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Executiveummary

Urbanisation exacerbates health, environmental and clirratated issues, while at the same
time using more naturalesources. Recovering watembedded 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 watereservi
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
sociaeconomic benefits and making resource efficient.

The Next@n 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 ecottmaoygh the
demonstration of novel technologies and addressing business and governance challenges.

Filton Airfield(United Kigdom)is the case to be developed as a showcase by demonstrating
the feasibility of circular solutions supportingcarcular 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 #ield 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 belowable 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 quantifiatdsultsfor each task in Filton Aiefid.

Task Subtask Technology/Approach Quantifiable results
1.2 1.2.7 Alternative water sources Toilet flushing and public
Closing the Integrating at district level: rainwater irrigation: 10- 75% of water
water cycle alternative harvesting andjreywater savings
water sources reuse
at district level
at Filton
Airfield
13 13.1 Feasibility study: low Domestic heating (sce or water
Closing the Local heat and grade heat recovery heatingon-site reuse):
energy cycle  energy potential at district level  7.8-38% of energy savings
recovery from
wastewater
1.4 1.4.9 Feasibility study: nitrogen Impact of wastewater flow rate
Closing the Integrated and phosphorus recovery on nutrient concentrations in
materials cycle recovery and and local reuse at district wastewater (onsite recovery):
use of level 53% of decrease in flowrate
nutrients at increase in N and P concentratio
district level in wastewater (53% and 31%,
respectively)
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SubTask 1.2.7 Integrating alternative watesources 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 fqotaiole
purposes, includig 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 indicatqrgvater savings efficiency (WSE),
stormwater capture efficiency (SCE), esating potential and unit product water cost. Five
RWH scenarios weigssessedFour scenarios involved the RWH system for residentggr
applications while one scenario involved the RWH system for commes&iat applications.

For the residential applicationsiyo RWHscenarios were first consideregicentralised and
decentralised RWH systems. The haredsainwater was used for nepotable purposes,e.,
washing machine and toilet flushinig.was found that the decentralized system had greater
WSEat 47% compared to only 35% for the centralized systB@sults showed thathe
amount of harvesting rainfall became a limiting factor at high tank volumesrigao upper
limits of WSE at 45% for the centralised RWH system whné% for the decentrated RWH
system.In addition, whenthe harvesting rainwater was used only for toilet flushitige
maximum WSE wasi%. The optimum tank sizéetermined for a passive RWH system was
100 n®. Within this scenario, this tank size gave a WSE of 38%re®GE of &6.Furthermore,
within the extended scope of the studye harvesting rainwater was assumed to be used for
dishwasher, washing machinend toilet flushing With more demandfor the harvesed
rainwater (i.e., a mediurrscale RWH systembhe results highlighted the potential for a
mediumscale system anshowedthat alarger systentanrecover capital costs and shed

a net economic benefit.

However, the long return on investment periodsmaineda significant limitation to the
adoption of these types of systeniBhe lasRWHscenario demonstrated a large roof (30,000
m?) RWH system irthe YTLArena (a commercial bidling) by conductinghydraulic and
economic assessmentslhree water demand scenarios, toilet flushing, irrigation and
combined use, were considere@ihe hydraulic assessment results suggested that a storage
capacity ranging from 400 to 1,000°rwould be ewough for rainwater reuse scenarios
considered in this application. From the economic aspect, the RWH system with a rainwater
storage capacity of between 100 and 608 was more economicallfeasibleas it showed
high costsavingpotential. Furthermore, tle unit water cost varied from 0.37 to 0.40 £im
depending on the water demand, showing lower than the mains water cost (0.468).£/m
Consequently, the RWH system with a capacity between 400 and 8@anmbe the most
favourable range under the given conditions.

A decentraled hybrid rainwater harvesting (RWHnd greywater reuse (GWRYystemwas
further assessed for usm residential and commercial buildingd#/ithin the scope ofthis

study, stochasic water demandprofiles and urban water cyclesimulationsat a block scale

taking possible RWH and GWR options for -potable purposeswere conductedto
guantitatively assess urban harvesting potential indicatfwster demand minimization,
urban resouce reuse, and wastewater discharge minimizatiowhen 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, @aking at 78% due to the additional supply from GWR. The combination also
reduced wastewatedischargepotential from 100% to 54% and consequently improves self
sustainability potential from O with no recycling, to 44% with only GWR, and to 100% with the
combined use of RWH and GWRRerall thisscenariebasedurban water managemerstudy

can provide insights into the applicability of urban water resource harvesting and its
assessment approaches in existing and new development areas.

SubTaskl.3.1Local heat and energy recovery from wastewat@hapter 4)

Domestic vastewater has been recognised as a renewable heat source a&sntains a
relatively high amountof thermal energy originating from hot water use at homes.
Wastewater after dischargingto a sewer network systemvill have an elevated temperature
(20-30 C).Sincsit is lowgrade heatjt cannot be transported over long distancd$e Filton
Airfield Development offerpotentially great opportunities for heat recovery from the sewer
network and local rese. Thus, he feasibility of local heat recovery from wastewater was
demonstrated by simulating the heat balance (demand and supptye Filton sewer system

There were two scenarios for demonstrating heat recovery potential atgl reuse: (1)
residential area consisting of conventional houses and (2) residential area consissiag of
calledecohouss(i.e., houses with water saving appliancddjree different changeis water
temperature occurring due ta heatrecovery systemvere considered0.5, 2 and 3 LCThus,
the impact of the water use option in houses on energy recovery potential was assAsszd.
result, it was confirmed thathousing units generating a large amount of wastewater (i.e.,
conventional houses) helsignificant potential for energy recoverysing historical energy
demand data, theotal energy demandor the study area was assumed to #63,300 kWh/y
and followed by 293,800 kWh/y for space heating and 101,700 kWh/y for water heating.

Energy recover from wastewaterdischargewhere the sewages cooled by 0.5, 2 and 3
degreestheoretically cammecover 6,465, 25 and 38, BOkWh/y for the conventional house
scenarig and 2,915, 11,60 and 17,80 kWh/y for the ecohouse scenaridhe 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 investgation 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.

SubTask 1.4.9 Integrated recovery and use of nutrients at district le¢@hapter 5)

Filton Airfieldis set to becomethe best use of the largest area giffeerfield land,and a new

sewer design will be used that transports at higher density (lower water volume) which can
enhancevaluablenutrient recovery efficiencyTherefore, he feasibilityof local recovery of
nutrients from wastewater and local application as a fertilizer in the green spaces in the Filton
area was investigatedsing astochastic household wastewater discharge modélus, water
demand and discharge profile analysiere condwcted using he 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 anelis using SWMNtescribed in Chapter 2)
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Two water consumption scenarios were considered: conventional houglesiormal water
use appliances anecohouse with watesaving appliance$n ecohouse, watesaving toilets,
water-saving shower heads and tesless washing machines were utilised. As a resiod,
total volume of wastewater into the sewer network wesducedby as much a28.7% with
an average reduction of 18.2% for the morning per@®Q amg 9:30 am) Both morning and
evening periodshad flow reductions although the morning period oftdmad the largest
decrease irwastewater volumausing the watesrsaving appliances.

In response to the change in the wastewater volume, the phosphorous concentration in the
wastewater increased by as muels 36.6% using wateiaving 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 resultsighlighted that due to the increased nutrient concentrations
from the use of a separated network and wassving appliances, nutrient recovery would be
more efficient, which is necessary for a more sustainable future, especially when natural
resources sch 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 oae it
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 irbam areas and thus the
selection of the most suitable nutrient recovery technology for the Filton case.

Chaptes 6 and 7further addressedexisting and emerging policy and regulatory frameworks,
including barriers, challenges, opportunitieBnancial optionsand upscaling andfuture
implementationsto improve the social acceptability of circular solutions. Public and social
acceptance is 8t 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 inputtypthe

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 cigaie 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 ip@yation into planning and building frameworks

and explored possible financing options for circular solutidhg. findings highlighted the role

of laws and government policy in implementing NextGen circular solutions. In this context,
the adoption and upaike 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 otocol
for circularwater solutions, implementing decentralised circular solutions for water continues

to be challenged by local regulations and buildiatated regulations specific to smaHscale
installations and the codtenefit gap.

However, barriers ad 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 ar implement circular solutions through urban planning and building:

(1) Determination of reclaimed water use purposeit is crucial to evaluate technical
requirements to control and monitor water quality and thus avoid additional costs to achieve
high waer 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 managent), 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 oflife-cycle costbenefits and risks for soceconomic 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 upscatig and future implementations of NextGen solutions, understanding how design
and plan can address easers concerns is critical. Thus, social participation and collaboration
platforms play a vital role to provide a coherent justification and knowledgehef
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/Buildinglatigns.

Chapter 8finally 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 assesgnyaublic 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 experimentgearch 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 roadmthat can be used for the smalmedium 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 lon exchange

KPI Key performance indicator

KS test KolmogorovSmirnov 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 Returnon-investment period
RW Rainwater

RWH Rainwater harvesting

SCE Storm capture efficiency

SPI Standard precipitation index
SSi Seltsufficiency index

SSW Surface water system

SWMM Storm water management model
TDS Total dissolvedolids

TH Total hardness
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TKN
TP

uv
uwc
UWoT
WOl
WSA
WSE

WWHR
WWTP
YAS
YBS
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Total kjeldahl nitrogen
Total phosphorous
Ultraviolet

Unit water cost

Urban water optioneering tool
Wastewater output index
Water saving appliance
Water savings efficiency
Wastewater

Wastewater heat recovery
Wastewater treatment plant
Yield after spillage

Yield before spillage
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Disclaimer

The authors of this document have taken all possible measures fntent 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 occ@raresult 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 climateelated issues(IWA, 2018) Urbanisation further
exacerbates these challenges wahincrease in wastewater production and discharge, while

at the same time using more natural resources.

In the context ofgreenfeld implementation designing and planningustainablewater
servicesand systemsnd increasing reuse opportunities in a circular economy is an important
task to turn wastewater into wealth and fast track achieving significant semdmomic
benefit while at the same time makingt resource efficient and climate resilienthus,
recovering waterembedded resources including water, energy, nutrients and other valuable
materials is a crucial opportunity for regions or countries to shift from a linear tecalar
economy.This will contribute to filhg the gap between increased natural resource demand
and supply shortagéNextGen has therefore built up its circular economy system on the next
generation of water systems and servi¢esncrease the availability of water, reduce energy
consumption and recover other valuable resources.

In the frame ofclosing the water cycle, there are many water reuse strategies that have been
commenced to address issues, including (i) high operatidgraintenance costs of nutrients
removal (e.g., nitrogen and phosphorus) from the wastewater effluent to mitigate negative
environmental impacts (e.g., egoxicity due to eutrophication), (ii) accelerated urbanization
and (iii) climate change (e.g., heaxginfall 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 ofainwater and vastewater is very common and has been implemented using a wide
range of technologies from small to medi/large scales for nepotable 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 sowecseparation has shown to be feasibleaasmall scaleapplication
(DiazElsayed et al., 2019 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 priedictf 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 seeaseid

simulation andanalysis 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 nutri@uncentrations.This report

therefore aims to provide understanding and awareness underpinned by the utilization of a

more reliable simulation approach to watembedded resource recovery in the Filton area.

It also aims to explore business and governa@d¢ | f t Sy 3Sa GKIFdG OFy SyKl
have a resilient urban resource management strategy and thus greenfield implementation.
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The findings in this report are expected toledto transform waterwise communities. This
report also provide evidencetprove the applied concepts for closing the water, energy and
nutrients.

1.1. Report structure

Thisdeliverable 1.8onsists ofight chapterswith the introductionand report structure in
the Introduction. In addition, the Introductionprovides the status of the Filton Airfield
development andhe specificNextGentasks Further, Tablel.1 presentsa brief description
of the approaches for closing water, energy and mateyi@lsapter3, 4 and YWork package

1, WP1)
Tablel.1. Three main tasks to demonstrate the feasibilitytted water, energy and materials cycles in the water seictor
Filton Airfield.

