
Figure 3.16 (a) shows the WSE, approaching a limit of 72%. For storage fractions in the range 
0.001 to 0.01, WSE increases sharply since tank volume is the limiting factor. In this range, 
small increases in storage fraction led to a large reduction of spillage volume throughout the 
year period as instances where the tank is full decreases. At some point, in the region where 
Sf = 0.01, the limited volume of harvested rainwater begins to dominate the relationship 
between Sf and WSE. Further increases in tank size cause minor reductions of spillage as few 
rainfall events can fill up the total capacity of the tank. With a Sf of 0.0075, a water savings 
efficiency of 36% is achieved. In addtion, SCE approaches an upper limit of 90% as Sf is 
increased (Figure 3.16 (b)) while initially, LF decreases sharply and eventually approaches 7% 
with a storage fraction of 0.06 (Figure 3.16 (c)). 
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(a) 

 
(b) 

 
(c) 

 
Figure 3.16. The variance of storage fraction with (a) water savings efficiency and (b) stormwater capture efficiency and 
(c) loss factor for a decentralized system (Scenario 1).  
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Figure 3.17 (a), (b) and (c) show simulation results of the centralised RWH system (scenario 2) 
relating storage fraction with WSE, SCE and LF, respectively. During the beginning of the 
optimization process, the setpoint was kept at 90% of the total tank volume in order to 
prevent it from being a limiting factor at the expense of flood attenuation performance. Figure 
3.17 (a) shows WSE reaching a maximum of 45%. Despite sharp increases in WSE for low Sf 
values, there are diminishing returns for performance gains as Sf is increased further. For the 
centralized system, an Sf of 0.05 equates to a tank with a capacity of 356 m3. Although such a 
system is beyond financial and even physical possibility, it demonstrates that tank size is not 
the limiting factor for further improvements in WSE. There are two possible reasons for this; 
firstly, the insufficient supply of rainwater to the system relative to the expected demand; and 
secondly, a low setpoint causing large spillage volumes and therefore necessitating top-up 
from the mains to meet demand. Given that a setpoint of 90% was used for these initial 
simulations, the diminishing performance increases are likely due to the insufficient supply of 
rainwater, not tank sizing.  
 
SCE data reported in Figure 3.17 (b) provides more evidence showing that diminishing 
performance increases are due to a lack of available rainwater. An SCE of 91% is reached with 
an Sf of 0.02, meaning that 91% of all harvested rainwater is used to satisfy demand whereas 
only 9% leaves the system as spillage. Although the SCE is high, the corresponding water 
savings efficiency is only 40%; consequently 60% of demand is met by the mains supply at 
considerable expense.  
 
In the centralised system, an Sf of 0.02 equates to a tank of volume 143 m3. A centralised 
system at the Brabazon Hangar has the greatest potential to accommodate a single large tank, 
however it is unlikely to yield a good return on investment if the supply of rainwater is 
insufficient. As emphasized throughout this result, the two most significant benefits of RWH 
systems are the non-potable water savings and flood attenuation. With a tank of volume 143 
m3, the reduced strain on the urban water system is beneficial with only 601 m3 of spillage for 
6769 m3 of harvested rainwater over a year-long period; despite this, satisfying only 40% of 
non-potable demand is likely to be insufficient. Figure 3.17 (c) shows the ability of this 
centralized system to retain harvested rainwater with very low loss factors across a wide range 
of storage fractions even reaching 0% at an Sf of 0.05. Increased spillage drives the LF and 
although low loss factors are preferential, spillage is only detrimental at times when the 
downstream drainage network is overwhelmed. 
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(a) 

 
(b) 

 
(c) 

 
Figure 3.17. The variance of storage fraction with (a) water savings efficiency, (b) stormwater capture efficiency and (c) 
loss factor for a centralized system (Scenario 2). 
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Results reported in Figure 3.17 show that the YAS and YBS algorithms produce results that are 
almost identical. There is some difference in performance at low storage fractions (between 
0.0001 and 0.0025) where the model using the YBS algorithm yields a greater WSE and a 
greater SCE; however, the differences in WSE, SCE and LF are 5% at most and decrease to 0% 
as Sf reaches 0.005. 
 
Generally, the results produced by models using YAS and YBS algorithms are significantly 
different at low tank volumes; a YAS model will give a conservative estimate of performance 
whilst a YBS model will give a liberal estimate (Ward et al., 2010b). However, as the temporal 
resolution of rainfall and demand data increases the difference between YAS and YBS 
performance decreases. In the YBS algorithm, yield may be drawn from the spillage volume ς
this assumes that the spillage volume at each timestep is available to satisfy yield insofar as it 
occurs within the same timestep. This is a questionable assumption as in real-world systems, 
harvested rainwater will leave the system as spillage instantaneously if the tank is full. The 
validity of this assumption is poor for data with a large timestep as the spillage volume has 
longer to accumulate; thus, it has greater potential to be used as yield. At smaller timesteps 
this potential is reduced and therefore the difference between the tank levels at the end of 
each timestep (due to the YAS and YBS models) is lessened. In this instance, daily rainfall levels 
for 2018 are being used in conjunction with hourly water demand volumes. To address the 
mismatch in temporal scale, the model averages the daily rainfall values equally across 24-
hour long segments. By artificially reducing the timestep of the rainfall data by a factor of 1/24 
to correspond to the hourly demand data, the difference between the tank levels (due to the 
YAS and YBS algorithms) at the end of each timestep is greatly reduced. At an hourly temporal 
scale, the models perform similarly as evidenced in Figure 3.17.  
 
