A PARTICIPATORY SYSTEM DYNAMICS MODEL TO INVESTIGATE

SUSTAINABLE URBAN WATER MANAGEMENT IN EBBSFLEET GARDEN CITY

Abstract: Growing urban populations, changes in rainfall patterns and ageing infrastructure
represent significant challenges for urban water management (UWM). There is a critical need
for research into how cities should adapt to become resilient to these impacts under uncertain
futures. UWM challenges in the Ebbsfleet Garden City (UK) were investigated via a
participatory process and potential sustainable solutions were explored using a System
Dynamics Model (SDM). Collaborative development of the SDM by the Ebbsfleet Learning
and Action Alliance developed stakeholders’ understanding of future UWM options and
enabled a structured exploration of interdependencies within the current UWM system.
Discussion by stakeholders resulted in a focus on potable water use and the development of the
SDM to investigate how residential potable water consumption in the Ebbsfleet Garden City
might be reduced through a range of interventions, e.g., socio-environmental and economic
policy incentives. The SDM approach supports decision-making at a strategic, system-wide
level, and facilitates exploration of the long-term consequences of alternative strategies,
particularly those that are difficult to include in quantitative models. While an SDM can be
developed by experts alone, building it collaboratively allows the process to benefit from local

knowledge, resulting in a collective learning process and increased potential for adoption.

Highlights

e Garden Cities are key for sustainable urban growth and water resource management
e Ebbsfleet stakeholders co-produced a participatory System Dynamics Model

e The model investigated different policies for sustainable Urban Water Management
e The participatory nature of the modelling supported a collective learning process

e System Dynamics modelling allowed stakeholders to explore multiple future scenarios
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1. Introduction

Cities and societies worldwide face the challenges of delivering sustainable urban water
systems that manage environmental risks (e.g. flooding, water pollution, water scarcity) and
concurrently improve the quality of the environment (e.g. water quality, biodiversity), conserve
and enhance natural resources, save financial resources, and improve health and wellbeing
(Hellstrom et al., 2000; Brown et al., 2009; Butler et al., 2014). Relationships between the
natural environment and urban water infrastructure are highly complex, comprised of
ecological, hydrological, economic, technical, political and social elements (Bell, 2017).
Furthermore, management of the urban water cycle will be impacted by increased urbanisation
and population rise. By 2050, 68% of the world’s population is expected to reside in cities (UN,
2018), increasing demand for clean potable systems and elevating flood risk to people, property
and critical infrastructure systems that frequently operate in excess of their useful service lives
(O'Donnell and Thorne, 2020). Climate change impacts are further expected to undermine the
ability of existing urban water supply systems to meet the needs of future populations (Gosling
and Arnell, 2016). To address these water challenges, cities and urban centres are striving to
achieve Sustainable Urban Water Management, defined as “the use of water that supports the
ability of human society to endure and flourish into the indefinite future without undermining
the integrity of the hydrological cycle or the ecological systems that depend on it” (Gleick,
1998). To achieve this goal, initiatives must advocate for changes in both water supply and
demand, and create systems that are functionally robust, flexible and adaptable to future

conditions.

Concepts such as Water Sensitive Urban Design (WSUD) are increasingly being recognised as
offering viable solutions to myriad urban water challenges. WSUD considers the coordinated
planning of all water services and development of decentralised wastewater and stormwater
reuse opportunities. It aims to integrate water into urban development and planning from an
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early stage to exploit the emerging opportunities for sensitive water cycle management
(Sharma et al., 2016). This progresses from traditional approaches that manage provision of
water supply, sewerage, and urban drainage through subsurface networks of piped
infrastructure (Marlow et al., 2013) towards a combination of blue, green and grey
infrastructure to manage water while delivering multiple co-benefits to the environment and
society. Opportunities to achieve multiple objectives, such as concurrently reducing potable
water demand and flood risk through rainwater harvesting initiatives, are a marked difference
from traditional grey infrastructure schemes that focus on a sole objective. More integrated
approaches also unlock rigid institutional frameworks and overcome the constraints of
traditional technologies and non-integrated urban plans (Ahiablame et al., 2012; Coutts et al.,

2012; Ashley et al., 2013).