Chapter# Feasibility study Related Deliverable

3. Closing the water cycle Alternative water sources at D1.3New approaches and bes

district level practices for closing the water
cycle
4. Closing the energy cycle  Heat recovery from D1.4New approaches and bes

wastewater and local reuse  practices for closing the energ
cycle inthe water sector
5. Closing the materiacycle  Nutrientsrecovery potentiabt D1.5New approaches and bes
district level 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.eul/CaseStudy/

Chaptes 6 and 7 concentrateon regulatory aspects for urban resource recovery and reuse
(challenges opportunitiesand cost and incentiv@s¢o implement circular solutions either
existing or newhousing development®r operatorgplannersof resource reuse schemekhe
major findingsfrom the tasksandrecommendations for futureesearch andmplementation

of circularsolutionsare presented in Chapté.

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 Europeudicig 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 digis 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 regiorakerfield redevelopment opportunity. The site

lies within theSouth Gloucestershire Council administratweain UK It is at the heart of the

wider mixeddza S F NBF 2F . NAad2t Qa b2NIK CNRAY3ISS Ay
residential and recreational uses. The majority of the site comprises the former operational

- This project has received dzy RAy 3 FNRBY GKS O9dNBLISIY ! VA2yQ:
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FANFASERE Ay Of dzR A térainall illings, XirblJstatiénf Relipad, sfofadely S NJ
buildings and the older WWII service shék shown inFigurel.1, the principal existing

feature d the Airfield site is the main runway, which runs in an easst direction. The

runway is 2,467m in length and 9Im wide and is constructed in concretath adjacent

surface water drainage. In addition to the main runway, there are the remnantsraawind

runway which runs in a norteouth direction.

The Filton Airfield masterplaproposes to form a newnixeduse 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
facilitesA y . NRA & 0 2 £ Q@iguye2 INJn Kdgital, it icNi@ley ALIGeryfacility, retail

space, al20-bedroomhotel, a secondary and two primary schodafeguarded land for a

railway stationcommunity facilities and provides a setting for tAero heritage museum to

OSt SONIXYiGS GKS | NBIFQa I @Al (A fognal Kfed spacesBndw ¢ K S NI
road accesses and associated infrastructdiiee specific land use plan is described atle

1.2.

Residential D Schools and nursaries . Station
Il Green open space [ Employment D Infrastructure
. Mixed use (residential) - Mixed use (non-residential) - Water features

f‘ Dual use Community

Figurel.l. Location of Filton Airfield and Filton Airfield master plan.

Tablel.2. Filton Airfield land use plafYTL, 2021)
Land use Area (ha) Area (acres)

Total residential area 54.3 134.18
Total m!xed gsec@mmermal 210 519
and residentigl

Residential extraare 0.69 1.7
Employment 24.95 61.65
Othernon-residentialuses 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. NextGenobjectives

A masterplan for the site developmentasailable, but further development and exploration
of ideas for sustainable development are requiréttban greening strategiesmieed to be
demonstrated in new citieso support sustainable urbaplanning and developmentAn
integrated local recovery and reuse of water, energy and nutrietsne of the promising
solutions andcanprovide multiple and complementary benefits to the public.

This project has received dzy RAy 3 FTNBY G(GKS 9dzNRLISIY ! yA2YyQ:d
programme under grant agreement RP6541
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The aim of he NextGen projecis to demonstrate anckvaluatethe application of ecular
economy to a FiltorAirfield development case study where the area will be a showcase in
urban development for the UK. The aim ofstlprojecttranslates into the following set of
objectivesasdescribedn Figurel.2 and Tablel.3.

Water: Demonstrating the feasibility of urban water mgce management

Energy Demonstrating the feasibility @#hermal energyrecovery from the sewer system and
localreuse

Materials: Demonstrating the feasibility of nutrient recovepgtential

..... —
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Figurel.2. Positioning of Filton Airfield in thegrcular economyThe red circles indicate the technologies assessed ir
Filtoncase study.
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Tablel.3. Description of NextGen

Case Study number & nan

tasks and objectives

Subtasks

Technology baseline

NextGen intervention
in circular economy fa

TRL

Capacity

Quantifiable target

# 9

SubTask 1.2.7
Integrating alternativ
water sources at
district level at Filton
Airfield

Filton Airfield

Location: A former airfield i
SouthGloucestershire, nort
of Bristol

SubTask 1.3.1 Local
heat and energy
recovery from
wastewater

SubTask 1.4.9:
Integrated recovery
and use of nutrients

at district level

- A former airfield in Sout
Gloucestershire, north of
Bristol, UK

- YTL Developments will
develop this former
airfield into an attactive
and sustainable area

water sector

50-600 n¥
storage capacit)

Urban water resourc

- Decentralized
solutions for increase
circularity in new
housing districts

¢ w[ 1 forresidential | reuse for nospotable
and commercial uses (opsite reuse)
buildings
Domestic heating
TRL 9 |113 hougng unityspace or water heatir]
(on-site reuse)
Nutrient recovery
TRL 9 |113 housing uni{ POtential-nutrient

concentrations in
wastewater




\ nextGen

Circular Water Solutions

CHAPTER 2

Deliverable D1.8

I|_| ] E : CT1 S e
oo C I [ o — | n%‘ﬁg“%
oo|0UOP| {11111
N LS.
o\_,.. NIEER




A
@ nextGen Deliverable D1.8Filton Airfield

2. Methodology
2.1. Introduction

In this deliverable, a series of theoretical, experimental and scef@sed investigations
were conductedIn particular, he experimental investigation was carried out to analyse the
quality o 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 scenatti@ased approaches. For the feasibility studgter
demand and discharge profildacluding flowrate, nutrient concentrations (i.e., nitrogen and
phosphorus) and temperature were obtained using specific analysis td®isulation of
Water Demand, Endl &S a2 RSf ¢ StMulatierb & vated Demandan EndUse
Model Wastewater (SIMDEUM WW) aBtbrm 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 usasbéss

urban harvesting potentialsingdemand minimisation index, wastewater output index, self
sufficiency index and resource exportedlex (Agudé 2 T+ SN} S |t ®X HAMHT
2015)

This chapter describes the general approades were appliedwithin the Filton case study
including the experimental procedure used for rainwater quality analysis and the overview of
the simulations. Mre specific details can be found in their respective chapters.

2.2. Study area Filton Airfield eastern
Infrastructure

Figure2.1 shows the location ahe study areaThis 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.Theeast sidencludes apartments and fregtanding housing units named
Wiyl3 I NJ 51k additedtiteie @dnly one commercial application as illustratedFigure

2.1. There exists the thredvay 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 AraYTL, 2021)he total roof area of the arena is abou®,800 n%: 8500 n?

(East), 13,000 M(Centre) and 8500 t(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 veasried out by considering

only residential buildings (i.e., Hangar Distrib@tails of different residential and commercial
application scenarios are described in their respective chapters.

-d:K?\é LINE2SOG KFra NBOSAOSR FdzyRAy3d FNRY GKS
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2.3. Rainwater quality analysis

Rainwater samples collected directly from atmospheric precipitation were analysed. There
were five different sampling points (SI8P5) across the Filton Airfield (n = 25 samples). As
shown inFigure2.2, 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 dhe 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 areascated

to the east, northeast and northwest of the YAgure2.2 (a). In addition, a sewage treatment
plant and light industrial areas are locatedde¢lan 10 km from the study area, but these are
not shown in the figureFigure2.2 (b) shows prevailing winds in this area are from the
southwest. Ithas 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 filederground,
2020)

Weeklycollection of rainwater samples conducted, and the samples were kefteircold

roomat4® LINA2NJ G2 Fylftearad LI I StSOGNAOIT O2y
(TDS, mg/L) were measured on site using a pH/EC/TDS meter Hanna InstrudE&g§25,

while samples were sent to Wessex Water Scientific Centre to analyse the othetedelec
physiochemical and microbiological parameters according to the Standard Methods ISO
17025(UKAS2020)as described ifable2.1. The physicochemical parametexsalysed are

turbidity (NTU), chemical oxygen demand (COD) and biochemical oxggeand (BOD). In
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addition, nutrients, major ions and metals including total hardness, calcium hardness,
magnesium hardness, alkalinity (HOCQammonia (Nb), nitrite (NQ"), nitrate(NQ), chloride

(C1), sulphate (S£), fluoride (B, calcium (Ca), passium (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 describ8@ine2.1. Microbiology
parameter (i.e. EQli) 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.

Wind from SW
(South Westerly)

Wind Speed [km/h]
.- 2
. NNE ~]20-24

Bl 16-20
™~ NE 216
N s-12
NN 4-8
: " ENE -
\ \
I
HE
!
]
i
ESE
/
s
S
L. o
220 - SSW ""’*—S‘)—*""/ SSE

Figure2.2. (a) Characteristics of tHeilton Airfield area. Sampling poirt§SP1: at the end of the Filton Airfield, close
green area, SP2: the right side of the east wing of the arena, open area, SP3: at the behind of the west wing of 1
and near the used tanks, SP4: the behintthefarena, close to green area, and SP5: the front of the east wing, surrot
by small buildings) and (b) Wind direction data from Little Stoke Weather station (Distance from the arena: 2.3 kr
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Table2.1. Physiochemical and microbiological analysis met{i#AS, 2020)

Parameter Method No. Techniques used
Physiochemical parameters
pH - pH/EC/TDS meter Hanna Instruments 198125
Conductivity at 25 °C - pH/EC/TDS meter Hanna Instruments 198125
Turbidity 3:404 Turbidity meter; nephelometric method (Hact2100N
Turbidimeter)
Alkalinity (CaCg) 2:301 Inductively Coupled Plasm&lass Spectroscopy
Total dissolved solids, TDS - pH/EC/TDS meter Hanna Instruments 198125
Biochemical oxygen demanc 2:702 Incubation at 20C
Chemical oxygen demand  2:703 Acid Dichromate Colorimetric
Total hardness (CaGpD 2:301 Inductively Coupled Plasmdlass Spectroscopy
Ca. Hardness 2:301 Inductively Coupled Plasm#&lass Spectroscopy
Mg. Hardness 2:301 Inductively Coupled Plasm#&lass Spectroscopy
Nutrients, major ions and metals
Chloride, CI 2:550 Automated- Colorimetry by Discrete Autoanalyzer
Nitrite, NO2 2:550 Automated- Colorimetry by Discrete Autoanalyzer
Nitrate, NG - Calculation
Ammonium, NH 2:550 Automated- Colorimetry byDiscrete Autoanalyzer
Sulphate, S© 2:550 Automated- Colorimetry by Discrete Autoanalyzer
Fluoride, F 3:408 lon Selective Electrode
Calcium, Ca 2:301 Inductively Coupled Plasm&ass Spectroscopy
Potassium, K 2:301 Inductively Coupled Plasm&ass Spectroscopy
Magnesium, Mg 2:301 Inductively Coupled Plasm&ass Spectroscopy
Sodium, Na 2:301 Inductively Coupled Plasm&éass Spectroscopy
Iron, Fe 2:301 Inductively Coupled Plasm&ass Spectroscopy
Manganese, Mn 2:301 Inductively Coupled Plasm#lass Spectroscopy
Copper, Cu 2:301 Inductively Coupled Plasm#lass Spectroscopy
Chromium, Cr 2:302 Inductively Coupled Plasm#lass Spectroscopy
Cadmium, Cd 2:301 Inductively Coupled Plasm#lass Spectroscopy
Nickel, Ni 2:301 Inductively Coupled Plasm#lass Spectroscopy
Zinc, Zn 2:301 Inductively Coupled Plasm#lass Spectroscopy
Lead, Pb 2:301 Inductively Coupled Plasm#lass Spectroscopy
Microbiological parameters
E.Coli 3:301 Membrane filtration |

2.4. Simulation procedure

Figure2.3shows an overview of the simulation procedure. Data from the UK Time Use Survey,
UK household occupancy statisticagasurvey of UK appliance ownership (penetration) were
required to generate water demand profiles for households in SIMDEBINDEUM WW was
then used to create a stochastic wastewater discharge element based on applipecdic
discharge parameters sudas 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 programfa. a feasibility study

on urban water recows 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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Stochastic and Temporal Simulation

UK Data Collection
______________________ [ Water Cycle J_________________________
Time Use i SIMDEUM SIMDEUM WW uUwWoT i
Survey i Water Demand Wastewater Ty e !
i Pattern Discharge Pattern 4 i
' /
Household . | 777 T m e
Occupancy .
Data | Energy & NutrientCycle |
i i SIMDEUM SIMDEUM WW E
Appliance . i
pa ; Water Demand  Wastewater Sewer SMTK D |
Data i Pattern Discharge Pattern |
L J/

Figure2.3. Overview of simulation procedure.