To show the effect of an increased temporal scale on performance, Figure 3.18 reports the 
water savings efficiency for YAS and YBS models using daily demand and rainfall data. At low 
storage fractions (small tank volumes) the YBS model clearly outperforms the YAS model with 
a water savings efficiency of 52.8% compared to 32.4% at a storage fraction of 0.15×10-3. This 
20.4% performance difference is significant and equates to water savings of 3144 m2 over the 
course of a year. Despite this saving, YAS performance sharply increases between storage 
fractions of 0.15 ×10-3 and 0.5 ×10-3, eventually matching YBS performance at Sf = 0.75 ×10-3. 
Over this range there is an increased likelihood that the tank is full ς this has a more adverse 
effect on a YAS system since the spillage volume is completely lost whereas a YBS system can 
recoup some of the spillage volume as yield. Beyond Sf = 0.75 ×10-3 this effect diminishes as 
tank size increases and thus the likelihood of a full tank is reduced which reduces the 
propensity of large and frequent spillage volumes. 
 



 Deliverable D1.8. Filton Airfield 

 

72 

¢Ƙƛǎ ǇǊƻƧŜŎǘ Ƙŀǎ ǊŜŎŜƛǾŜŘ ŦǳƴŘƛƴƎ ŦǊƻƳ ǘƘŜ 9ǳǊƻǇŜŀƴ ¦ƴƛƻƴΩǎ IƻǊƛȊƻƴ нлнл ǊŜǎŜŀǊŎƘ ŀƴŘ ƛƴƴƻǾŀǘƛƻƴ 
programme under grant agreement N°776541 

 
Figure 3.18. The variance of storage fraction with water savings efficiency for daily rainfall and demand data highlighting 
the effect of time step on YAS and YBS performance. The relationships between Sf and WSE for the YAS and YBS models are 
approximated by logarithmic functions with R2 values of 0.88 and 0.97 respectively. 

 

Scenario 3 - residential application 
Although scenario 3 refers to the centralised system with a roof of the central YTL Arena, like 
scenario 2, the effect of storage fraction (Sf) on WSE and SCE was analysed for only toilet 
flushing purpose (Figure 3.19). 
 
As expected, all indicators increased with tank size. When demand consisted of only a toilet, 
the maximum WSE that could be achieved if all rainfall was utilized was 53.47%. For a storage 
fraction of 0.002 (14.14 m3), WSE was close to maximum with 53.42% (Figure 3.19 (a)). This is 
due to only 9.66 m3 of water being spilt from the tank over the year. A storage fraction of 
0.0015 (10.6 m3) showed little change with a WS efficiency between 53.14% and 52.85%. It is 
when a fraction of 0.001 (7.07 m3) is used that WSE begins to quickly drop. Efficiency falls to 
between 51.69% and 50.71%. Whilst this may not seem significant, this is a loss of between 
217000 and 340000 L when compared to a fraction of 0.002. Any lower than 0.001 and the 
efficiency drops significantly, ruling out a tank size of below 7 m3. For SCE as shown in Figure 
3.19 (b), a fraction of 0.001 also seemed to be the point at which the indicator begins to drop 
substantially. The SCE values dropped between 3.2% and 5%. This means a tank size of 7.07 
m3 could prevent up to 335 m3 less rainwater reaching the stormwater drainage every year. 
 
The optimum tank size, using the above performance indicators, lies between 7 m3 and 10 m3. 
Any higher than 10 m3, the extra capital and operating costs of a larger storage tank will yield 
little benefit to the efficiency and reliability of the system. Smaller than 7 m3, the performance 
will drastically decrease, and accuracy of results will become uncertain due to YAS and YBS 
differences. Using rainfall data from the stochastic model will therefore lie around 9 m3. 
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(a) 

 
(b) 

 
Figure 3.19. Performance indicators against storage fraction and water reuse only for toilet flushing within 278 housings 
(a) water savings efficiency and (b) stormwater capture efficiency (Scenario 3). 

 

Scenarios 4 - residential application ά¦²h¢έ ǎƛƳǳƭŀǘƛƻƴ  
The results from the simulations are presented according to the best- and worst-case 
scenarios. The important water balance quantities that need to be extracted from the 
simulations are the potable water demand, the non-potable water demand, the total 
collectable rainwater, the make-up water, the spillwater, the garden and pavement runoff and 
the total stormwater. Additionally, an important quantity is the number of failures of the 
rainwater storage tank. A failure is defined as any day in which the stored rainwater equals a 
value of zero (i.e., When the full non-potable water demand is met by the drinking water 
network). This number of failures helps to highlight the storage tank sizing issues. Included in 
Table 3.11 and Table 3.12 are the summary results for the potable and non-potable water 
demand as well as the collectable rainwater for the best and worst cases respectively. The 
remaining quantities for the make-up water, stormwater, runoff from gardens and pavements 
and spill water are presented in Table 3.13.  
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Table 3.11. Best case scenario simulation results. 