WSUD principles are a key component of the planning and design of the Ebbsfleet Garden
City, situated between Dartford and Gravesend near the River Thames, UK, and sponsored by
the National Government to become a ‘Garden City of the 21% Century’. A Garden City is a
‘holistically planned new settlement which enhances the natural environment and offers high-
quality affordable housing and locally accessible work in beautiful, healthy and sociable
communities’ (TCPA, no date). Development is founded on Garden City Principles that
prioritise the enhancement of the natural environment, comprehensive green infrastructure
networks that deliver net biodiversity gains, and climate resilience delivered through carbon
neutral and energy-positive technology (Ward, 2005). The delivery of 12,000 new homes, a
new commercial centre, regional transport hub, and extensive travel networks are designed
around a continuous network of blue and green space, termed the ‘Garden Grid’ (Ebbsfleet
Development Corporation, 2017). This network of parks, open spaces and green streets include
effective use of SuDS (Sustainable Drainage Systems) to attenuate, drain, infiltrate and store

surface water, and deliver additional environmental and societal co-benefits (Woods Ballard et



al., 2015). The ‘Garden Grid’ and other linked Blue-Green infrastructure will increase
resilience to future flood risks associated with heavy rainfall and promotes “a sustainable and
long term response to climate change” (Ebbsfleet Development Corporation, 2017: 36). In
addition to pluvial flood risk, the Ebbsfleet Garden City is developing strategies to reduce the
risk of future water scarcity. Climate change scenarios suggest that the UK will experience
more frequent hot, dry summers with increased drought risk (Lowe et al., 2018) with the largest
changes in precipitation occurring in the southern and eastern parts of England. In the
southeast, there is a potential for short duration droughts occurring up to three times as
frequently in the 2020s compared to the 1961-90 period (Wade et al 2006). Ensuring sufficient
water for domestic, commercial and industrial uses, in addition to irrigating green infrastructure
and maintaining a variety of habitats, are key objectives for the Ebbsfleet Garden City
(Ebbsfleet Development Corporation, 2017) and require a transformative approach to Urban

Water Management (UWM).

Working collaboratively with local stakeholders to co-develop strategies is a central component
of transformative UWM (Ashley et al., 2012). It is premised on a move away from top-down
expertise, while looking to engage with a plethora of stakeholders who are deemed legitimate
participants to the identification of both problems and solutions. Not only do local stakeholders
have extensive local knowledge that may not be available to researchers through literature
reviews alone, the inclusion of stakeholders from different disciplines (including those not
typically included in water management discussions dominated by engineers), leads to greater
innovation and potential for shared action to improve UWM while delivering additional co-
benefits. Learning and Action Alliances (LAA), for example, facilitate collaborative working
to address local challenges and are a mechanism through which stakeholders can address
complex, ‘wicked’ environmental problems such as those related to water and flood risk

management (Ashley et al., 2012). They provide an environment where stakeholders with



different viewpoints can come together to identify problems, advance solutions, and produce a

collective vision for the future (Maskrey et al., 2020).

The Ebbsfleet LAA was established in 2017 as an open, collaborative forum where local
stakeholders develop a joint understanding of problems and possible solutions through rational
criticism, consensus-building and discussion. In late 2017, a participatory modelling process
was initiated to investigate sustainable UWM challenges in the Ebbsfleet Garden City and
explore potential solutions using a System Dynamics (SD) modelling approach (e.g. Sterman,
2000). The urban water system structure was modelled and its behaviour investigated over
time. SD modelling is particularly useful for supporting decision-making at a strategic, system-
wide level and exploring long-term consequences of alternative strategies, particularly those
that are difficult to include in quantitative models (e.g. socio-institutional changes). While a
System Dynamics Model (SDM) can be developed by experts alone, building it collaboratively
taps into the knowledge base held by local stakeholders, resulting in a collective learning

process.

Stakeholder workshops with a range of public and private organisations with interest in
sustainable UWM in the Ebbsfleet Garden City initially defined five problem dimensions
relating to urban water: water quality, water use optimisation (hereafter potable water use),
biodiversity, flood risk management, and quality of place. Discussion and negotiation by
stakeholders resulted in a focus on potable water use and the development of the SDM to
investigate how residential potable water consumption in the Ebbsfleet Garden City might be
reduced through a range of interventions, such as socio-environmental and economic policy

incentives.

This study presents the first investigation of sustainable water management in the Ebbsfleet

Garden City and highlights the importance of participatory modelling approaches in exploring



solutions to water challenges that meet the strategic objectives of different stakeholder
organisations. We first introduce SDMs and their application in UWM, then summarise the
stages of participatory SD modelling and present the Ebbsfleet Garden City case study. Section
4 describes the co-development of the SDM, and section 5 outlines the model structure and
simulation results. We close the paper with a discussion, a note on limitations and concluding

remarks.

2. System Dynamics Modelling

System Dynamics (SD) modelling and simulation adopt a whole-system approach and social
learning process (Bagheri, 2006; Susnik et al., 2014, 2018) which is widely regarded as an
efficient methodology to address a range of dynamically complex problems including
integrated water resources management (e.g. Cheng, 2010; Susnik et al., 2012; Xi and Poh,
2013),. Winz et al. (2008) systematically reviewed theoretical and practical evolution of SD in
water resources management over the last 50 years and highlight the benefits of SD modelling
including stakeholder participation, flexibility, ease of uptake, transparency and adaptability,
foresight, and ongoing testing and learning. Beck et al. (2002) developed a concept of adaptive
community learning for cultivating stakeholder-driven environmental foresight to address
contemporary issues of the environment and sustainability of Lake Lanier in Georgia, USA, in
the face of the rapid urbanisation of its watershed. The SD approach enabled the
conceptualisation of the community’s environmental concerns and associated uncertainties at
the science and society interface. For community-based water resources planning, Tidwell et
al. (2004) adopted SD to provide an interactive interface for engaging the public and integrating
physical and social processes for watershed management in the Middle Rio Grande river basin,