2.4.1. Water demandsimulation

A potable water demand model entitled SIMDE®Mr'SIMulation of water Demand, an End
Use Model" developed by the KWR Water Research Insti@tokker, 2010was used.
SIMDEUM is a stochastic ende simulation with a small temporal and spatial level and
generateswater 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 d&bokker et al. (2017yithin 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(#ays et al., 2001)
Although this study has not considered the effect of seasonal weather changesten
demand, this calibration nevertheless provides highly reliable results on water use profiles in
houses within the study area. There wetleree calibration stepsbefore running the
SIMDEUM simulation, and details are as follows.

First, a calibratons A 0 KAy {La59!a ¢l a O2yRdzOG6SR dzaAy 3
occupancy statisticgStatistics, 2020pnd the UK time use surveiershuny, 2017py

replacing the default Dutch data. Using the UK household occupancy statistics, the proportion

2T SIOK K2dzaSK2f RQa 200dzLJ yOeé 0 2 iyiéhtFiediamd2 > 2 NJ
thus used as input data within the mod@&lable2.2). In addition, using the UK time use survey,

how people spend their time with diffent age groups (eight years and over) \ithstrated
andsummarised irFigure2.4 and Table2.3, respectively

This replaced the default input of the Dutch time betlgvithin SIMDEUM®. This was then
used to simulate average weekday and weekend diurnal patternte UK. Finally, each
house type utilizes different water use appliances. For examptepbedroomhousehastwo
bathrooms, so we consideredthe use of two toilets, two freestandingshowersand one
bathtub for this householdtype. Suchinformation for eachhousetype was set in SIMDEUM.
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Therefore, SIMDEUM could provideater demand patterns for each household type
dependingon the numberof occupancyandbedroomsaspresentedin Table2.4.

For the purposes of assessing the viability of energy and nutrient recovery (CHagelr
Chapter5), stochastic modelling of discharge has an advantage over continuous models in
that it may highlight where irregularities in wi@water 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 acrosshau24eriod

the modal flowrate would presumablye O LPM.

Table2.2. Average household occupancy for each household type in the UK used for the SPNDilHAHON (Statistics,

2020)
1-person 2-person Family
households households 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: 812 10 1 "
08 § 0.8 K‘ﬂ
g i £ \
S 0.6 S o6
g o4 g 0.4 N
& = \
02 A £ 02 ‘jl
0.0 T ‘ ] 0.0 T T T ]
04:00:00 10:00:00 16:00:00 22:00:00 04:00:00 04:00:00 10:00:00 16:00:00 22:00:00 04:00:00
Time [HH:MM:SS] Time [HH:MM:55]
Age: 1318
g 03
00(1)1(;0:00. 10:00:00 16: 22:00:'00 04:00:00 00(3!100:00 10:(};0:00 16:0‘0:00 22:00:00 04:0‘0:00
Time [HH:MM:SS] Time [HH:MM:SS]
Age: 1964 YL M
(Fultime Gk £ 08
employment) Sosl | £ o5 |
-§ 0s| % Zoa
0.0 + = : 0.0 - T T T 1
04:00:00 10:00:00 16:00:00 22:00:00 04:00:00 04:00:00 10:00:00 16:00:00 22:00:00 04:00:00
Time [HH:MM:SS] Time [HH:MM:SS]
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Figure2.4 Diurnal patterns.The dashed red line indicatdee method for calculating the standard deviation around t
time of getting up and sleep. Values obtained from this figure were summariZEable2.3 and used for SIMDEUN
simulation.
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Table2.3. Time budget data for the UK used for the SIMDE&&iulation(Gershuny, 2017)

: Time of Duration of no :
Time of : Duration of
: leaving the presence at :
getting up house home sleeping
Avg. SD Avg. SD Avg. SD
Child Week 7:11 0:30 820 0:40 8:00 1:00 9:56 0:30
8-12 Weekend 7:57 1:00 9:35 1:.00 850 1:30 10:24 1:30
Teen Week 7:17 050 8:02 045 8:38 1:30 8:46 0:50
13-18 Weekend 9:10 050 10:35 0:45 9:17 1:30 10:12 1:00
Working adult Week 6:31 030 7:44 030 9:32 1:15 7:34 0:30
1964 Weekend 6:58 1:15 8:01 1:00 10:54 2:00 7:50 1:00
Home adult  Week 7:22 030 845 1:30 9:46 1:30 8:20 0:50
1964 Weekend 7:59 050 9:52 1:30 8:48 2:.00 851 1:00
Senior Week 7:15 045 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 8:09 050 9:48 1:10 8:07 0:50
Weekend 7:55 1:30 9:31 1:30 9:29 2:00 857 1:30

Avg.: Average, SD: Standard Deviation

Table2.4. Averagehouseholdccupancyor housewith givennumberof bedroomst sandard deviation.
2Bedrooms 3 Bedrooms
1.86 £ 0.90 2.45+1.20

4 Bedrooms
2.88+1.30

1 Bedroom

Average household occupanc  1.31 £ 0.59

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 uséiendly interface without editing information withithe code script

of the programme, which can be seenFigure2.5.

The SPG works firstly by reading an .spg file which ispueduced 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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asOly 06S 4SSy dzyRSNJ G§KS d&awS| RderdfFiglfie2.& Rhes8 | y R
.Stats files can then be used to run a simulation of the water demand patterns which can then
be plotted as time series graphsigure2.7).

4 SIMDEUM Pattern Generator - > 4

Read .spg file Messages You can read an .spg file and save it to a stats
file. Or you can use a predefined .stats file
Save .stats files
You can view the contents of the .stats file and
View .stats file look at the average water use

Average water use

UETINE INE SIMUIBTION SETINgS: .SIalS TheS T0r wWeek

Number of homes 100 and weekend days (only difference is the time
use
File containing working data Select stats fie Define the number of homes and the output
8y : AR o
File continaing weekend Stats Select stats file [ o520ty e siniiation fes s hiust Sles)
Output directory C:Wsers\kim\Dropbox\2019_UoB\Horizon 2020\ TL_Fitol| | .. | Startthe simulation
Start Simulation
View the Simulation results 1rom the previous step,
4 4 ot d 3 otatist or a simulation that was done earlier.
(e comand pelaing OE Cotrnc S ahercy Then save the resutts into the required output
format.
Directory with simulation files
Flow unit Time stef Patterns per file Output File Format
Settings for output format 9 pe! s
@ m2m QO 1 min (@ 7 patterns per fie Generic xis
Vs S min 1 pattern per file Norks .dd: - o
@) O 5 mi Ote PRy O infoWorks .ddg Write Hot Pattern Files
O maiday @ 15 min O EPANET txt
QO vmin O1h Write Pattern Files

Figure2.5. SIMDEUM Pattern Generator (SPG) ¥siendly Interface.

Once all 3 sections of the Watershare Tool had bamnpleted, 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 coeddand saved

as .stats files as shown Fgure5.1. Using the SPG interface it was possible to view the
household statistics information of the .¢&files. This information on household statistics is
summarised irFigure2.6 for a 2bedroom house type. The distribution of single, two person
and family households are defined in the middle leigure2.6 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 typgure2.7).
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Figure2.7. 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 apgpecite
wastewater qudty 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 thiégchre fi

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
userfriendly interface built for the SIMDEUM WW programme, meaning thesstemater
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 eachent; Nitrates (N) and
Phosphates (P). Separate time series files were also needed for the-seatag appliances
situations. The water saving appliances were waaving shower heads and water saving
toilets.

Time steps of 1 minute were used and thienulations were conducted over aday 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. Urbanwater 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)JWOT produces various urban cycle metrics, including urban
water flows (norpotable and potable water demand, wastewater production and stormwater
volume) and water treatment technologies (treated greywater and rainwgtdgkropoulos

et al., 2008; Rozos et al., 2013; Rozos et al., 2010)

{G2NBR gA0GKAY (GKS !2h¢ GiSOKy2f23& fA0NI NRE
assigned water consumption and frequency of use parameters which correspond to different
water-d I GAYy 3 2LIiA2ya F2NJ S OK AGSY OAMeBdifer aK2 g S
different watersaving parameters). While the stored database offers a -tresmdly

operation, the parameters stored within the database may need to be verified and modified
according to more wpo-date data. For the UWOT to make use of theatbatse information,

users are required to inpu8 data measurements

1. A time series of rainfall information that will be used to set up the rainwaggvesting
scheme and to aid in the urban runoff from the area using permeability. For this timeseries,

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 ismportant 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 housets! 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 ths 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 npotable uses which saves the use of drinking water)
(Rozos et al., 2012The effective modelling of these technologjjernatives 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 useetermine 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 whichmoatched

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 evesgle 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 SWMMdgpollutants 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 5day period can be exported to Excel.

For the purposes of a modelling a closed gravity sewer gt&aork 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 outfalsimply the last node in the network where wastewater

is removed. Channels carry wastewater along their length between nodes according to the
ManningEquation2.1 given below

8
O i—m(‘)'Y T yr Equation2.1

whereOis the flow ratego is the Manning roughness coefficient for the channel matedial,
is the crosssectional area of flow through the chann#f,is the hydraulic radius of channel,
and"Yis the slope of the channel. Hydraulic radius is describeiguation2.2 below:
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Y 6% Equation2.2

where Do 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 detemmgi 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 byatigg 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 flow 3, "Q) with different temperatures{f, “¢) mixing at a junction
node (as illustreed in Figure2.8), the temperature of wastewater leaving that junction node
(™) would be described bgquation2.3 below

Fe, Ty
Fs, 715 i
F3. T3
A4
Figure2.8. Example of mixing flow at junction.
YO YO
_ Equation2.3
o O

In general, this takes the form shown belowHquation2.4 for a confluence oh pipes.

y YO YO E "YO Countionpd
B O quation2.

where ¥ «is the temperature of the resultant flow.

Pollutants can be removed from any node in the network using a treatment function which
takesthe 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 expnessio
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The sewer network for the housing residential area showrkigure2.9 (Chapter4 and
Chapter5). For this residential development, a separated sewer network was developed,
meaning it &cludes 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 anddsdls

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 sedfigare2.9. Figure2.9
shows a map of the sewer network, with the network outfall (discharge teastewater
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 tdistance between the
outfall and a network node was 168 m. This satisfies the proximity requirements for WWHR
suggested byAli et al., 2019)making the site suitable for assessment.

The vertcal pipes shown ifrigure2.10 demonstrate manhole locations from street level to
the sewer pipes along the network. Each conduit was assigned amesgjifactor 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-bedroomhouse, whilst the outfall is the lowest point at 58.665 m giving an
overall elevation change 66.485 m. Eachade shown inFigure2.10 could contain inflow

from one or more houses in the network.

i
N

Figure2.9. Map of the residentiadevelopmentvith overlaidsewernetwork (SWMM).
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Water Elevation Profile
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Figure2.10. Cross sectional view of the sewer network from highest to outfall (lowest)(8MiIM)
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SubTask 1.2.7 Integrating alternative water sourcesdistrict level at Filton Airfield

Thischapterwas published as:

1. Mackenzie, Bls rainwater harvesting a feasible water supply for Filton Airfield, Brid®hgResearch
Project, University of Bath, 2D.

2. Ezekiel, JDynamic modelling of minwater harvesting system for the YTL Development at Filton Air
MEng Researdhroject, University of Bath, ZD.

3. Hubertus, L.Rainwater harvesting system feasibility study for medagale urban developmentsthe
Brabazon Development castidy. Master ResearcRroject, University of Bath, 2.

4. Kim, J.E. et alQptimal storage sizing for indoor arena rainwater harvesting: Hydraulic simulation
economic assessmeournal of Environmental Management, 2021. 280: p. 111847.