Bedroom 
type 

Potable demand 
(m3/year) 

Non-potable demand 
(m3/year) 

Total collectable rainwater 
(m3/year) 

Apartments 7,007.9 2,856.3 1,887.9 

2 Bed 2,473.4 1,008.1 2,947.1 

3 Bed 3,710.1 1,512.2 3,844.1 

4 Bed 4,809.3 1,960.2 2,292.2 

5 Bed 6,011.7 2,450.2 2,740.7 

Total 24,012.3 9,787.0 13,711.9 

 
Table 3.12. Worst case scenario simulation results. 
 

Bedroom type 
Potable demand 

(m3/year) 
Non-potable 

demand (m3/year) 
Total collectable 

rainwater (m3/year) 

Apartments 35,720.8 21,641.1 1,073.0 

2 Bed 4,727.8 2,864.3 1,694.2 

3 Bed 6,303.7 3,819.0 2,192.5 

4 Bed 7,660.7 4,641.2 1,317.7 

5 Bed 10,725.0 6,497.6 1,550.3 

Total 65,138.0 39,463.1 7,827.8 

 
Table 3.13. Additional featured results from simulations. 

 
Make-up 

Water 
(m3/year) 

Spillwater 
(m3/year) 

Runoff 
(m3/year) 

Stormwater 
(m3/year) 

Failures 

Best Case 1,106.1 5,000.3 3,432.8 8,433.1 512.0 

Worst Case 31,644.7 9.4 3,432.8 3,442.2 3,569.0 

 

Non-potable demand vs rainwater supply  
The rainwater harvesting system shows the potential to be able to entirely meet the non-
potable demand under the best-case scenario but fails in the worst-case scenario. Figure 3.20 
shows a simple summary of the total non-potable demand, spillwater, collected rainwater and 
ŀǾŀƛƭŀōƭŜ ǊŀƛƴǿŀǘŜǊΦ ¢ƘŜǎŜ ŎŀǘŜƎƻǊƛŜǎ ƘƛƎƘƭƛƎƘǘ ǘƘŜ ǎȅǎǘŜƳǎΩ ŀōƛƭƛǘȅ ǘƻ ƳŜŜǘ ǘƘŜ ƴƻƴ-potable 
water demand for the system. The available rainwater for use, which is representative of the 
spillwater quantity subtracted from the total collected rainwater, sits at approximately 8,700 
m3/year whereas the non-potable water demand sits at approximately 9,800 m3/year. This 
shows that the rainwater harvesting system in the best-case scenario is only capable of 
meeting 89% of the non-potable water demand. However, the 5,000 m3/year spillage stream 
ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ŀƳƻǳƴǘ ƻŦ ǿŀǘŜǊ ǘƘŀǘ ǘƘŜ ǎȅǎǘŜƳ άǿŀǎǘŜǎέ ŜŀŎƘ ȅŜŀǊ ŀƴŘ ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ǘƘŜ 
system could be optimized to increase the available rainwater and meet the non-potable 
water demand. 
 
The worst-case scenario shows significantly less feasibility. Figure 3.21 shows the total non-
potable demand, spillwater, collected rainwater and available rainwater for the worst-case 
scenario. The system shows a significant increase in the non-potable water demand, resulting 
from the significant increase in population size and consumption category. The small spillage 
stream is a result of the reduced collected rainwater stream and the increased demand which 
draws water from the storage tank. 
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Figure 3.20. Best-case scenario feasibility results. 

 

 
Figure 3.21. Worst-case scenario feasibility results. 

 

As a general indicative range for the performance of the system, these results adequately 
express the potential for the system. With a dedicated focus on maximising the rainwater 
supply, the feasibility of the system is still largely determined by the population the system 
services and their water consumption. The first phase of the development will show a non-
potable water demand of between 9,800 m3/year and 39,500 m3/year and can expect to 
collect between 7,800 m3/year and 13,700 m3/year. This shows that the variability in the 
demand from the system outweighs the supply of rainwater and thus it is unlikely the system 
will be able to meet the non-potable water demand with harvested rainwater.  
One important result to highlight is the influence that the density of population has on the 
feasibility of the system.  
 
Figure 3.22 and Figure 3.23 show a comparison between the non-potable water demand and 
the collectable rainwater quantity for both the best- and worst-case scenarios, broken down 
into the different residential unit types. For the best-case scenario, each of the 2-, 3-, 4- and 
5-bedroom housing units have collection surface areas which collect more rainwater than 
would be required to meet the non-potable water demand. The apartment units are the only 
residential unit type which does not collect enough rainfall to be able to meet the non-potable 



 Deliverable D1.8. Filton Airfield 

 

76 

¢Ƙƛǎ ǇǊƻƧŜŎǘ Ƙŀǎ ǊŜŎŜƛǾŜŘ ŦǳƴŘƛƴƎ ŦǊƻƳ ǘƘŜ 9ǳǊƻǇŜŀƴ ¦ƴƛƻƴΩǎ IƻǊƛȊƻƴ нлнл ǊŜǎŜŀǊŎƘ ŀƴŘ ƛƴƴƻǾŀǘƛƻƴ 
programme under grant agreement N°776541 

water demand. The worst case shows that none of the unit types are able to collect enough 
water to meet the non-potable water demand. However, considering the best-case rainwater 
collection (which is achievable as this can be integrated into the building designs at a planning 
stage) and the worst case non-potable water demand, the supplied rainwater would be 
sufficient in meeting a total of 35% of the non-potable water demand for the zone.  
 