USA. For integrated flood management, Simonovic and Li (2003) developed a modelling



framework using an SD approach to assess climate change impacts on a large-scale flood
protection system for the city of Winnipeg in the Red River basin, Manitoba, Canada. More
recently, SD modelling has been used to model urban water systems. Zarghami and Akbariyeh
(2012) developed an SDM to consider interconnection and interdependencies amongst water
supply resources (groundwater, imported freshwater and treated wastewater), demand patterns
(domestic, irrigation and industry use) and management strategies (wastewater reuse and
recycling, inter-basin water transfer, water price and conservation tools) for Tabriz city, Iran.
They found that transfer of water from neighbouring basins is an effective strategy to meet
future water demand compared to the installation of water-conserving fixtures. Chhipi-
Shrestha et al., (2018) also adopted a similar SD modelling approach to explore a net-zero
water community by combining various water supply sources, conservation measures and
environmental potential of net-zero development in the City of Penticton (British Columbia,
Canada). The SD modelling approach enabled researchers to integrate cost and energy
submodules with the water-energy-carbon nexus model, allowing assessment of site-specific

economic and environmental potential for net-zero water development.

Several approaches are used to model urban water systems, e.g. Urban Water Metabolism
(Behzadian et al., 2015; Venkatesh et al, 2017) and Agent Based Modelling (Zhuge et al.,
2020), yet the majority do not consider the dynamic evolution of phenomena (e.g. the evolution
of demand and the impacts of climate change) nor the social and environmental conditions such
as stakeholders’ priorities and goals (Bakhtiari et al., 2020, Diaz et al., 2016). Holistic
approaches to UWM are also currently missing (Renouf and Kenway, 2017). The use of a
system-dynamics perspective, acknowledging the many variables, causal mechanisms and
feedback processes, has been suggested to enable understanding of the complexity and time
dimension of urban water security and sustainability (Hoekstra et al., 2018). This would further

allow modelling of the role of both environmental and socio-economic issues.


https://www.sciencedirect.com/science/article/pii/S0921344919305038?via%3Dihub#bib0220

SD is considered be a set of conceptual tools that enable the understanding of the structure and
dynamics of complex systems; it is also a rigorous modelling method for building formal
computer simulations of complex systems and using them to design more effective strategies
(Sterman, 2000). SD modelling aims to capture the key variables and relationships of a system,
understand their interdependencies and predict their behaviour over time. If dynamic behaviour
arises from feedbacks within the system, finding effective policy interventions requires
understanding the systems’ structure. SDMs are widely used to analyse complex (‘wicked”)
problems in water resources management through the integration of qualitative (‘soft’) and
quantitative (‘hard’) variables (Pagano et al., 2019), that is particularly pertinent for the
analysis of such multi-dimensional systems as flood risk management (Simonovic and Li,
2003) and urban water management (Zarghami and Akbariyeh, 2012; Chhipi-Shrestha et al.,
2017, 2018; Araujo et al., 2019). Hard variables describe attributes or relationships in a
problem regulated by physical laws or where governing rules are based on quantifiable
algebraic operators. In contrast, soft variables are typically intangible, and relate to attributes
of human behaviour or effects that variations in such behaviour produce. The challenge is to

incorporate them in ways that are both scientifically sound and logically defendable.

SD modelling approaches facilitate collaboration among stakeholders by integrating their local
knowledge and perceptions of the investigated problem, and its potential solutions (e.g. (Beck
et al., 2002; Tidwell et al., 2004; Winz et al., 2008 Coletta et at., 2020). SD is well suited to
the analysis of problems whose behaviour is governed by feedback relationships over a long-
time horizon. The model establishes a ‘business as usual’ state of the system and then generates
scenarios based on specific hypothetical inputs such as future policy interventions. The
scenarios generated provide information about the changes in the key variables of the system

based on each intervention.



SDMs describe the behaviour of complex systems over time using feedback loops, stocks,
flows and modifiers. Stocks characterise the state of the system at a point in time and keep a
memory of it so that its status can be described. Flows affect the stocks via inflow or outflow
and interlink the stocks within a system. Flows correspond to the change per period of time
that increases or decreases levels in the system. Water systems can be thus described in terms
of stocks and flows within an area, exchanges with surrounding areas, external pressures, water
quality and available infrastructure. Institutional actions, implementation of plans and
operation and maintenance could also be included (Pagano et al., 2017; Hoekstra et al., 2018).
The key aspect of SD modelling is the capability to consider the multi-dimensionality of
complex problems through the integration of qualitative and quantitative variables, modelled
as stocks and flows, and analysed in their dynamic evolution. Both physical laws and intangible
issues (e.g. perception of a given system) are jointly considered, with specific attention to their

potential interconnections and mutual influences.