5. Kim, J.E. al.,Evaluation of harvesting urban water resources for sustainable water management
study in Filton Airfield, UKournal of Environmental Management, 2022. 322: p. 116049.
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3. Closingthe Water Cycle

The study site covetbe development of Filton Airfield eastern infrastructure where includes
residential and commercial land usé&/e focussed on this first phase of the development
with the intention that the results and findings from the research pdawy a useful business
case for YTL Developments in the future phases of the developiibatdevelopment plan
involves different blueggreen infrastructure elementdn this study, he main reasons for
including bluegreen infrastructure orsite are todemonstrate alternative water resources
and evaluate sustainable urban water management strategigsinwater harvesting system
and (ii) hybrid rainwatergreywater harvesting system

3.1. Rainwater harvestingsystem

3.1.1. Introduction

Rainwater harvesting (RMJ has been recognised as an effective management method. RWH

can provide benefits, including a supply of minnking water for end uses such as toilet
FfdzaKAY3IS 6 aKAYy3d YIOKAySas ¢gFakKayd OF NA | YR
clean waterdemand and water billfCampisano et al., 201 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 conveyanc&ay and a storage tanfVard, 2007)Several

scales of RWH systems operate in the UK, ranging from individual houses to commercial
buildings for different norpotable water purposeg-ewkes2012)

The existing studies on the simulatibased 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 builtn¢sking into
account optimizing variables, including cost, reliability, water saving efficiency, green roofs
irrigation and runoff captur€An et al., 2015; BocanegMarthez et al., 2014; Okoye et al.,
2015; Ruso et al., 2019; Sample et al., 2014; Ward et al., 20a@Rjver, it is often diffult 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 g/dan 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 bendftampisano et al., 201, 7)here 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
costbenefi of a rainwater harvesting system.

This sectior8.1reportsa feasibility study of 8 WHsystem in an indoor arena and residential
area via daily water balance simulations and economic analysis approaRhesvater
harvesting scenariogherefore include centralised and decentralised rainwater supply
systems with different rainfall catchment scenarios
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3.1.2. Methods

3.1.2.1. Rainwatercatchmentand water demandcenarios

Table3.1 presents detailed information on scenarios for collecting rainwater from rooftops of
residential and commercial buildingBhe centralised system involves a rainwater harvesting
system with asingle rainwater storage tank while the decentralised system involves multiple
rainwater harvesting systems with multiple rainwatsioragetanks which each system is
connected to a small number of houses. Collected rainwater is used fepotable purpses,
including dishwasher, washing machine, irrigation and toilet flushing, depending on scenarios
(Table3.1).

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%per unit was initially assumed. F81l, a group of 23 houses
was considered for the decentralized system with a roof surface4$51n?. WhereasS2
considereda centralized rainwater system that collects rainfall from a roof of teatral
hangar 13000 n?. It wasassumedthat the collectedwater is used for nofpotable uses,
including washing machine and toilet flushing. Thhs,dannual demand for the decentralized
(S1) and centralized (8) systems amounted to,475 n?¥ and 15412 n¥, respectively.
AlthoughS3 also considered a centralgeainwater collection from the roof of theentral
hangar (13000 n¥), water demand in this scenario differs frdi andS2, consideringonly
toilet flushing Thus, he yearly demand without the washing machine wag%2 n¥.

Scenario 4S4) 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 includel- and 2bedroomapartments as well as-23-, 4- and 5bedroom houses

the exact details of the breakdown of the number of each unit typere not available
(September 2020). However, this information provided an indication of the potential roof
surface collection area. An estinia for the floor space for each of the urigpes was the
starting point for the estimate of potential collection surface areas.

Table3.2 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 (xb&droomunits,

and x172-bedroom units). Thus, the total collectable surface area is limited to the total
surface area of these 34 units. The catchment aresSférassumed to be 1630 n¥. In this
scenario, an upper and lower limit to the input data for the siy@nd 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 infotioa. To achieve the upper and lower limit for the
aeaidsSyQa LISNF2NXIFYyOSsE GFENAIFGA2ya Ay (GKS &dz
simulated. The lower limit combines the highest demand and lowest rainwater supply
(referred to as the worst case), whithe 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.

-d:K?\é LINE2SOG KFra NBOSAOSR FdzyRAy3d FNRY GKS
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Scenarios ¥4 used the collected rainwater for only domestic purposes watieassumed to

use thecollectedrainwater for commercial uses, including toilet flushing within YTL Arena and
irrigation for both Filton golf course and Brabazon park as describdalhe 3.3. In this
scenario, the entire roof of the YTL Arena,(®0 n¥) was assumed to be the catchment area
for the centralised rainwater harvesting system.

Table3.1. Rooftop rainwater harvesting scenarios for Filton Airfiel a ' X= 2/ I'i2At S FtdzaKAy3aTX SiG0
Water reuse

Scenario (S) Suply system Catchment Roof area (M) (non-potable)

Decentralized Roof of a group
S1 of 23 houses, 65 1,495 WM, WC
system o
m?/unit
) Central roof area
S2 Centralised system of YTL Arena 10,000 WM, WC
) Central roofarea
S3 Centralised system of YTL Arena 10,000 WC
S4 Centralised system 278 houses 16,530 DW, WM, WC
) Entire roof area
S5 Centralised system of YTL Arena 30,000 WC, IR

Table3.2. Estimated unit number and roof surfaaeea used for scenario 4.

Roof surface

Residential unit Assumed Unit roof surface :
Bedroom type ; . area estimate

type quantity area (nf/unit) (m)
Apartment L 68 50 850

2 68 75 1,275

2 36 100 3,600

Houses 3 36 130 4,680

4 35 80 2,800

5 35 95 3,325

Total - 278 - 16,530

Table3.3. Water demand scenarios and values used for scenario 5.

Scenario Unit Value
Single use YTL Arena  Visitors Person/day 2,000, 5,000,
(YA) toilet (TRaw TRhaz TRas TRag 10,000, 20,000
flushing (T Toilet L/flush 6
Urinal L/flush 3.6
Frequency Flush/capita/day 2
Irrigation Brabazon Park (BP)
h 12
(Rp&IRY  (IRri& IRp) a 6 and
Filton Golf Course (FG)
h 2 4
(IRo1& IRe) a 3 and 46
Frequency S
(MaycOctober) Irrigation/week 1
Water use L/m?/day 5
Combined use 50%TH 50%IR and 70%¥B0%IR

ForS5, there were sukscenarios for water reuse applicatiosgure3.1 and Table3.4 show
the water demand scenarios amnvaluesused for four different wateuse scenarios: (a) toilet
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flushing(WC)within the YTL Arena (YA), (b) irrigati®R)for the Brabazon Park (BP), (c) the
Filton Golf Course (FG) and (d) a combination of toilet flushing and irrigatiGrIR)

Filton Airfield J

AT
YTL Arena Bristol (&

i
e,

» 2R e 7 3
oS Lo % G4
[ catchmet Filton Golf Course ] \h:‘ Filton Golf Course

Figure3.1. Location of water reuse applications, YTL Arena, Brabazon park and Filton golf course.

Table3.4. Demand characteristics for each scenario.

Scenario (S) Water reuse(non-potable)  2ter SN

(m3/year)
23 houses per

S1 WM, WC RWHsystem 1,275
S2 WM, WC 278 houses 15412
S3 wC 278 houses 12,652
S4 Best case DW, WM, 278 houses 9,787
Worst case wC 39463
S5 Tha1 8,030
Tha2 19,710

TRas WC YTL ArenéYA) 39,420

Thaa 78,840

IRsp1 Filton glf 55115

IRsp2 IR course(FG)and 1102230

IR:G1 Brabazon park 211,700

IRG2 (BP) 423,035

50%T ka4t 50%IEr2 94,535

70%T kast 30%IB-2 o 88,330

50%TFact 50%IRs: WCHR YA FGand BP— 55135

70%T kras+ 30%IRs2 251,120

For toilet flushing demand within the Y&5) 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 usé litresper flush, while the urinals used 3liéres per flush(Hills et al., 2002;
Zadeh et al., 2013)'he annual operation days was assumed to be(Btifs et al., 2001)An
irrigation plan was assumed to be in operation when there is no rain from May to October for
BP anl FG. The volume of irrigation water was assumed to be 5 litres per square meter per
day(Matos et al., 2013; Roebuck et al., 201Byuationgt.1 and4.2to determine the water
demand for each application are as follogvatos et al., 2013)

Water demand O () O 0 Equation3.1
for toilet
flushing

CKA& LINR2SOG KIFa NBOSAQ
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where Dwcis the total demand for toilet flushing @ Vwcis the
volume of water used per flush &y Facis the frequency of
toilet use/flush €) andNis the number of people using the toile

QF

Water demand O @w 20 200 Equation3.2
for irrigation
where Dris the total demand for irrigation (ffday), Viris the
consumption unit per higation area (¥m?), Fr is the
frequency of irrigation (da$) andIAis the irrigation area (A).

3.1.2.2. Rainfall data

As described imable3.5, scenarios 13 used thesamerainfall datawith a time series covering

an 1tyear.Whereas, 8 and $ used differentistoricalrainfall data, 18year and 53year,
respectively.Detailed sinfall analysis conducted for each scenario are addressed in the
following sections.

Table3.5. Description of allected rainfall data used for each scenario.
Scenario (S) Historicalrainfall data Rainfall analysis
>1 11-year, ¥ January 200831 Rainfall data was use_d to
S2 generate synthetic rainfall
December 2018
S3 data
Correlation coefficiergwas
10-year, 18" September 20101 evaluatedto select the
October 2020 most reliable weather
station
The precipitation
concentration index (AL
and standardprecipitation
index (SPI) values were
analysed to confirm the
climatic regimes (dry,
normal and wet years)sing
longterm period rainfall
data

S4

53year, F'January 196831

S5 December 2020

Synthetic rainfall data generatiorScenarios 1, 2 and 3

Throughout the preliminary stages of development, a placeholgg@raimation 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 wsing this array of values to simulate
rainfall. This approach to rainfall simulation was taken to ensure the tank volume model
functioned as intended; once this was established, a more sophisticated and-wesld
approach to rainfall simulation waaken. A time series containing an-féarlong 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 aproximation described above. This approach allowed for the demonstration of
the tank volume model with reakorld, regionspecific rainfall data.
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Given that the RWH systems in urban settings are beginning to form part of a more holistic,
decentralized apmach to urban stormwater management systems, it is important to
consider resilience and lortgrm applicability when optimizing design parametévaldez 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 extremevent that occurs once in 30 years should be accountedGbimire et

al., 2019) An 11yearlong historical set should not be used to simulate a eme80-year

event due to the limitations of extrapolating a data set beyond a reasonable scope. Hence
probabilistic malelling must be employed.

Weather events can be simulated by either deterministic or stochastic models. The word
GaG20KFabdaAOé AYLI A S variabl&esy., stiNstiSvdriatdn v aFiation NJ Yy R 2
in which at least one of the elements is @&iate 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 parametersfahe 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 valu¢Rey, 2015)Rainfall is a complex phenomenon driven

by multiple physical mechanisms acting at multiple spdgatporal scales; thus,
deterministic modelling holds limited practical value for the purpose of rainfall simulation
(Hingray et al., 2005More specificdy, Hingray et al. (2005hrough an analysis of seven
disaggregation models, showed that classic deterministic models lead to a significan
underestimation of some important rainfall statistics such as variation coefficient and
extremes of 1@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 funogp

which represent the inherent statistical properties of a phenomenkautsgiannis 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. (1997provides evidence to show that the intensity of daily rainfall levels is
distributed exponentially if only wet days (days with rainfall) @wesidered. To allow for the
modelling approach described by the flowchartRigure3.2, 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 isatda the total number of
WRNE RIFI24Q RAGARSR o0& (KS G2al f -yeArdavgos&hd 2 F R
daily rainfall values this probability was found to be 0.47. With these two modelling
assumptions, synthetic rainfall time series colble generated using the simulation steps
described below.

Firstly, the 1lyearlong set of daily rainfall values (20@818) was manipulated by omitting

all dry days from the data set to only include days with aero rainfall levels. The
KolmogorovSmirnov test (KS test) is a distributibitting algorithm thatquantifies the extent

to which a dataset adheres to an empirical distribution. THg tiést outputs the location and
scale parameters for the probability distribution which most closely matches the dataset as
well as the pvalue which indicates the probdity that this pattern was due to a random
sampling error. After the application of the KS test (distribution fit), the inherent statistical

-d:K?\é LINE2SOG KFra NBOSAOSR FdzyRAy3d FNRY GKS
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properties of the historical time series are represented by a probability (continuous)
distribution using the lod#on and scale parameters. Subsequently, a Monte Carlo simulation

Oty 0SS ILWLXASR G2 @AStR RAFFSNByid asSia 27F N
GKNRdzZAK AGSNYIGA2Y 6AGK | &aSi 2F NIYR2Y O NR
probabilty distribution produced in the previous step.

Historical Time Distribution Propablllty Monte Carlo Synthetic Time
- . (Continuous) - - .
Series Fit . Simulation Series
Distribution

Figure3.2. Flowchart displaying the process for generating synthetic rainfall data from a historical time series.