Table 3.14 shows a comparison of the best possible rainwater collection scenario against the 
worst possible non-potable water demand scenario. The 2- and 3-bedroom units collect 
enough water to completely meet the non-potable water demand (103% and 101% 
respectively), with the 4- and 5-bedrooom units having the non-potable water demand 49% 
and 42% met by the supply of rainwater.  
 

 
Figure 3.22. Breakdown of the non-potable water demand and the collectable rainwater by residential unit type for the 
best case. 

 

 
Figure 3.23. Breakdown of the non-potable water demand and the collectable rainwater by residential unit type for the 
worst case. 
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Table 3.14. Summary of the best-case rainwater supply and the worst case non-potable water demand. 

 Apartments 2 Bed 3 Bed 4 Bed 5 Bed Total 

Best case 
supply 

1,887.9 2,947.1 3,844.1 2,292.2 2,740.7 13,711.9 

Worst case 
non-

potable 
demand 

21,641.1 2,864.3 3,819.0 4,641.2 6,497.6 39,463.1 

Change % 9% 103% 101% 49% 42% 35% 

  
¢ƘŜ ǎȅǎǘŜƳΩǎ ƛƴŀōƛƭƛǘȅ ǘƻ ŎƻƳǇƭŜǘŜƭȅ ƳŜŜǘ ǘƘŜ ƴƻƴ-potable water demand, even under the 
best-case scenario, shows that the economic performance from the system is governed by the 
amount of rainwater collected. There is addedd benefit to the reduction of the non-potable 
water demand from the home-owners perspective, however this is not realised in the 
improved economic performance of the system.  
 

Treated water consumption reduction  
The total reduction in treated water consumption through the substitution of harvested 
rainwater is represented by the total harvestable rainwater, less the spillwater stream. This 
quantity is used in the economic assessment for the system. Table 3.15 shows the total 
potable water reduction as a result of the rainwater harvesting system for each of the best 
and worst cases. The best case shows a reduction in treated drinking water by 8711.6 m3/year, 
which is an 89% reduction, whereas the worst case shows a reduction of 7818.4 m3/year, 
which is a 19.8% reduction. 
 
Table 3.15. Total treated water reduction with the rainwater harvesting system implemented. 

 

Non-
Potable 
Demand 
(m3/year) 

Harvested 
Rainwater 
(m3/year) 

Spillwater 
(m3/year) 

Treated 
Water 

Reduction 
(m3/year) 

% Treated 
Water 

Reduction 

Best case 9787.0 13711.9 5000.3 8711.6 89.0% 

Worst case 39463.1 7827.8 9.4 7818.4 19.8% 

 

Storage facility suitability  
The system feasibility is largely determined by the suitability of the storage facilities. For this 
system, an estimated 430 m3 tank was used as the storage facilities with a starting volume of 
0 m3. Table 3.16 offers some indication of the suitability of the storage tank. In the best-case 
scenario, which is set up to maximise the amount of collectable rainwater, the spillwater 
quantity of 5,000 m3/year shows that the tank is significantly too small. Considering the total 
collectable rainwater each year approximates to 13,700 m3, the system loses 36.4% of the 
collectable rainwater. The 512 system failures (meaning 512 days out of the 3,864-day 
simulation period ς 13.3%) confirms that the smaller demand quantity from the residential 
units results in a lower quantity of water removal. For the worst-case scenario, the system 
shows a significant reduction in spill water, but a significant increase in system failures. The 
large increase in water demand from the residential area draws more water from the system. 
To compound the infeasibility of this scenario, the reduced rainwater collection surface area 
and the reduced runoff percentage results in less water being supplied to the storage tank. 
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The 3,569 failures system is a clear indication of the infeasibility of this case by highlighting 
the influence that home-owner consumption has on the system feasibility.  
 
The large spillwater quantity in the best-case scenario suggests an increase in the storage tank 
volume will improve the system feasibility. However, the most notable determinant of the 
system feasibility can be tracked back to the demand from the residential unit. In order to 
optimise the system, collaboration between homeowners to limit the water consumption 
ratings is vital in promoting the system feasibility. 
 
Table 3.16. Summary of spillwater and system failure. 

 Spillwater Failures 
Best case 5000.3 512 

Worst case 9.4 3569 
 

Scenarios 5 - commercial application 
Figure 3.24 (a) illustrates the impacts of the toilet flushing scenarios (TFYA1, TFYA2, TFYA3, TFYA4) 
on the WSE of the RWH system for the large YTL arena building with the storage capacity 
varying from 100 to 2,000 m3. For toilet flushing (TFYA1, 22 m3/day), when the storage capacity 
exceeded 800 m3, the WSE of the RWH system remained constant, with a WSE of 98.3%. 
However, for a tank of between 400 and 800 m3, the WSE of the system was between 21.8% 
and 42% for TFYA3 and TFYA4 (108 - 216 m3/day). However, for TFYA2 (54 m3/day), when the 
storage size exceeded 1,800 m3, the WSE of the RWH system was 79.8%.  
 