3. Stages of participatory System Dynamics Modelling

According to Freeman (2000) two of the research challenges in addressing the “wickedness”
of water problems are the challenge of becoming more interdisciplinary and the challenge of
integrating two types of knowledge: scientific and local tacit knowledge. Within this context,
participatory SD modelling is considered as a best practice methodology in several fields (e.g.
Vennix, 1992; 1996; and Rouwette et al., 2002). The co-development of the SDM helps foster
a feeling of ownership by the stakeholders, who will also be more likely to adopt and further
recommend the model’s policy solutions (Thompson et al., 2016). The model may be enriched
by the stakeholders’ local knowledge and the stakeholders involved will also develop a more

detailed understanding of how the system works and evolves (Scott at al., 2016).
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The Ebbsfleet Garden City SDM aimed to: i) elicit and structure the stakeholders’ knowledge
on sustainable urban water management (i.e. the five problem dimensions described in Section
4) and more specifically on potable water use; ii) build a comprehensive conceptual model,
with semi-quantitative information, and; iii) define collectively and compare the expected
impacts of selected strategies, with specific attention to those related to socio-institutional

measures. The stages of the participatory SDM process are described in Figure 1.

{EX5 GO problem definition via participatory workshops

2nd step formulating dynamic hypotheses via SD-Conceptual model a.k.a.
participatory workshops focusing on variables Causal Loop Diagram (CLD)
identification, CLD building and validation

3 step building a simulation model including
stakeholders’ knowledge

4th step model validation and testing via participatory SD-Quantitative model a.k.a.
workshops and discussions with stakeholders simulation model

5th step formulation of potential strategies and

evaluation of the simulated results

Figure 1. Modelling process using System Dynamics

The first step consists of identifying the problem through participatory workshops: it aims at
collectively defining the problem to be solved and the objectives of the model. The second
step, formulating a dynamic hypothesis to explain the cause(s) of the problem, leads to the
development of an SD-Conceptual model or Causal Loop Diagram (CLD). A series of
participatory workshops focuses on variables identification, CLD building and validation. A
CLD highlights the system variables, links between these variables and polarity associated with
causal links to distinguish between positive feedback loops and negative feedback loops
(Sterman, 2000). A CLD thus represents a hypothesis of the feedback structure of the system
(Lane et al., 2016), and also serves as a tool for the creation of a shared understanding of the

system amongst members of a discussion group.
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The third step is the formulation of an SD-Quantitative model or simulation model. This step
includes the development of decision rules (i.e. mathematical equations), the quantification of
variables, building the stock and flow diagram, and model calibration using parameters to
define initial conditions. The fourth step consists of ensuring the model is appropriate for the
task through model validation. Typically, this step involves a series of tests to obtain confidence
in the model based on both internal and external consistency (Martis, 2006), and discussions
with stakeholders involved in the modelling process. The fifth step consists of two main
meetings and relates to the formulation of potential strategies and to the evaluation of the
simulated results. It requires the identification of scenarios, i.e. alternative strategies, and the
analysis and discussion of the simulated results generated by the model for each scenario over
time (Bérard, 2006). The interactive SD model development process between experts and
stakeholders through five stages enables the improvement of the SD model performance. Thus,
the simulation model aims to compare different scenarios of “fictive” actions, to predict the
future behaviours of the system under consideration and make recommendations (Sterman,

2000).

4. Ebbsfleet Garden City

The Ebbsfleet Garden City is the first government sponsored 'Garden City' to be built in the
UK and is centred on the notions of sustainability and long-term place making. The Ebbsfleet
Development Corporation (EDC) has been set up by the Government to deliver the vision of
Ebbsfleet as a Garden City, which is in the process of being built with 12,000 houses scheduled
for delivery over the next two decades. The area is not without its challenges, mostly owing to
its industrial past (e.g. concrete production). In planning terms, this makes it a ‘brownfield’

area. Most of the sites were previously built upon and large areas are former chalk quarries
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which will be repurposed for development (e.g. Eastern Quarry in Figure 2). In addition, many
planning applications have been approved prior to the establishment of the EDC, which makes

holistic planning for sustainability and long-term place making more challenging.