The efficacy of the distributicfitting and Monte Carlo simulations weamalysedo 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
behaviouramay be desribed 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 syntheticsioddal

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 ar@il 8 with a yeatong synthetic time series.

The distribution of rainfall events was assessed through alsyeg®de, qualitative comparison

of Figure3.3 (a) and (b). Both time series appear to be distributed exponentgtlyis is
expected since the synthetic time series displayedrigure 3.3 (a) reflects the inherent
statistical properties of the historical time seriesHigure3.3 (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, therpbability 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 theplossible fit

to the historical data, i.e., the distribution Rigure3.3 (b) is the bespossible representation

of the inherent statistical properties of the historiaddta insofar as it can be assumed that
the historical data is distributed exponentially. This assumption is valid due te\hakip from

the KS test, and consequently the synthetic time series accurately reflects the distribution of
rainfall event intengy. Annual rainfall averaged 706 mm per year with a peak of 1135 mm in
2012 and a low of 585 mm in 2010 over theyEhr period from 2008 to 2019. This year-

year variability is not apparent in the synthetic time series since each set is based offithe sa
probability distributiong 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 reebrld figure. As gxected, there was little yeaon-

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 exceptionallytwears in the synthetic data (due to the low
yearon-year variance) limit the applicability of such data. RWH system parameters need to
be optimized with both typical and higfainfall years since this will have a direct effect on
flood attenuation perfomancec the main cost saving benefit of RWH syste®sak annual
rainfall is the amount of rainfall experienced on the wettest day of a calendar year.

() (b)
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Figure3.3. (a)Histogram displaying the distribution of daily rainfall leveéxcluding dry daysfor Bristol from $January
2008 to 3¥ December 2018 and (b) Histogram displaying the distribution of daily rainfall tesnettuding dry days for
a yearlong perid that was generated stochastically based on the time series presenféglire3.3 (a).

In the synthetic time series, the peak annual rainfall was 24.1 mm and 29.5 mm for the
historical as shown ifigure3.4 (a) and (b) respectively. Tipeak annual rainfall for each of

the other years wasnalysedto 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 timeesies. 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 morgronounced when looking at extreme rainfall events. l.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
exponentality decreases as events become less frequent. The histogram of rainfall events in
Figure3.4 (b) shows this deviation from exponentiality at higlinfall 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.
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Figure3.4. (a) Daily rainfall levels for Bristol frorfi January 2018 to 31December 2018 and (b) Daily rainfall levels fc
yearlong period that were generated stochastically based on a time series of rainfall values frono 2008t

Seasonal variance is a key characteristic of rainfall that affects the distribution of wet and dry
months throughout the yeaiFigure3.5 (a)contains the mean monthly rainfall from 2008 until
2019 and exhibits seasonal variance with significantly wetter months from September to

programme under grant agreement RP6541
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January and drier months from February to August. Although this data is specific to the Bristol
region, this reductia in rainfall during the summer period is consistent with national rainfall
data. Figure3.5 (b) shows the mean monthly rainfall for data produced by the simulation
which does not account for seasonal variance and as a result, sorathonth variance does

not exceed = 3.5% from a meaf 66.8 mm.

(a (b)

Jan Feh Mar Apr My Jun Jul Aug Sep Oct Nov Dec Jan Feh Mar Apr May Jun Jul Awg Sep Oet Nov Dec
Manthly Average Rainfall Moanthly Average Rainfall

Figure3.5. (a) Monthly average rainfall for the Bristol region from 2008 to 2019 and (b) Monthly average rainfe
synthetic rainfall data produced by the simulatidri-year
aggregates).
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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 parametersamely, it may lead to an underestimation

of the overall tank volume since parameters optimized using the synthetic data (found in
Figure3.3 (b) andFigure3.4 (b)) do not account for the highainfall months from September

to January. l.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 implmagi 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 assumptionate during modelling 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 displayédgare3.4 (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 ofifal 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 dataidfeature 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 highelikelihood for an empty tank, necessitating mains water usage and
consequently reducing performance. This difference in tank voloemaviourfor historic and
synthetic rainfall data is demonstrated igure3.6 (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 iRigure3.6 (b) does not accurately simulate the tank volume based
on realworld data because of the rainfall simulation method. Without accounting for
periodicity, rainfall levels from the simulation are highly erratic and tf@ee 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)

100

Tank Volume, V', [m*
Tark Volume, V, [m’]

20
0 LA : Moan ., ha

i ML
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time, ¢, [hrg| Time, ¢, [hrs]
Figure3.6. (a) Variance of tank volume for a montbng period with rainfall data from October 2018 with an hou
temporal scale and (b) Variance of tank volume for a méartly period with synthigc rainfall data with an hourly tempora
scale.

In summary, although probabilistic modelling encompasses possible extreme rainfall events
not within the scope of an §earlong 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 sir@sstested using
rainfall data from November 2009 (the wettest year of the available historical data, mean
annual rainfall of 1135 mm) to assess the resilience of the optimized system to adverse
conditions.

Selection of weather stationScenario 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 U®RBL)s 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 periodBy using rainfall datasets from weather stations
surrounding the Filton site, it is possible to extend the UOB1 dataset to coveyeat eriod
between 16 September 2010 and 1 October 2020. Although the extended dataset will not be
an exact representatioof the historical Filton rainfall, it will represent an acceptably accurate
estimate for this period.
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Figure3.7 shows a summary of the nearby weathstations 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 acceptabl®ntémy periods for use in this study. Rainfall data is
obtained from Weather UndergrounflUnderground, 2020)or each of the IBRISTOL3 and
L.wL{¢h[Hdp alGrFridA2yad ¢2 RAAGAYIdZAAK 0SG6SSy
correlation coeffient) 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
acairately replicates the UOBL1 station. The results from the correlation coefficient calculation
can be found irFigure3.8.

Both weather stations presg 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), tHBRISTOL3 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.
IBRISTOL29 IBRIST73
IBRISTOL3 IBRISTOL25 IBRISTOL137 IBRIST53
T O < T R Y. I
I A A Y A A
I
Data extension required UOB1

Figure3.7. Weather station reporting period timeline (16 September 2029 June 2020).
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Correlation Graph between UOB and IBRISTOL29 Weather Stations
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Figure3.8. Correlation coefficient between UOB1 and (a) IBRISTOL29 and IBRISTOL

Rainfall trend analysisScenario 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 sifjoant precipitation of 7112 and 1125 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, respetively, while for 1973 and 2010 there were 97 and 113 rainy days, respectively.
Figure3.9 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 similaor higher rates than the average rainfall, indicating that the wet period starts in
August and lasts for six months (Augulgtnuary). The precipitation rates between February
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and July are lower than the average rainfall. This information suggests thalryhperiod is
from February to July.

160
| Rainfall Average
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Figure3.9. 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
proposedOliver (1980yas 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 disioits: (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 wed above 20 correspond to a strong
irregular variability in precipitatiofOliver, 1980Q)

O#)pmm Q)T Equation3.3

where X, represents the monthly precipitation (mm) of month n, aRdlenotes 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 MdcKee et al. (1993)alculated SPI values constitute

seven precipitation regimes: extremely wet (>2.0), very wet (1.5 to 1.99), moderately wet (1.0

02 MOdn o Yy SI NODHGRONIY Y2 ROSUNG dtidsdp G 2RNE obmdnd G 2
bmMdpy YR SEGNBYSt& RNE O0fbHDAUVOD
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30 ) - Equation3.4

where X, is the seasonal precipitation (mm) of n yeaXs,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
AYRAOI (1Sa Cimbgeregus rainfalHistriSutidh @ith midarate seasonality.

Furthermore, as shown iRigure3.10, the SPI values remained betweed.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 lowekv&lues were observed

in 1973 and 201z,0.59 and 0.69, respectively). In addition, the SPI value for 19820@33,

which is close to the average SPI value of 0. Therefore, 1973, 1982 and 2012 were selected for
dry, normal and wet years, respectivelhis study conducted the analysis of the economic
impacts of rainfall patterns on the RWH system using the rainfall data of those three years
(Section3.1.2.5. 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.
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Figure3.10. Variations of the precipitation concentration index (PCl) and standard precipitation index (SPI).

3.1.2.3. Hydraulicperformanceanalysis

For the hydraulic analysis of th&WH systenior residential and commercial buildinga
spreadsheebased daily water balance model was developed based on the yield after spillage
(YASandyield before spillage (YBS) modeéés/eloped bylenkins et al. (1978)The YAS and

YBS modslwere used for scenarios 1, 2 and 3 while scenario 5 used only YAS model. In
addition, only scenario 4onducted rainwater cycle simulatisusingUWOT.
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YASnd YB®odek - Scenarios 1, 2, 3and 5

Figure3.11 show the YA&nd YB$odekthat represent extreme of a modelling assumption
relating to when harvested rainwater is used.

Starting with the YAS model, firstly, the total inflow into thekas 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 represented below byquation3.5 and Equation3.6
(Fewkes et al., 2000)

D) |' E T Equation3.5
) q

W |' E Too 6 ® Equation3.6
VAN q -

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 (iectank 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 belowBnyation3.7 and Equation3.8 (Fewkes et al.,

2000)
. (6]
w | EI 5 Equation3.7
w | E Tw “U w Equation3.8
Y
(a) (b)
A B ['Ee;fa;é"'
Capachy + Spilicge Afer Fetd = = == 4= == = = = = b Ly - —
Inflow Spillage
Inflow Spillage

Copaeny = === == - Capaly (Frad Storage) = = = = = - ——— e e—_ Y
Il Demand
it Storega == == A= 4-——mpo o — ¥ ____.

ol Sicrage (Dtam) — = — = | — b . Initial Storcge (Daom) = = = = = Do

Figure3.11. (a) YAS behavioural model with arrows denoting inflows and outflows to the tank and (b) YBS beh:
model with arrows denoting inflows ammditflows to the tank.
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( Rainfall Collected )

| Water Stored in Tank |

NO

Is Yield 2 Demand? | Combine with Mains Water

YES

Use Rainwater Only |

YES YES

Remaining water
= 1/3 tank?

Remaining water

Overflow Excess Water
= Max. Tank?

NO NO

Keep Remaining Water for
Next Usage

Figure3.12. Flowchart displaying the computations executed at each timestep of the model.

Figure3.13 presentskey parameters and variables used to mod@hwaterharvesting RWH)
systems. RainfalR) represents the rainfall incident on the catchment surface. Harvested
rainwater Q) represents the volume of rainwater harvested from the catchment area.
Volume ) represents the volume of harvested rainwater stored within the tank. Yi)d (
represents the volume of harvested rainwater (stored within the tank) that is used to satisfy
demand. MainsNl) represents the volume of water (supplied by the mains network) needed
to meet demand if yield is insufficient. Demarid)(represents the volume of water supplied

to household appliances which is met by either yield, mains or some catidnnof the two.
Spillage @) represents the volume of harvested rainwater diverted to a drainage network due
to zero spare storage within the tank. For all the above variablesthe time step of the
model where each time step is separated by a canstime 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. Hettee tvater 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 wat will be withdrawn from the mains, ring the resident will always
have access to immediate water. Although commercial and {acgée applications of RWH
will have much larger variables, the process remains the same.

The key parameters of RWH designttban 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 volumeLarger tank volumes will retain larger amounts of rainfall, meeting more of
the nonpotable water demand and further reducing stormwater raff. However, too large

and the capital and operating costs will affect the economics of the system. Similanhglla
volume will greatly reduce costs but inhibit the performance.
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Inflow to the tank was calculated withquation3.9, whereRQs the runoffcoefficient and @&

is the total area of theatchment surfaceRunoff 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 tyyge of surface, slope, degree of
saturation and rainfall intensity when specifying the runoff coefficient for a given suidioe

et al., 2019) The recommended runoff value for typical urban roofing used to determine the
volumetric inflow is 0.95ASCE, 1996 he filter coefficient (FC) attempts to account for
rainwater lost over the filter as harvested rainwater moves from the catchment area to the
storage tankandwas considered to be 0@Vard et al., 2010a)t is assumed that the tank
covered, thus loses due to evaporation are negligible. The general balance for a RWH system
is described b¥quation3.10.