For irrigation, the use of rainwater for different irrigation areas was assumed: 50% and 100% 
for the Brabazon Park (BP, IRBP1 and IRBP2) and the Filton Golf course (FG, IRFG1 and IRFG2). For 
a tank size of less than 800 m3, the WSE of the system was varied from 12.7% to 42% for IRBP1, 

showing the most sensitive to the storage capacity and followed by IRBP2, IRFG1 and IRFG2. 
However, when the storage size exceeded 800 m3, the WSE of the RWH system remained 
constant between 7.2% and 14.1%, depending on the water demand (580 - 1159 m3/day) for 
IRFG1 and IRFG2 as shown in Figure 3.24 (b). Similarly, for IRBP1 and IRBP2 (151 - 302 m3/day), the 
WSE of the RWH system for a tank 1,000 m3 was between 25.7- 46.1%. However, when 
ŎƻƴǎƛŘŜǊƛƴƎ ǘƘŜ ǘŀƴƪΩǎ ƛƴŦƛƴƛǘŜ ŎŀǇŀŎƛǘȅΣ ǘƘŜ ²{9 was between 33.7% and 67.4%, depending 
on the water demand. Although a higher WSE was achievable from the system with a large 
storage tank, such a large capacity would increase the installation costs (Umapathi et al., 
2019), hence 1,000 m3 for the maximum tank size which maximises the WSE of the system for 
this application.  
 
For the combined use of toilet flushing and the irrigation of BP (Figure 3.24 (c)), at a threshold 
value of 800 m3, the WSE showed 24.1% and 25.6% for different ratios: 70:30 (242 m3/day) 
and 50:50 (259 m3/day), respectively, whereas, for the combined use of toilet flushing and the 
irrigation of the FG, the storage capacity exceeded 600 m3, the WSE was varying between 
11.8% and 14.7%, depending on the water demand (499 - 688 m3/day). These results suggest 
that the WSE of the RWH system is highly influenced by the water demand scenarios. They 
further suggest that the threshold value ranged from 400 to 1,000 m3, depending on the water 
demand scenarios. As a result, a storage capacity of between 400 and 1,000 m3 can be 
perceived as the optimal size for all scenarios considered in this scenario. 
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The results in Figure 3.24 indicate that the WSE of the RWH system for this application can be 
enhanced by controlling the water demand scenarios, suggesting the importance of the water 
demand profile for the design and operational parameters of the RWH system. Larger 
rainwater storage volumes result in less overflow and more yield, hence a higher WSE of the 
RWH system. In contrast, smaller storage tanks limit the collection of rainwater, resulting in 

(a) 

 
(b) 

 
(c) 

 
Figure 3.24. Variations of water saving efficiency values as a function of storage capacity for single and combined use 
scenarios (a) YA toilet flushing with varying numbers of visitors (b) irrigation: BP and FG and (c) combined use: YA toilet 
flushing + Irrigation. 
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more overflow and less yield, hence a lower WSE of the RWH system. In this regard, the huge 
roof area of the arena requires a large storage tank, which could enhance the WSE of the RWH 
system and reduce the mains water consumption, albeit at higher capital and operational 
costs (Silva et al., 2015; Wang et al., 2015). In this analysis, the WSE of the RWH system with 
different water demand scenarios was evaluated using the historical rainfall data. These 
results affirm the significance of the water use profiles in the performance of the RWH system. 
However, changes in future rainfall patterns due to climate change need to be considered in 
the design and optimisation of the system, as the impacts of rainfall changes on the WSE of 
the RWH system are significant (Zhang et al., 2018).  
 

3.1.3.3. Economic analysis  
 

Scenarios 3 - residential application  
To further optimize tank volume, more simulations were carried out with tank sizes within 
and slightly outside the stated optimum range. Table 3.17 shows the yield of each simulation, 
a useful value as it equals the volume of potable water saved over the year. 
 
Table 3.17. Yield values for different tank sizes. 

Tank Size 
Without Washing Machine With Washing Machine 

YAS Yield (m3) YBS Yield (m3) YAS Yield (m3) YBS Yield (m3) 

71 4,530 5,094 4,810 5,547 

90 4,864 5,344 5,188 5,783 

110 5,155 5,560 5,500 5,963 

130 5,413 5,760 5,757 6,135 

150 5,616 5,933 5,942 6,275 

170 5,815 6,073 6,118 6,393 

 

According to a leaflet distributed by Bristol water, they will charge £1.2669 for a cubic metre 
of water in 2020/21 (BristolWater, 2021). As this is the price of water and not the cost to treat 
potable water, the financial savings calculated using this value will be more inflated than 
reality. This price will account for extra costs to Bristol water such as plumbing and pumping 
the water, which would also be a cost for the rainwater. However, finding an exact value for 
the cost difference between potable and rainwater proved difficult. Therefore, the standard 
price given by Bristol water was used in the analysis. 

 

To assess the costs associated with an increase in tank volume, the price of large, galvanised 
steel water storage tanks from a nearby company (Tanks Direct) in Minehead, Somerset were 
used. Whilst the company provides specialised rainwater harvesting tanks and systems for 
domestic use, the tank capacities did not exceed 20 m3. Operating costs were assumed to be 
negligible. The pumps and energy requirements would be the same regardless of tank size, 
due to the same volume of water being pumped out for demand. However, costs associated 
with the required space of each tank may increase the initial capital costs. The 72 m3 tank 
occupied 23 m2 whilst the 150 m3 tank occupied 65.6 m2. The storage tank prices are shown 
in Figure 3.25:  
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Figure 3.25. Price of five different tanks from Tanks Direct.  