/AN

phase 2: 112
homes

Northfleet
Embankment
East

Phase
2A: 150

homes Phase
28: 295

homes

Phase 1:
~'\~_T 377 homes

Phase 1:

180 homes Phase 2A:

\ 123 homes

Figure 2. A map of Ebbsfleet area, showing the River Thames to the North. Red border: sites
with an allocation in the Local Authority Plan but without consent; green border: outline
consent boundary; yellow border: detailed/reserved matters boundary and dashed black and
white border: area masterplan boundary. Adapted from Ebbsfleet Development Corporation
(2017)

Ebbsfleet is governed at the intersection of nested administrative layers. Within the boundaries
of the Garden City, where the EDC has statutory powers, resides Kent County Council,
Gravesham Borough Council, Dartford Borough Council and Swanscombe & Greenhithe
Town Council. The Ebbsfleet Garden City has two different water and wastewater companies

(Southern and Thames Water). The LAA played a pivotal role in bringing together these, and

other, stakeholders on a regular basis, as no common vision can be established in their absence.
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Table 1. The main stakeholder organisations in the Ebbsfleet LAA and their core functions in
the Ebbsfleet Garden City (from a water management perspective).

Stakeholder

Statutory responsibilities in the Ebbsfleet Garden City

Ebbsfleet Development
Corporation

Quasi-Autonomous Non-Governmental Organisation
(QUANGO) set up by Government to speed up delivery of up
to 12,000 homes and create a 21% century Garden City. Has
planning and operational functions in Ebbsfleet.

Kent County Council

Drainage and flood risk management policies and guidance in
Kent.

Gravesham Borough
Council

Dartford Borough Council

Swanscombe & Greenhithe
Town Council

Local government function for drainage and flood risk
management in Ebbsfleet.

Southern Water

Thames Water

Water company responsible for water and wastewater
Services.

Environment Agency

Flood risk management function for main rivers.

Kent Wildlife Trust

UK leading conservation charity, attends to wildlife

protection and biodiversity.

4.1. Ambitions of the Ebbsfleet SDM

The development of an SDM for the Ebbsfleet Garden City allowed the exploration of
sustainable urban water management in a structured way, facilitating stakeholders’
understanding of where future policy interventions might be best focused in relation to urban
water consumption in the Ebbsfleet Garden City (see Section 5.3). In collaboration with local
stakeholders, sustainable urban water management was subdivided into five different
components, or problem dimensions (see Figure 3), and one (potable water use) was later
selected for further study and became the basis of the SDM. The primary modelling research
question, and an early outcome of the study, became: ‘How might residential potable water
consumption in the Ebbsfleet Garden City be reduced through a range of interventions, such as
socio-environmental and economic policy incentives or physical interventions?’ (see Section
4.2, Workshop 4). The co-development of the SDM took place over five stakeholder workshops

(described below).
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4.2. Collaborative modelling of the Ebbsfleet water system

Workshop 1 - Problem definition

In the first workshop, stakeholders were asked to identify key challenges related to
sustainable urban water management in the Ebbsfleet Garden City. Five problem
dimensions were selected by the group to take forward into initial discussions (see ovals in
Figure 3). Using each of these key challenges as a discussion point, the stakeholders went
on to identify metrics that might be used to measure change in them (see boxes in Figure

3).

« Multifunctionality of space
* Quality of life (wellness)

« Air quality .
« Community stewardship Quality of Water Quality * Groundwater

+ Maintenance place + Ecological status
« BGI in the landscape + Invertebrates

_ + Quali
Flood risk SUSTAINABLE URBAN Potable . Cﬁ,'frlé’cmy
management WATER MANAGEMENT water use + Species richness
« Existing baseline

+ Runoff rate
* Operational capacity
« Surface water flooding incidence

» Pollution control

* % using water recycling techniques

+ Potable/non-potable water use split

« Water use per person /day

* QOutdoor (including public spaces) water use

Biodiversity

Figure 3. Problem dimensions (ovals) and metrics (boxes) associated with sustainable urban
water management, as identified by stakeholders during Workshop 1

Workshop 2 — Exploring the problem dimensions

In the second workshop, stakeholders explored the system further by defining an initial list of
variables whose behaviour over time determines each of the problem dimensions. These early
discussions around variables and the direct causal relationships between them represent the

building blocks of the next stage of the model, the CLD.
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Workshop 3 — Towards a preliminary CLD

Stakeholders refined the list of variables and metrics to more fully define each problem
dimension. The variables were organised in terms of their effect on the metric (i.e. whether it
causes it to increase or decrease). This was an iterative process during the workshop session.
For example, variables were selected for removal if they were found to be repeated, tangential
to the key issues, or ambiguous. The stakeholders ensured variable names were clear and
concise, providing variable definitions and exploring potential data sources that would help
generate the equations used in the subsequent SDM. The original five problem dimensions
were reduced to four as consensus could not be reached between stakeholders with regards to
mapping the variables and metrics associated with the ‘Biodiversity” problem dimension. The
output was a co-produced glossary of variables (Appendix | Table A).