0 Y 0O00JY D 0 Equation3.9

W 0 Y ® Equation3.10

M,

Mains

Rainfall (mm) during time interval, t
Yield from store (i) during time interval, t
Demand (M) during time interval, t
Volume in store (if) during time interval, t
Volume of water in storage tank non the previous time
Rainwater ruroff (m®) during time interval, t
Volume ofwater from the mains supply
Y Storage capacity (f
0 Overflow (nf)
O First Flush volume (mm)

00 Catchment area ()
Figure3.13. General configuration of a rainwater harvestisgstem.

g0 g <

s C2 Ca 8'

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 nguotable water demand from the
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residential and commercial units, depending on scersan@here the supply of rainwater fails
tomeetthisnonlJl2 G I 6 € S & (0 SNIARS Vol I YURSINEl AGIWB|ISY At £ A
the deficit. The makeip water stream is a potable water stream provided by the drinking

water distribution network. In the caswhere 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 Figure3.14 and represents a simplified model of the simulated

urban water cycle for the first phase of the Brabazon Development.

[ Potable Water

Sewage network ]

[ Make-up water > Rainwater

Spillwater

Stormwater ]

4 ™

Pavements/Gardens

Figure3.14. Simplifed urban water cycle model.
3.1.2.4. Performanceindicatoranalysis

Water savings efficiency (WSE) is the percentage ofpuotable demand that is met by
harvested rainwater. Water savings efficiency quantifies the water conservation performance
of RWH system@Haque et al., 2016; Wallace et al., 2Q18Jater savings efficiency tends
towards 100% when harvested rainwater can fully satisfy demand and it is defined according
to Equation3.11.

e uYr = f E(]u t
B ,O

Stormwater capture efficiency (SCE) is the percentage of storengainerated from the
catchment which is used to satisfy npotable water demand@Zhang et al., 2013)n 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 downstdramage networks. It quantifies

the runoff reduction performance and may be calculated through udegofation3.12 (Zhang

et al., 2020).

. B®
"YO I© — b Equation3.12
e« OB'Op i1t np

Campisano et al. (2014)efine retention efficiency Er) according toEquation3.13 which
evaluates the volumetric retention performance of the tank. The loss fadiyr & new
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indicator based on the retention efficiency is defined accordingdqoation3.14. 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 discharge&yj tends towards the tail volume of harvested rainwater.
This is commonly the case in systems with small tanks and reduced demabie 3.6
presents a summary of performanaedicators for each scenari&enarios 4 and Svere
selected tofurther conducteconomicanalysis of RWH systepand the method is described

in the followingSection3.1.2.5

. B0
Oofp P —UO pmm Equation3.13
Be DTTIT
. B |
v P Bo J0 p T Equation3.14

Table3.6. Summary of RWH performance indicators used for each scenario.

Scenario (S)

Water reuse (norpotable)

Assessment indicators

23 houses per  Water saving effiency (WSE),
S1 WM, WC RWHsystem Stormwater capture effiency(SCE)
S2 WM, WC 278 houses Loss factor ¢
Water savingfficiency(WSE),
S3 we 278 houses Stormwater capturefficiency(SCE)
S4 DW, WM, WC 278 houses  \/ater savingfficiency(WSE)
Economianalysis
S5 We YTL Arena (YA) Water se}V|ngeff|C|_ency(WSE)
Economic analysis
3.1.2.5. Economi@nalysis

RWH system foressidential building Scenario 4

As a preliminary study, scenariantludes economic assessment in terms of tagirn-on-
investmentperiod (ROI) The results from théest and worstcasescenario then define the
upper and lower limit to the RWH systems performance range from a netoacion
perspective.

The calculation of theeturn-on-investmentperiod 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 presemiue formula with the necessary
component description. This calculation is done from a net cost and benefit perspective. This
means the calculation will determine the ROl and NPV for the system considering the net
expenses and benefits to society. The gsa section of this report considers these results in
the context of the development ownehomeowner,and authorities.

The discount rate for the economic assessment is chosen as 30 years. The ekfespad

of the storage tank is about 30 years. ®itlce 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. Thereforemeasuring 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 (Doménech 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 dhese 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. Hower, the principle of economies of scale, which suggest that
there are improved economic benefits with an increasing scale of output from the system.

Capitaland operationatosts

The starting point for estimating the capital cost of the system is the ssnale domestic
systems. A collection of quotes in thiKinvolving the purchasing of an underground tank, a
pump, a filter unit, arelectronicmanagement unit and the excavati@md installation costs

for systems ranging between 1 and 15m? provide the starting point for the estimation
2T (GKS aeaisS YRpabucletlalh 2011)TheQesadlts tor these systems are
summarizedn Table3.7. By extrapolating the capital costs for these systems, an estimated
capital cost of the 430n® system for the first phase of the Brabazon Development can be
approximated to £7562.

Table3.7. Capital cost extrapolationsing capital and installation costs of srsdhle RWH systenfRoebuck et al., 2011)

System Size (f) Captal andinstallation 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 3,8004,100

13 4,500

15 5,500

430 72,662 Linearextrapolation

As a second means of estimation, this result is compared to a study for a multistorey building
in SpainDomeénech et al., 2011The results for this research show that a®tconcrete tank
withtK' S LldzYLJZ FAEGSNI dzyAG = | yR LJIA LIS 000/ (Gsing A &
2011 exchange rates approximates to f830). Extrapolating this result shows an estimated
system price for the 43M?® system to be £14258.

(0p))
Q¥

Although these results shwsignificantly 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, dygital costs that are used in ¢h
calculation of the economic feasibility of the system is,8@0, £100000 and £13®O0O0.

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 @mynemployed
and is used in the economic assessment for the Brabazon Develogentenech et al.,
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2011; Roebuck et al., 2011The nature of the percentage means these operating and
maintenance costs will vary with the upper and lower limit to the capital costs.

Although this assumpin-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 theater for the

treated drinking water in meeting the nepotable water demand. As a result, these savings

Oy ©6S SailtAYlFIOSR o0& Ydf GALX @Ay3a (KS @2t dzvyS 2
units by the future price of treated water.

The priceof water is expected to vary over the -§@ar 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 arsidered: the
current price of£1.2669/n¥ (BristolWater, 2021)a 1% per annum decreasing water priogl a

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 benes will improve the feasibility of the system.

RWH system foa largecommercial building Scenario 5

Capital and operational costs

The scope of the economic analysis was extended for scenardmée RWH for a large
commerciabuilding is more economadly favourableit is crucialto evaluate and determine

optimal rainwater tank sizesing 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., 202DCC 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 tankerfilpump, 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 assaaiatosts for this study were adopted from both
RainCycle tool, which focuses on UK {Reebuck et al., 200@nd previous studiefRoebuck

Si It wammT {0&1 S Ft®Z HawnT 2Ly3 SO @

The net present value (NPE) was calculated by the sum of present values (PV) of the cost
over the project lifetime (Christian Amos et al., 2016; Umapathi et al., 20F9) is a well
known and accepted financial term for calculating the pres#sg of an amount of money
that is received at a futre date(Linares et al., 2016)'he annualised OPEX cost was then
determined using capital amortisatiq@hristian Amos et al., 2016; Kim et al., 20Thg final

unit water cost per mof 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 tinfig §nd the minimum value of total water
cost per cubic metre of water supplied/n®). The prices of drinking water and sewage
considered in this study were based on the HAwyusehold services with a fixed cost.
Equations and input parameters used for econoroalculations are presented fable3.8

andTable3.9 respectively.

Table3.8. Equations used for analysing cost in scenarios 4 and 5.

Equatiors Reference
fravate e SIS ooy st
] ) F = _ Amos et al.
I gt g vgmodgh - ——— Equation3.16  (2016): Kim et
- al. (2017);
Equation3.17 Linares et al.
: (2016)
Equation3.18
where Cis the cost in GBR,is the project period in yeat,is
the discount ratet is the time in years an®:. annual water
demand, nily.
Table3.9. Input parameters for the economic evaluation of the RWH system.
Parameter Unit Value Reference
Discount rate % 5 Roebuck et al2011)
Water tariff £/m?3 1.05 BristolWater (202)
Sewage £/m?3 1.59 YTLGroup (2020)
Energy tariff £/kWh 0.125 UK average price*
System life span years 50 Lani et al. (2018)
CAPEX £/m?3 3725 (Roebuck et al., 2007
construction and Tank (56year life span) Roebuck et al. (2011)
installation Wang et al. (2015)
OPEX Inspection, reporting and  year 2
maintenance and information management
replacement Roof washing, cleaning year 2
inflow filters
Tank inspection and year 1
disinfection
Intermittent system year 3
maintenance (system flush
debris/sediment removal
from tank)
Pump replacement year 10
Minor fittings replacement year 10
Filter replacement year 15

*https://www.ukpower.co.uk/home_energy/tariffgperqunitckwh

Sensitivity analysis

The main variables in determining financial performances of the Rygtéma 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.,13) A sensitivity analysis was conducted to evaluate
the effects of these factors on the economic feasibility of the RWH system in terms of unit
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water costs with variations of the storage siZ€se optimal storage capacity was determined
based on the unit water cost being lower than the maamsy 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., 2011Thus, the pedicted water for the next 10 and 20 years would be 2.9
£/m3and 3.3 £/nd, 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 tle SPI analysis results. According to the LCC approach, a discount rate of 5% was
taken as the baselineT@ble3.9). 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 (dfadys et al., 2015;

Nnaji et al., 2020; Roebuck et al., 201h)this regard, thepayback periogdwhich is the time
required to recover the capital investment, wasiasited by considering water tariffs (2 and

3 £/m3) and discount rates (5%, 10% and 15%).

3.1.3. Resultsand discussion

3.1.3.1. Rainfall quality analysis

Figure3.15 presents the results of the following parameters: pH, conductivity, turbidity, total
dissolved solids (TDS), total hardness, calcium, sodiumE&btl. Moderate or marginal
differences are observed among sampling points. The physiochemical and microbial
characteristics of all raw rainwater samples can be found in Tainléppendix.

Rainwater showed the pH range from 7.0 to 8.2, with a mean of mBkating rainwater of

a neutral to alkaline nature. This is mainly because of basic components such as calcium and
magnesium being present in the soil dkiulshrestha et al., 2008nd no accumulation of

such acidic compounds in the rainwater due to the limited concentrations of nitrates and
sulphates in the atmosphere (Tat2én Appendix).

Elsewhere, conductivity ranged between 8 and 62 uS/cm with an average of 25 uS/cm,
representing a quality much lower than that of irrigation and drinking water (700 and 400
pnS/cm, respectively). In addition, concentrations of both turlyidi@.090.6 NTU) and TDS
(4.260 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 46000 mg/L CaCGOOveall, these results indicate that thieee-fall
rainwater in Filton area is clean and sgi-Khashman eal., 2017)

Furthermore, the effect of the marine environment on rainwater quality was also investigated.
Table 3.10 shows the ratios of Cl, CK,and Mg to Na, and compared to seawater ratios. All
ratios were found to be higher than the seawater ratios. In addition, thesemsalt fractions

for Cl, Ca, K and Mg shows 95.7%, 95.5%, 91.7% and 28%, respectively, indicating that most
components inthe rainwater here are established by local contributions. The enrichment
factor values further confirm that these components originated from 4negrine sources,

such as natural and anthropogenic activities across the(ldigeut 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 appeargto b
applicable for a wide range of nepotable 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 amtkohg water (Table
B.1lin Appendix®). 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 materialfocation, seasonality, and pollutant
concentrations need to be further investigated.
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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 fractior?% 4.3% 4.5% 8.3% 71.9%
Non-sea salt fractior 95.7% 95.5% 91.7% 28.1%
Enrichment factor** 23.2 21.2 12.0 14

*Sea water composition ratios obtained frodulshrestha et al. (2003)

programme under grant agreement RP6541

-d:K}\é LINEP2SOG KIFIa NBOSAOPSR TFdzyRAy3a FNRBY (GKS



@ nextGen Deliverable D1.8Filton Airfield

** Enrichment factor Ratios in raiwater/Seawater ratios
3.1.3.2. Hydraulic performancanalysis

Stenarios Jand 2 - residential application

Scenarios 1 and 2 utilized optimizatiaf parameters storage fraction &), which is a
dimensionless parameter that allow®r equitable comparison of theentralized and
decentralizedsystem. S is defined byEquation3.19 which relates storage capacity(
catchment area and mean annual rainfdR)(g in this caset denotes a yeatong period
(Campisano et al., 2012b)

3
0 oY

Y prnimp Equation3.19

The optimization approach for tank size involved variance of the storage fraction with the
three performance indicators listed ifiable3.6: water savingsfficiency(WSE)storm capture
efficiency(SCEand loss factofLs). Both YAS and YBS algorithms waralysed For each of
these indicatorsthere is a tradeoff between system performance and increased storage
fraction, i.e., rising costsSSimulationsfor the decentralisedRWH systemss¢enario 1)were
conducted producing data that related storage fraction with WSEEandLr as presented in
Figure3.16 (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 factatr 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.