 
The price of each tank follows the same increase except the 72 m3 tank. For a better analysis 
ǘƘƛǎ ǇǊƛŎŜ ǿŀǎ ŎƘŀƴƎŜŘ ǳǎƛƴƎ 9ȄŎŜƭΩǎ [Lb9{¢ ŦǳƴŎǘƛƻƴΣ ǿƛǘƘ ōƻǘƘ ƛƴŎƭǳŘŜŘ ƛƴ Table 3.18:  
 
Table 3.18. Economic analysis results for different tank sizes. 

Tank size 
(m3) 

Price 
YAS Yield 

(m3) 
YBS Yield 

(m3) 
YBS 

Savings 
YAS 

Savings 

Maximum 

Difference 

Minimum 

Difference 

54 £2,414 4106.66 4841.00 £6,133 £5,203 £3,719 £2,788 

72 £3,198 4550.01 5107.92 £6,471 £5,764 £3,273 £2,566 

100 £3,408 5016.85 5460.46 £6,918 £6,356 £3,510 £2,948 

150 £4,434 5615.70 5933.23 £7,517 £7,115 £3,083 £2,681 

200 £5,892 6041.44 6265.96 £7,938 £7,654 £2,046 £1,762 

72 
(adapted) 

£2,910 4550.01 5107.92 £6,471 £5,764 £3,561 £2,854 

 

Dependant on which behavioural model used, the optimum tank size will be different. Using 
the conservative YAS model, the optimum peak in Figure 3.26 lies around the 100 m3 mark. 
However, for a YBS model the optimum peak will lie further to the left of the chosen range. 
As a result, the optimum tank size will be chosen as 100 m3.  
 

 
Figure 3.26. Potable water savings for different tank sizes. 
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Scenarios 4 - residential application  
The economic assessment follows a similar sensitivity approach in that the capital, 
maintenance and operation costs are varied against varying future water prices in the 
economic benefit. Figure 3.27 shows variations of the net present value as a function of the 
timeline (2022-2055) for each scenario and Table 3.19 and Table 3.20 present a summary of 
the results obtained from Figure 3.27.  
 

(a) 

 
(b 
) 

 
Figure 3.27. Return on investment period (a) worst case scenario and (b) best case scenario.  
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Table 3.19. Return on Investment Periods for best- and worst-case scenarios. 

Case 
Return on investment period (years) 

-1% Water price Current* +1% Water price 

70k 
Worst Case 16 14 12 

Best Case 12 11 10 

100k 
Worst Case - - 27 

Best Case - 29 21 

130k 
Worst Case - - - 

Best Case - - - 
*Current: £1.2669/m3 (BristolWater, 2021). 

 
Table 3.20. Net present value of total profit (+) and loss (-) for the best and worst case scenarios. 
 

Case 
NPV of total savings after 30 years (2050, £) 

-1% Water price Current +1% Water price 

70k 
Worst Case +21434.67 +38223.00 +58045.64 

Best Case +36173.21 +54665.19 +76499.41 

100k 
Worst Case -31624.01 -14835.68 +4986.97 

Best Case -16885.46 +1606.51 +23440.73 

130k 
Worst Case -84682.68 -67894.35 -48071.71 

Best Case -69944.14 -51452.16 -29617.95 
*Current: £1.2669/m3 (BristolWater, 2021) 

 
Under specific circumstances, the system can be economically feasible. However, the 
feasibility results presented in Table 3.19 and Table 3.20 take on a global perspective which 
does not consider the costs and benefits to the homeowner and development owner (in this 
case, YTL Developments). By separating the system economics into the homeowner and 
development owner perspectives, the system is unlikely to be implemented.  
 
As expected, the feasibility of the rainwater harvesting system is highly dependent on the 
initial capital investment. Without a robust economic model that incorporates current 
commercial prices for the installation of the storage tank, pumps and the pipeline network, 
the economic assessment is significantly limited. However, the results from this economic 
assessment are aimed at providing an estimated range for the feasibility of the system. Using 
the best- and worst-case scenario water balance results and a range of potential capital, 
maintenance and operating costs, the economic potential for the system is adequately 
expressed. 
 
The feasibility for this system also shows a dependency on the amount of rainwater collected. 
The demand of non-potable water is likely to exceed the available rainwater because the non-
potable demand quantity varies between 9,787 m3/year and 39,400 m3/year, whereas the 
harvestable rainwater varies between 7800 m3/year and 13,700 m3/year. Thus, for the system 
economic benefit to be maximised, emphasis needs to be placed on maximising the possible 
collectable rainfall. By maximising the rainfall collection, the system is able to achieve the 
economic performance as expressed for the best-case scenario (potential savings after 30 
years ranges between £1,600 and £76,000). However, this is under the strict condition that 
the capital expenses remain lower than £100,000. The system is shown to be economically 
unfavourable if the capital expenses exceed this threshold. 
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Additionally, the future price of water holds a key role in the economic feasibility. An 
increasing water price improves the potential savings that the system provides. With the 
threats of climate change and water scarcity in urban areas, the price of water will vary. The 
system benefits from an increase in water price which proves that the implementation of the 
rainwater harvesting into urban water management plans is an effective means of climate-
proofing. 
 