Following workshop 3, the research team created a preliminary CLD (Figure 4a). This
consisted of three elements: variables, the links between them, and signs on the links (which
define the nature of the causal relationship). This drew on the problem dimensions and metrics
identified by the Ebbsfleet stakeholders and constituted the backbone of the SDM. While the
preliminary CLD was developed by the research team alone, the knowledge it represents was
originally sourced from local stakeholders and, therefore, it could not have been developed
without their involvement and expertise. Using input from the stakeholders during Workshop
3, the research team also changed each problem dimension into measurable quantities as
required for the SDM. For example, while the problem dimension ‘Quality of Place’ is
commonly used in policy and practice related to sustainable new developments (e.g. Ebbsfleet
Development Corporation, 2017), it is not associated with a specific metric. Stakeholders
agreed that high quality Blue-Green infrastructure creates high quality places, hence ‘Blue-
Green space’ became the measurable variable to represent ‘Quality of Place’. Similarly, ‘Flood

Risk Management’ became ‘Runoffrate’, and ‘Water Quality’ became ‘Ecological Status’. The
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research team then reproduced the CLD in Vensim® Software (by Ventana Systems) for

presentation to the Ebbsfleet stakeholders at the next workshop (Figure 4b).
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(b)
Figure 4. Preliminary Causal Loop Diagram (CLD) (a) photograph (b) reproduction in
Vensim® Software (by Ventana Systems). Originally part of a blog series on the Ebbsfleet
system dynamics participatory workshops (Blue-Green Cities blog, 2018)

Workshop 4 - Validating the CLD

The preliminary CLD in Figure 4 was presented to the Ebbsfleet stakeholders during the fourth
workshop. The objective was for the stakeholders to assess the validity of the relationships
represented in the CLD and make changes accordingly. A section of the CLD focusing on the
potable water use problem dimension was then selected by the Ebbsfleet stakeholders for more
detailed analysis and conversion into the SDM, based on discussion of their key strategic
objectives and current focus with regards to sustainable water management. The problem

dimension is hereafter termed ‘potable water use’ (Figure 5).
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While reducing potable water consumption is of interest to all stakeholder groups, particularly
as all new residential developments in the Ebbsfleet Garden City will be metered, the
development of the modelling research question, and indeed the decision to focus on the
potable water use problem, was led by Southern Water representatives as this aligns with their
current Target 100 initiative: a commitment to support customers to reduce personal
consumption to an average of 100 litres per day by 2040 (Southern Water, 2020). Such a
reduction in water usage (and positive impact on the water balance) would further reduce the
pressure on current infrastructure and water resources and the potential need for additional
water supply infrastructure in the future. A key objective for the Ebbsfleet Development
Corporation is to ensure enough water for domestic, commercial and industrial uses within the
Garden City (Ebbsfleet Development Corporation, 2017) and water scarcity is a significant,
and increasing risk for Kent County Council according to a recent climate change risk and
impact assessment (Kent County Council, 2020). Discussions led to the modelling focus: ‘How
might residential potable water consumption in the Ebbsfleet Garden City be reduced through
a range of interventions, such as socio-environmental and economic policy incentives or
physical interventions?’

Following the decision to focus on potable water use, workshop participants were asked to add
and remove variables, alter causal relationships and polarities, add variable definitions, and
define units of measurements. The research team then refined the CLD based on the
stakeholders’ input, with several iterations between the team prior to the final CLD (Figure 5).
Links in green represent variables and connections added by the research team to help the

transition to the SDM, which required subsequent validation from the stakeholders.
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Figure 5. Final Causal Loop Diagram (CLD) for the Ebbsfleet Potable Water Use problem
dimension. CSOs = combined sewer overflows, WWTP = wastewater treatment plant load,
using Vensim® Software (by Ventana Systems)

Workshops 5 — Validating the SDM and scenario building

The final workshop focused on further developing the SDM and validating the variables, links
and equations. The SD-Quantitative model created by the research team after workshop 4 was
discussed with Ebbsfleet stakeholders with expertise in UWM. System boundaries and inputs
were defined, data required to run the model were discussed in detail, and possible data sources
were identified. Additionally, different scenarios under which to run the model were developed,
focusing on how socio-environmental and economic incentives may affect the outcomes of the

SDM (see Section 5 for further details on the SDM structure and scenario analysis).

Workshops 6 — Scenario analysis presentation
Lastly, the scenario analysis was presented to the stakeholders in a final meeting. The simulated
results were collectively discussed, and stakeholders briefly explored how the model could be

useful to them.
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5. Outcomes of the participatory SDM process

5.1. The model structure

The model focuses on a systematic analysis of the urban water supply system in the Ebbsfleet
Garden City (the full list of equations is included in Appendix I1). The model is built upon the
principle of water balance, performing a comparison between water demand and water supply
and considering the potential impact of strategies such as Rainwater Harvesting (RWH) and
Greywater Reuse (GWR). It runs over a time scale of 30 years, accounting for the evolution of
the city from 2019 to 2049. This timescale considers both the time needed to complete the
development of the area and the time needed for some variables to become fully effective. The
simulation is based on a yearly time step (i.e. the water balance is computed annually) and it is
focused on future residential development (i.e. it does not consider the existing buildings).