Figure3.16 (a) shows the WSE, approaching a limit of 72%. For storage fractions in the range
0.001 to 0.01, WSiHacreases sharply since tank volume is the limiting factor. In this range,
small increases in storadraction 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
S = 0.01, the limited volume of harvested rainwater begins to dominate the relationship
between $and WSE. Further increases in tank size cause minor reductions of spillage as few
rainfall events can fill up the total capacity of the tank. Withs af®.0075, a water savings
efficiency of 36% is achieveth addtion, SCEapproaches arupper limit of 90% as:$s
increasedFigure3.16 (b)) while initially, decreases sharply and eventually approaches 7%
with a storage fraction 09.06 (Figure3.16 (c)).
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Figure3.17 (a), (b) and (c)showsimulationresults of the centralised RWH systesognario 2)
relating storage fraction with WSISCEand I, 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 performalicgire

3.17 (a) shows WSE reaching a maximum of 45%. Despite sharp increases in WSE¢for low S
values, there are diminishing returns for performance gains asi&reased further. Fdhe
centralized system, an & 0.05 equates to a tank with a capacity of 356 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. Thare 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
from the mains to meet demand. @n 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 ifigure 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 $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 supjhg at
considerable expense.

In the centralised system, an & 0.02 equates to a tank of volume 143.m centralised
system at the Brabazon Hangar has the greatest potential to accommodate a single large tank,
however it is unlikely to yield a goagturn on investment if the supply of rainwater is
insufficient. As emphasized throughout this result, the two most significant benefits of RWH
systems are the nopotable water savings and flood attenuation. With a tank of volume 143
m?3, the reduced strim on the urban water system is beneficial with only 6lofrspillage for

6769 n? of harvested rainwater over a yedong period; despite this, satisfying only 40% of
non-potable demand is likely to be insufficierftigure 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 anf®.05. Increased spillage drives theahd
although low loss factors are preferential, spillage is only detrimental at times when the
downstream drainage network is overwhelmed.
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Results reported ifrigure3.17 show that the YAS and YBS algorithms produce results that are
almost identical. There is some difference in performance at low storagedinagbetween

0.0001 and 0.0025) where the model using the YBS algorithm yields a greater WSE and a
greater SCE; however, the differences in WSBEand Lz are 5% at most and decrease to 0%

as sreaches 0.005.

Generally, the results produced by modeising 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 estim@#ard 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 golume
this assumes that the spillage volume at each timessegvailable to satisfy yield insofar as it
occurs within the same timestep. This is a questionable assumption as-waddlsystems,
harvested rainwater will leave the system as spillage instantaneously if the tank is full. The
validity of this assummn 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 £nd o
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 rairdiflllieg 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 ohdmeestep is greatly reduced. At an hourly temporal
scale, the models perform similarly as evidenceHBigure3.17.

To show the effect of an incased temporal scale on performandegure3.18 reports the

water savings efficiency for YAS and YBS models using daily demand and rainfall data. At lo
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 G15kik0

20.4% performance difference is significant and equates to wateéngs of 3144 rhover the

course of a year. Despite this saving, YAS performance sharply increases between storage
fractions of 0.15 x1®and 0.5 x16, eventually matching YBS performance sat 8.75 x18.

Over this range there is an increased likelihood that the tank ig thik 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. Beyard®75 x072 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.
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Figure3.18. The variance of storagfraction with water savings efficiency for daily rainfall and demand data highligt
the effect of time step on YAS and YBS performance. The relationships beavetWSE for the YAS and YBS models
approximated by logarithmic functions wit# ®alues 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 fractiors)(8n WSE and SCE was analysed for toiigt
flushing purposeRigure3.19).

As expected, all indicators increased with tank siZben 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 M, WSE was close to maximum with 53.42¢ure3.19 (a)). This is

due to only 9.66 rhof water being spilt from the tank @v the year. A storage fraction of
0.0015 (10.6 rf) showed little change with a WS efficiency between 53.14% and 52.85%. It is
when a fraction of 0.001 (7.073nis used that WSE begins to quickly driéfficiency falls to
between 51.69% and 50.71%. Whilsis 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?7Ror SCE as shownFigure
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%négmns a tank size of 7.07

m?3 could prevent up to 335 fless rainwater reaching the stormwater drainage every year.

The optimum tank size, using the above performance indicators, lies betweéamdi0 .

Any higher than 10 fathe extra capital and agating costs of a larger storage tank will yield

little benefit to the efficiency and reliability of the system. Smaller thar? 7the performance

will drastically decrease, and accuracy of results will become uncertain due to YAS and YBS
differences. Uisig rainfall data from the stochastic model will therefore lie around® m
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Scenariog - residentialapplicationad ! 2 h ¢ ¢ &AAYdzZ | GA2Y

The esults from the simulations are presented according to thest and worstcase
scenarios. The important water balance quantities that need to be extracted from the
simulations are the potable water demand, the npatable water demand, the total
collectable rainwater, the makep water, the spillwater, the garden and pavement rureoftl

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 (€., When the full norpotable water demand is meby the drinking water
network). This number of failures helps to highlight the storage tank sizing issues. Included in
Table3.11 and Table3.12 are the summary results for the potable and npaotable water
demand as well as the collectable rainwater for the best and worst cases respectively. The
remaining quantities for the makap water, stormwater, runoff from gardens and pavements
and spill water are presented iFable3.13.
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Table3.11. Best case scenario simulation results.

Bedroom Potable demand Non-potable demand  Total collectable rainwater
type (mdlyear) (mdlyear) (mlyear)
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 13711.9

Table3.12. Worst case scenario simulation results.

Bedroomtype Potabledemand Non-potable Total collectable
(m3/year) demand(m®/year) rainwater (m®/year)
Apartments 35,720.8 21,641.1 1,073.0
2 Bed 4,727.8 2,864.3 1,694.2
3Bed 6,303.7 3,819.0 2,192.5
4 Bed 7,660.7 4,641.2 1,317.7
5Bed 10,725.0 6,497.6 1,550.3
Total 65,138.0 39,463.1 7,827.8

Table3.13. Additional featured results from simulations.

Make-up

Spillwater Runoff Stormwater

(m¥year)  (milyear) (myear) ellite

Water
(m3/year)
BestCase 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 thbest-casescenario but fails in thevorst-casescenario Figure3.20

shows a simple summary of the total npotable demand, spillwater, collected rainwater and
FOFAELFOofS NIXrAYsglGSNPD ¢KSaAS OF G§S32 NRpStable KA 3K A
water demand for the system. The avaiklainwater for use, which is representative of the
spillwater quantity subtracted from the total collected rainwater, sits at approximatg9@®

m3/year whereas the nomotable water demand sits at approximately8@0 n¥/year. This

shows that the rainweer harvesting system in théestcasescenario is only capable of

meeting 89% of the nopotable water demand. However, thed®0 n¥/year spillage stream
NEBLINSASyGa GKS Fy2dzyd 2F 6F SN 0KFG GKS aean
system couldbe optimized to increase the available rainwater and meet the-potable

water demand.

Theworst-casescenario shows significantly less feasibiliigure3.21 shows the total non
potable demand, spillwater, collected rainwater and available rainwater forntbest-case
scenario. The system shows a significant increase in theoatable 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 andrtbeeased demand which
draws water from the storage tank.
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Best Case water balance feasibility results
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Figure3.20. Bestcase scenario feasibility results.

Worst Case water balance feasibility results

Available Rainwater [IIENEGE
Spillwater
Total Collectable Rainwater NG

Non-Potable Demand I

0 10000 20000 30000 40000
Non-Potable Total Collectable Spillwater Available
Demand Rainwater P Rainwater
® Worst Case 39463.1 7827.8 9.4 7818.4
Water Quantity (m?3/year)

Figure3.21. Worstcasescenario 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 kldrgely 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,80 n¥/year and 39500 n¥/year and can expect to
collect between 800 n¥/year and 13,700 n¥/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 noipotable 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.

Figure3.22 and Figure3.23 show a comparison between the nguotable water demand and

the collectable rainwater quantity for both theest and worstcasescenarios, boken down

into the different residential unit types. For tHeestcase scenario, each of the, 3-, 4- and
5-bedroom housing units have collection surface areas which collect more rainwater than
would be required to meet the nepotable water demand. The apartmeannits are the only
residential unit type which does not collect enough rainfall to be able to meet thepotable

programme under grant agreement RP6541
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water demand. The worst case shows that none of the unit types are able to collect enough
water to meet the norpotable water demand. Howeveconsidering théestcase rainwater
collection (which is achievable as this can be integrated into the building designs at a planning
stage) and the worst case ngotable water demand, the supplied rainwater would be
sufficient in meeting a total of 35%f the nonpotable water demand for the zone.

Table3.14 shows a comparison of the best possible rainwater collection scenario against the
worst possible nospotable water demand scenario. The @d 3bedroom units collect
enough water to complety meet the nomrpotable water demand (103% and 101%
respectively), with the 4and 5bedrooom unitshaving the norpotable water demand 49%
and 42% met by the supply of rainwater.

Comparison of the non-potable water demand to the total posisble
amount of rainwater for the best case scenario
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Figure3.22. Breakdowrof the nonpotable water demand and the collectable rainwater by residential unit type for
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Table3.14. Summary of théestcaserainwater supply and the worst case npatable water demand.

Apartments 2Bed 3 Bed 4 Bed 5Bed Total
Bestcase 1,887.9 209471 38441 22922 27407 137119
supply
Worst case
non- 21641.1 2864.3 3819.0 46412 64976  39463.1
potable
demand
Change % 9% 103% 101% 49% 42% 35%

[N

CKS aeadsSyQa Ayl oAf Al-PotallewaerdymaindSaved furder hé S (i
best-casescenario, shows that the economic performance from the system is governed by the
amount of rainwater collected. There is addedd benefit to the reduction ofnthre potable

water demand from the hom@wners 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
guantity is used in the economic assessment for the sysfeatle 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 reduatitreated drinking water by 8711.6%year,
which isan 89% reduction, whereas the worst case shows a reduction of 7818ykan,
which is a 19.8% reduction.

Table3.15. Total treated watereduction with the rainwater harvesting system implemented.
Non- Treated

Potable g:;:\?vzi? Spillwater Water %\/Tvr:te;tred

Demand 3 (m3/year) Reduction Reduction

(m3year) (e, (m3year) edu
Bestcase 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%tank was used as the storage facilities with a starting volume of
0 m?. Table3.16 offers some indication of the suitability of the storage tank. In lestcase
scenario, which is set up to maximise the amount of collectable rainwater, the spillwater
quantity of 5000 n¥/year shows that the tank is significantly too small. Considetiegotal
collectable rainwater each year approximates tq7I® n¥, the system loses 36.4% of the
collectable rainwater. The 512 system failures (meaning 512 days out 08,8&&-day
simulation periodg 13.3%) confirms that the smaller demand quantitgnir the residential

units results in a lower quantity of water removal. For therst-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 residahairea 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 failuressystemis a clear indication of the infeasibility of this case by highlighting
the influence that homeowner consumption has on the system feasibility.

The large spillwater quantity in tHeestcasescenario suggests an increase in the storage tank
volume will mprove 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 betwedromeownersto limit the water consumption
ratings is vital in promoting the system feasibility.

Table3.16. Summary of spillwater and system failure.