However, these economic feasibility results are expressed from a global, more holistic 
perspective. In reality, there are separate stakeholders that incur the cost from each the 
capital, maintenance and operations as well as a separate stakeholder benefitting from the 
savings from the substitution of rainwater for treated water. From the perspective of YTL 
Developments, their primary objective for the Brabazon Development is to make a profit on 
the sale of the residential units and the commercial office space. It is unlikely that YTL 
Developments will sell the residential and office space and then continue to maintain and 
cover the operating expenses for the rainwater harvesting system, especially considering that 
the economic benefit from the reduced water bill is to the advantage of the homeowner. 
Therefore, the system is unlikely to be implemented. 
 

Scenarios 5 - commercial application 

Cost saving potential and determination of rainwater storage size 
In this analysis, an optimal size of the rainwater storage capacity of a RWH system in YTL Arena 
was determined. The cost-effectiveness of the RWH system with different application 
scenarios was evaluated in terms of the cost savings of over 50 years and the unit water cost 
as a function of tank size variations (100 - 2,000 m3). Figure 3.28 shows the cost savings, which 
include the difference between the total costs of the mains-only supply system and the RWH 
system for three different applications scenarios, toilet flushing (a), irrigation (b) and a 
combined use (c). Positive values of cost savings correspond to a range of storage sizes, which 
make the RWH system economically feasible for the given scenarios.  
 
Figure 3.28 (a) shows the changes in the cost savings of toilet flushing with different numbers 
of visitors, as the storage capacity of the RWH system increases. The cost savings of TFYA1 and 
TFYA2 (21.6 and 54.0 m3/day, respectively) remained negative values regardless of the tank 
sizes, indicating that the systems for these water demand scenarios are economically 
unfeasible. However, the systems can become economically viable if the water demand grows 
higher than 54.0 m3/day. For example, the cost savings of TFYA3 and TFYA4 were shown to be 
positive values at a tank size between 100 and 600 m3. However, when the tank size goes 
beyond 600 m3 the result shows that the RWH systems for these applications are no longer 
economically beneficial mainly due to the increase of the tank size thus capital cost. This 
indicates that for toilet flushing in the YA, RWH systems with a tank size between 100 and 600 
m3 would be economically feasible. As shown in Figure 3.28 (b), when the collected rainwater 
was only used for irrigation applications (BP and FG), the cost savings of the RWH system were 
shown to be negative values for all tank sizes although its variation was more sensitive to the 
tank sizes, less than 800 m3. For irrigation scenarios, this study assumed that that irrigation 
activities occurred between May and October, discharging the excess runoff into a sewer 
drainage system. This practice increased the OPEX costs of the RWH systems, thus illustrating 
the negative values of cost savings regardless of the tank sizes.  
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Figure 3.28 (c) displays the combined use of the RWH systems with different application ratios 
of toilet flushing to irrigation (50TF+50IR and 70TF+30IR). The cost savings across all four 
scenarios give positive values at a tank size between 100 and 600 m3, while the values turn 
negative at above 600 m3. This indicates that combined regular and irregular water 
applications could make the system more cost-effective, thus suggesting an optimal storage 
capacity of between 100 and 600 m3 for the RWH system at the YA. 
 

Furthermore, Figure 3.29 presents the unit rainwater costs for single and combined use 
scenarios (TFYA3&4, 50TFYA4 + 50IRBP2&FG2, and 70TFYA4 + 30IRBP2&FG2) with selected storage 
capacity variations from 100 to 1,000 m3, which are based on the results obtained from Figure 
6. The unit rainwater cost decreased gradually in tandem with an increase in the storage 
capacity, ranging from 100 to 200 m3, depending on water demand scenarios. After that, the 
unit rainwater cost rapidly increased, exceeding that of the mains-only supply water cost. For 
example, at 700 m3, the unit rainwater costs for across scenarios were between 0.42 and 0.45 
£/m3. From these results, it can be concluded that a storage capacity of between 100 and 600 
m3 would be enough for the RWH system in the YA to maintain the unit rainwater cost range 
from 0.37 to 0.40 £/m3, depending on the costs of water use scenarios, which are equal to or 
lower than the mains-only supply water cost (0.40 £/m3). 
 
The results of the economic analysis conducted in this study suggest that there is a correlation 
between the total cost of a RWH system and the level of water consumption. This means that 
the water demand pattern dominates the overall economic performance of the RWH system 
όDƘƛƳƛǊŜ Ŝǘ ŀƭΦΣ нлмтΤ IŀƧŀƴƛ Ŝǘ ŀƭΦΣ нлмпΤ {ƱȅǏ Ŝǘ ŀƭΦΣ нлнлΤ ²ŀǊŘΣ нллтύ. Considering hydraulic 
and economic performances, consequently, the use of the RWH system with a tank size 
between 400 and 600 m3 for toilet flushing, coupled with the combination of toilet use and 
irrigation, can be the most favourable scenario under the conditions considered in this study. 
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(c) 

 
Figure 3.28. Cost savings as a function of storage capacity ranging from 100 to 2,000 m3 (a) YA toilet flushing with different 
numbers of visitors, (b) irrigation of BP and FG and (c) combined use: YA toilet flushing + BP and FG. 