Individual stakeholders’ behaviours are aggregated for this analysis.

The overall structure of the SDM is presented in Figure 6. The variables in green identify input
variables previously identified in the CLD and validated by the stakeholders. The variables in
red identify input variables that have been added during workshop 5 and mainly represent
measures/policies identified to modify the state of the system and its dynamic evolution. Based
on the conceptual structure of the CLD, the model includes the components described in Table
2. The conceptual structure was developed through knowledge obtained from the expert
judgement of the research team and Ebbsfleet stakeholders with expertise in UWM, in addition

to existing reports and other public material. It thus represents one possible set up of an SDM.

Variables such as ‘Command and control regulatory policy instruments’, ‘Social-
Environmental Incentivising Policy Instruments’ and ‘Economic Incentivising Policy
Instruments’ represent the possible macro areas of intervention for strategies and measures

suggested by the stakeholders during the last participative workshop.
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Table 2. Description of the SDM conceptual structure.

Variable

Description

Water supply

The water supply mainly depends on the ‘availability’ related to two main
systems; ‘Thames Water Utilities Limited’ and ‘Southern Water’. Thames
Water systems are older and the effect of leakages is taken into account
through a ‘Leakages ratio’, depending both on ‘Ageing’ and on the
‘Investment in leakage reduction’. For simplicity, both ‘Ageing’ and
‘Investment in leakage reduction’ are constant for this analysis. The ‘yearly
water availability’ represents a limit/target value that could be supplied by
the water utilities (currently per capita water consumption is approximately
120 I/day). Additionally, the supply side includes the potential contribution
of ‘Infiltration-storage-recharge volume’.

Water bills

Water bills (stock) is computed from the identification of a baseline unit
value (in current conditions, the price of water for residential use is 0.8073
£/1)! and potential causes for its increase. The dynamics of this stock is
described by the following differential equation (see also definition 45 in
Appendix Il which gives the notations in the Vensim format):
Water_billst+1= Water_bills;+ WB_change_rate*dt

Here WB_change_rate is the rate of water bill increase. One assumption is
that water bills can increase until a maximum value of £1.2 per | (an
increase of approx. 50%). The increase in ‘water bills’ is activated if the
‘Potable water use’ exceeds 70% of the water supply and the increase is
limited by the ‘Use of water efficiency devices’. Strategies and policy
instruments can contribute to changes in this variable, as discussed during
the stakeholder workshop.

Rainwater
harvesting
(RWH)

The effectiveness of RWH systems starts from a base value (i.e. 0), and
increases according to the change in two variables; ‘RWH properties #’ (i.e.
the total number of households with such systems installed, compared to
the total number of properties (12,000)) and ‘Rainfall’. According to the
information provided by experts during the stakeholder workshop, the
volume of RWH is assumed to be almost 60% of the volume needed for
toilet flushing (i.e. 1/3 of the water demand).

Greywater
reuse (GWR)

This variable describes the volume of Grey Water (GW) reused on a yearly
basis for residential purposes only. It increases in a way that is proportional
to potable water use until a certain threshold is reached (depending on the
effectiveness of the treatment and on the amount of potable water use that
cannot be reused, globally ~30%). Additionally, the increase in GWR is
affected by the level of ‘GWR acceptability’ by the potential end-users, and
by the ‘Cost of GWR systems’. The ‘GWR acceptability’ is affected both
by economics, i.e. the ‘Cost of GWR systems’, and by levels of
‘Environmental Awareness’. Strategies and ad hoc policy instruments can
modify these variables.

Grey Water
(GW)

This variable defines the volume of GW that flows yearly in combined
sewer systems. It mainly depends on ‘Potable water use’ and on ‘Greywater
reuse’. It relates to ‘CSOs’ (Combined Sewer Overflows) and to the
‘WWTP load’ (Wastewater Treatment Plant load). The latter could be
reduced by ‘Investments in WWTP’. The wastewater contribution is a
fraction of the potable water (0.7, see Appendix II).

L https://www.thameswater.co.uk
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Population

This stock defines the evolution of the population in the area, and there is
an ‘increase rate’ related to the progress of ‘urban development’ (i.e. the
number of houses built).

The dynamics of this stock is described by the following differential
equation (see also definition 26 in Appendix Il which gives the notations in
the Vensim format):

Populationt+1= Population: + Increase_rate*dt

The key assumption is that the population increases with time, as the
number of buildings increase. An average of 3 persons per household is
assumed, and the total number of 12,000 houses to be built before the
project is completed. ‘Population’ also directly affects the evolution of
other variables, primarily the water demand.