Spillwater Failures

Bestcase 5000.3 512
Worst case 9.4 3569

Scenarios 5commercialapplication

Figure3.24 (a) illustrates the impacts of the toilet flushing scenarios ATFRaz Thaz Tha)

on the WSE of the RWH systdan the large YTL arena buildimgth the storage capacity
varying from 100 to 2,000 fnFor toilet flushing (Mx1 22 m¥/day), when tte storage capacity
exceeded 800 #&) the WSE of the RWH system remained constant, with a WSE of 98.3%.
However, for a tank of between 400 and 808, thhe WSE of the system was between 21.8%
and 42% for Thsand Tkas(108- 216 n¥/day). However, for Thk2(54 n¥/day), when the
storage size exceeded 1,800,nthe 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 (BPg#tand IRp) and the Filton Golf coues(FG, IRs1and IRc). For

a tank size of less than 80F nthe WSE of the system was varied from 12.7% to 42%4der, IR
showing the most sensitive to the storage capacity and followed by; IRRci1and IRc2
However, when the storage size exceedd 81, the WSE of the RWH system remained
constant between 7.2% and 14.1%, depending on the water demand- (EB&D n¥/day) for
IR-c1and IRc2as shown irFigure3.24 (b). Similarly, for I&1and IRp2(151- 302 n¥/day), the

WSE of the RWH system for a tank 1,000was between 25.746.1%. However, when
O2YAARSNAY3I G(GKS G y1 Qa&s betwédh B37hoiasd 61D4%, de@hding = G K
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 (ldstapathi et al.,
2019) hence 1,000 ffor the maximum tank size whichaximises the WSE of the system for
this application.

For the combined use of toilet flushing and the irrigation of BEUre3.24 (c)), at a threhold

value of 800 i, the WSE showed 24.1% and 25.6% for different ratios: 70:30 (24i2ayh

and 50:50 (259 @fday), respectively, whereas, for the combined use of toilet flushing and the
irrigation of the FG, the storage capacity exceeded 660the WE was varying between
11.8% and 14.7%, depending on the water demand (688 n¥/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 400,000 n%, depending on the water
demand scenarios. As a result, a storage capacitgetiveen 400 and 1,000 n¥ can be
perceived as the optimal size for all scenarios considered in this scenario.
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Figure3.24. Variations of water saving efficiency values as a function of starapacity for single and combined u:
scenarios (a) YA toilet flushing with varying numbers of visitors (b) irrigation: BP and FG and (c) combined use
flushing + Irrigation.

The results irfFigure3.24indicate that the WSE of the RWH smstfor 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 overflomdanore yield, hence a higher WSE of the
RWH system. In contrast, smaller storage tanks limit the collection of rainwater, resulting in
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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 reqres 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., 201%)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 wateseuprofiles 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 sificant(Zhang et al., 2018)

3.1.3.3. Economi@nalysis

Scenarios 3residential application

To furtheroptimizetank volume, more simulations were carried out with tank sizes within
and slightly outside the stated optimum rangéble3.17 shows the yield of each simulation,
a useful value as it equals the volume of potable water saved over the year.

Table3.17. Yield values for different tank sizes.

Without WashingMachine

With WashingMachine

LSS Asrieldm®)  YBSYield(m?) YASYield(m?) YBSYield(m?)
71 4530 5,094 4,810 5547
90 4,864 5344 5188 5783
110 5155 5,560 5,500 5963
130 5413 5760 5,757 6,135
150 5,616 5933 5,942 6275
170 5815 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 accotifior 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 gven by Bristol water was used in the analysis.

To assess the costs associated with an increase in tank volume, the pacgegfgalvanised

steel water storage tanks from a nearby company (Tanks Direct) in Minehead, Somerset were
used. Whilst the compay provides specialised rainwater harvesting tanks and systems for
domestic use, the tank capacities did not exceed 20@perating 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. Thé f&kn
occupied 23 rwhilst the 150 mtank occupied 65.6 i The storage tank prices arecstn

in Figure3.25:
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Figure3.25. Price of five different tanks from Tanks Direct.

Theprice of each tank follows the same increase except the 2ank. For a better analysis
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Table3.18. Economic analysis results for different tank sizes.

Tanksize Price YASYield YBSrield YBS YAS Maximum  Minimum
(m3) (m?3) (m?3) Savings Savings Difference 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 626596 £7,938 £7,654 £2,046 £1,762
72 £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 peakigure3.26 lies around the 100 mmark.
However, for a YBS model the optimum peak will lie further to the left of the chosen range.
As a resultthe optimum tank size will be chosen as 100 m

¢ YAS xYBS
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£3,000 J—

*
*

£2,500
£2,000
£1,500
£1,000

£500

Potable Water Savings - Cost
L 4

£0
0 50 100 150 200 250

Tank Size (m?)

Figure3.26. Potable water saving®r different tank sizes
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Scenarios 4residential application

The economic assessment follows a similar sensitivity approach in that the capital,
maintenance and operation costs are varied agawarying future water prices in the
economic benefitFigure3.27 shows variations ofthe net present value as a functiaf the
timeline (20222055) for eaclscenarioand Table3.19 and Table3.20 present a summary of

the results obtained fronfrigure3.27.
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Figure3.27. Return on investment periga) worstcase scenario and (bestcase scenario.
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Table3.19. Return on Investment Periods fmest and worstcasescenarios

Return on investment periodyears)

Case -1% Water price Current +1% Water price
70k Worst Case 16 14 12
BestCase 12 11 10
Worst Case - - 27
100k BestCase - 29 21
Worst Case - - -
130k BestCase - - -

*Current:£1.2669/n? (BristolWater, 2021)

Table3.20. Net present value of totadrofit (+) andloss(-) for the best and worst case scenarios

NPV of total savings after 30 years (2Q0H)

Case -1% Water price Current +1% Water price
70K Worst Case +21434.67 +38223.00 +58045.64
BestCase +36173.21 +54665.19 +76499.41
100k Worst Case -31624.01 -14835.68 +4986.97
BestCase -16885.46 +1606.51 +23440.73
130k Worst Case -84682.68 -67894.35 -48071.71
BestCase -69944.14 -51452.16 -29617.95

*Current: £1.2669/n¥ (BristolWater, 2021)

Under specificcircumstances, the system can be economically feasible. However, the
feasibility results presented ihable3.19 and Table3.20 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 isikely 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 stgetank, 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 worstcasescenaro 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 denand of nonpotable water is likely to exceed the available rainwdtecausehe non
potable demand quantity varies between787 m3year and 3%400 m3/year, whereas the
harvestable rainwater varies between 780@/year and 13700m?year. Thus, for theystem
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 thestcasescenario (potetial savings after 30
years ranges between 800 and £7®00). However, this is under the strict condition that

the capital expenses remain lower than £J@I0. The systens shown to beeconomially
unfavourablef the capital expenses exceed this thinegd.
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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 pfieater will vary. The
systembenefitsfrom 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 bemefitm 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 officecgpdt 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 watéill is to the advantage of theomeowner.
Therefore, the system is unlikely to be implemented.

Scenarios 5commercialapplication

Cost savingotential and determination of rainwater storage size

In this analysisan optimal size of the rainwater stage capacity of a RWH system in YTL Arena
was determined. fie costeffectiveness 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 variatio(#00- 2,000 n¥). Figure3.28 shows the cost savings, which
include the difference between the total costs of the maordy supply system and the RW
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

Figure3.28 (a) shows the changes in the cost savings of toilet flushing with different numbers
of visitors, as the storage capacity of the Rgyilstem increases. The cost savings efiEnRd
TRa2(21.6 and 54.0 ritday, respectively) remained negative values regardless of the tank
sizes, indicating that the systems for these water demand scenarios are economically
unfeasible. However, the systeroan become economically viable if the water demand grows
higher than 54.0 fiday. For example, the cost savings ofAEBnd Tkaswereshown to be
positive values at a tank size between 100 and 680 However, when the tank size goes
beyond 600 rmthe 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
m3would be economically feasible. As showrrigure3.28 (b), when the collected rainwater

was only used for irrigation applications (BP and F@)¢tist 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°ntor irrigation scenarios, this study assumed that that irrigation
activities occurred betweae 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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Figure3.28(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 admss all
scenarios give positive values at a tank size between 100 and §08hite the values turn
negative at above 600 in This indicates that combined regular and irregular water
applications could make the system more eeffective, thussuggesting an optimal storage
capacity of between 100 and 60Cfior the RWH system at the YA.

Furthermore, Figure 3.29 presents the unit rainwater asts for single and combined use
scenarios (Maszs4 50TRkas+ 50IRp2srce and 70Tas+ 30IRp2src) With selected storage
capacity variations from 100 to 1,00 mwhich are based on the results obtained from Figure
6. The unit rainwater cost decreasegadually in tandem with an increase in the storage
capacity, ranging from 100 to 200®ndepending on water demand scenarios. After that, the
unit rainwater cost rapidly increased, exceeding that of the mamly supply water cost. For
example, at 700 /) 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
m?3would be enough for the RWH system in the YA to maintain the unit rainwater cost rang
from 0.37 to 0.40 £/, depending on the costs of water use scenarios, which are equal to or
lower than the mainsonly supply water cost (0.40 £/n

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
ODKAYANB SG FfdX wnamtT | 2l yA Cdsidering hgpdraulie n mn T
and econanic performances, consequently, the use of the RWH system with a tank size
between 400 and 600 #rfor toilet flushing, coupled with the combination of toilet use and
irrigation, can be the most favourable scenario under the conditions considered inubigs st
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Figure3.28. Cost savings as a function of storage capacity ranging from 100 to 23@) YA toilet flushing with differen

numbers of visitors, (b) irrigation of BP and FG and (c) combined use: YA toilet flushing + BP and FG.
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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 systerfdmos 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 maimy supply. Based on the
results obtained from the previous sectionstrage tank of 600 # which could maximise

the WSE and maintain the unit rainwater cost lower than the mainly supply cost
calculated using a 5% discount rate and 1.05%4mter price, and three water application
scenarios were chosen: toilet fluslgigTka9 and combined use of toilet flushing and irrigation
(50Tkaa+ 50IRp2and 50Tkas+ 501RG).

Figure3.30 (a) shows the sensitivity analgsof changes in water tariffs ranging from 1 to 3
£/m3. As the water tariffs increased from 1 to 3 £inthe mainsonly supply costs increased
accordingly. The baseline value in this figure represents the water tariff of 1.05(Eable

S4). The unit raimater cost across all scenarios increased in tandem with an increase in water
tariffs. At lower water price (<1.05 £fnbaseline), the unit rainwater cost of all scenarios was
slightly higher than the mains water cost, while, at higher water price (>898, baseline),

the unit rainwater cost remained below (0.39.07 £/m?3) the mains water cost (0.401.16

£/m3) unde the given conditions. The results confirm that the economic performance of RWH
systems is sensitive to variations of mains water pr{tesi et al., 2018)

Furthermore Figure3.30(b) shows how the change in the climate conditions (dry, normal and
wet) affected the unit rainwater cost of each scenario. The SPI of O repretbents/erage
rainfall condition. When the SPI values were below average dry conditions), the mains
only water cost (0.40 £/8) was lower than the unit cost of rainwater ranging from 0.42 to
0.44 £/m?, depending on the water use scenarios and thenbigmains water requirements.

In contrast, when the SPI values turned positive fvet conditions), the unit rainwater costs

of all scenarios ranged between 0.38 and 0.40 ¥£/aepending on the water demand
scenarios. During the wet years, the maximuohiavable 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 performae 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%%) on the unit water costs of RWH
systems are shown irigure3.30 (c). The unit rainwater costs across all scenarios were higher
than the unit cost of mains watg.40£/m?3) at the discount rate of below 5.5% which was
lower than the mains water cost at ¢hdiscount rate of above 5.5%. For toilet flushing, for
example, the unit water cost was 0.94 £/at a 0% discount rate, while it was 0.21 £/at a

15% discount rate, which suggests a 77.3% reduction. This indicates that the economic results
of the RWH gstems were highly influenced by discount rat&khough no clear idea exists to
determine the exact discount rates of specific applications, generally, social discount rates for
institutions €.g.,water utilities and private companies, 10% and 15%,eespely) should be
lower than the rates considered for individua¢ésd.,homeowners, 5%)Roebuck et al., 2011;
Voinov et al., 2007)This sensitivity analysis illustrates the potential for makimg RWH
system of the YA cosfffective by considering the discount rates between 5.5% and 15%.
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Table3.21 presents thepayback period KBP of three selected scenarios considering two
variables: the future water cost of 2 and 3 £/iand the discount rates of 5%, 10% and 15%.
Overall, no significant difference exists between water demand scenarios. For toilet flushing,
when considering a futerwater price of 2 £/rf 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 RWHDomeénech et al., 2011; Khastagir et al., 20The results suggest that the
RWH system of the YA could be economically feasible in the light of a discouot lateer

than 10% and a water price of higher tharE/n3. 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 buildiegdir@ctly 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.
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