 

 
Figure 3.29. Harvested rainwater cost and mains-only supply cost as a function of storage capacity ranging from 100 to 
1,000 m3. 
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Sensitivity analysis 
Water prices, rainfall conditions, and discount rates are the three major factors contributing 
to the economic viability of RWH systems (Amos et al., 2018). A sensitive analysis was 
performed to assess those parameters and identify ways to further reduce the unit cost of 
rainwater of the RWH system compared to the unit cost of mains-only supply. Based on the 
results obtained from the previous section, a storage tank of 600 m3, which could maximise 
the WSE and maintain the unit rainwater cost lower than the mains-only supply cost 
calculated using a 5% discount rate and 1.05 £/m3 water price, and three water application 
scenarios were chosen: toilet flushing (TFYA4) and combined use of toilet flushing and irrigation 
(50TFYA4 + 50IRBP2 and 50TFYA4 + 50IRFG2). 
 
Figure 3.30 (a) shows the sensitivity analysis of changes in water tariffs ranging from 1 to 3 
£/m3. As the water tariffs increased from 1 to 3 £/m3, the mains-only supply costs increased 
accordingly. The baseline value in this figure represents the water tariff of 1.05 £/m3 (Table 
S4). The unit rainwater cost across all scenarios increased in tandem with an increase in water 
tariffs. At lower water price (<1.05 £/m3, baseline), the unit rainwater cost of all scenarios was 
slightly higher than the mains water cost, while, at higher water price (>1.05 £/m3, baseline), 
the unit rainwater cost remained below (0.39 - 1.07 £/m3) the mains water cost (0.40 - 1.16 
£/m3) under the given conditions. The results confirm that the economic performance of RWH 
systems is sensitive to variations of mains water prices (Lani et al., 2018).  
 
Furthermore, Figure 3.30 (b) shows how the change in the climate conditions (dry, normal and 
wet) affected the unit rainwater cost of each scenario. The SPI of 0 represents the average 
rainfall condition. When the SPI values were below average (i.e., dry conditions), the mains-
only water cost (0.40 £/m3) was lower than the unit cost of rainwater ranging from 0.42 to 
0.44 £/m3, depending on the water use scenarios and the higher mains water requirements. 
In contrast, when the SPI values turned positive (i.e., wet conditions), the unit rainwater costs 
of all scenarios ranged between 0.38 and 0.40 £/m3, depending on the water demand 
scenarios. During the wet years, the maximum achievable savings ranged between 3.7% and 
12.3%, depending on the scenarios. Despite no significant reduction in the unit rainwater 
costs, the results indicate that the duration of the wet period could play a crucial role in 
enhancing the economic performance of RWH systems, as reported in previous research 
(Imteaz et al., 2017; Zhang et al., 2018).  
 
The impacts of changes in the discount rates (0% - 15%) on the unit water costs of RWH 
systems are shown in Figure 3.30 (c). The unit rainwater costs across all scenarios were higher 
than the unit cost of mains water (0.40 £/m3) at the discount rate of below 5.5% which was 
lower than the mains water cost at the discount rate of above 5.5%. For toilet flushing, for 
example, the unit water cost was 0.94 £/m3 at a 0% discount rate, while it was 0.21 £/m3 at a 
15% discount rate, which suggests a 77.3% reduction. This indicates that the economic results 
of the RWH systems were highly influenced by discount rates. Although no clear idea exists to 
determine the exact discount rates of specific applications, generally, social discount rates for 
institutions (e.g., water utilities and private companies, 10% and 15%, respectively) should be 
lower than the rates considered for individuals (e.g., homeowners, 5%) (Roebuck et al., 2011; 
Voinov et al., 2007). This sensitivity analysis illustrates the potential for making the RWH 
system of the YA cost-effective by considering the discount rates between 5.5% and 15%.  
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Table 3.21 presents the payback period (PBP) of three selected scenarios considering two 
variables: the future water cost of 2 and 3 £/m3 and the discount rates of 5%, 10% and 15%. 
Overall, no significant difference exists between water demand scenarios. For toilet flushing, 
when considering a future water price of 2 £/m3, the PBP of the system is 19 and 35 years for 
5% and 10% and above 50 years for 15%. However, when considering a future water price of 
3 £/m3, the PBP of the system is 10, 12 and 18 years for 5%, 10% and 15%, respectively. These 
results indicate that it is possible to achieve a shorter PBP at a lower discount rate. However, 
the water price increase could play a more significant role in the economic feasibility of the 
proposed RWH (Domènech et al., 2011; Khastagir et al., 2011). The results suggest that the 
RWH system of the YA could be economically feasible in the light of a discount rate of lower 
than 10% and a water price of higher than 2 £/m3. For the purpose of implementing RWH 
systems in a sustainable way, there would be an opportunity to negotiate a lower tariff for 
both drinking water and sewage as charges for commercial buildings are directly correlated to 
the amounts of the used water and the discharged sewage, the higher the water use or the 
sewage discharge the lower the charges. This can result in the further improvement of the 
economic feasibility of the RWH of the YA.  
 

(a) 

 
(b) 
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