Potable Water
Balance

The dynamics of this stock is described by the following differential
equation (see also definition 27 in Appendix Il which gives the notations in
the Vensim format):

Potable_water_balance..= Potable_water_balance,+ (Inflow-
Outflow)*dt

The rate of change in this stock is the net result of its increase (i.e. inflow
to the stock from ‘RWH’ and ‘Yearly water supply’) and decrease (i.e.
outflow from the stock due to ‘Potable water demand’ and ‘Outdoor
residential use of potable water’, and adjusted to consider the use of water
efficiency devices). Negative values of the potable water identify a
potential water supply deficit. Positive values instead represent the
potential volume of water that can be saved in different scenarios (which
could be either accumulated or just not withdrawn/supplied).

(Water)
Balance

This component depends primarily on the difference between the ‘Potable
water demand’ (which is conditioned by the ‘water bills’) and the ‘Yearly
water supply’. It is directly affected by the ‘Outdoor residential use of
potable water’, as well as by the ‘Greywater reuse’ and ‘Rainwater
harvesting’. It represents one of the key elements of the model.

Use of water
efficiency
devices

This variable depends on the number of ‘Metered properties’,
‘Environmental awareness’ (related to ‘Social-Environmental incentivising
policy instruments’) and ‘Command and control authoritative policy
instruments’. ‘Metered properties’ (current value 0.8) is a dimensionless
input variable, changing from 0 (no properties with metering systems) to 1
(all properties with metering systems). All new properties in the Ebbsfleet
Garden City will have a water meter installed.

Environmental
awareness

The dynamics of this stock is described by the following differential
equation (see also definition 9 in Appendix Il which gives the notations in
the Vensim format):

Environmental_awarenesst+1= Environmental_awareness + Inflow_EA*dt
Here Inflow_EA is the rate of change in this stock and is calculated as 10%
of the product between ‘Environmental awareness’ and ‘Socio-
Environmental incentivising policy instruments’. The maximum value of
the ‘Environmental awareness’ stock is capped at 0.8; once the maximum
value is achieved no further increase takes place.
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Figure 6. System Dynamics Model (SDM) for the Potable Water Use problem dimension. Variables in green = input variables already identified
in the CLD and validated by the stakeholders; red = input variables that were added during workshop 5; WWTP = wastewater treatment plant
load, CSOs = combined sewer overflows, GW = greywater, GWR = greywater reuse, BAU = business-as-usual, WB = water bills, RWH =
rainwater harvesting, EA = environmental awareness, SuDS = sustainable drainage systems.
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5.2. Scenarios

Different strategies were proposed and co-designed through a participatory exercise during the
fifth stakeholder workshop and separated into different policy instruments. The scenario
analysis aimed to semi-quantitatively assess the impact of the different strategies on the model
output variables in order to: i) identify suitable combinations of strategies, ii) understand their
effectiveness, potential consequences, side effects and synergistic impacts, and iii) discuss the
feasibility and the relevance of the selected strategies, in view of the main objective (improving
the sustainability of water management in the Ebbsfleet Garden City). The scenario analysis
does not aim to quantify the exact changes in the state of model variables, rather it compares
the trends, under multiple different conditions, of the key variables (i.e. environmental
awareness, greywater reuse, rainwater harvesting, outdoor residential use of potable water,
water balance). For this reason, most of the input variables used in the scenario analysis have
been replaced by a dimensionless scale (0-1). As an example, values close to O represent a
variable which is ‘low’, ‘limited’, ‘not available’, or ‘not effective’. Values close to 1 represent
‘high’, ‘relevant’, ‘present’, or ‘effective’ characteristics of the same variable. The comparison
is performed using the Business-As-Usual (BAU) condition as a reference. More specifically,
BAU describes the potential evolution of the system if the main variables and drivers keep their
current state. Although several different scenarios were collectively built and tested, only a

small subset determined the most relevant by the stakeholders is discussed in full detail.

Scenario A ‘Actions on the supply side’. This scenario analyses the implementation of
‘technical’ actions on the infrastructural system, i.e. orientated to improve the state of the
network (through leakage reduction) and to increase the available volume of water (assuming
that an additional volume is made available using infiltration-storage-recharge systems). The
additional volume is calculated as a fraction (5-10%) of the volume to be supplied in 2049 (the
end of the model run) (Table 3).
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Table 3. Scenario A ‘Actions on the supply side’

volume [m®]

VARIABLE BAU (Business-As-Usual) | SCENARIO A
Investment in leakage 05 0.9

reduction [-]

Infiltration-storage recharge 0 7.665e+007

Scenario B ‘Policy Instruments’. This scenario is based on the combination of different

policy instruments, i.e. socio-environmental and/or economic policy instruments that are

implemented together with ad hoc regulatory policy instruments (Table 4).

Table 4. Scenario B ‘Policy Instruments’

audit [-]

VARIABLE BAU (Business-As-Usual) | SCENARIO B
Socio-environmental

incentivising policy 0.2 0.9
instruments [-]

Economic incentivising

policy instruments [-] 0.2 0.9
Effectiveness of local

planning policy [-] 0.5 0.9

National regulations [-] 0.3 0.9
Water-energy efficiency 03 0.9

Scenario C ‘Mixed strategy’. This scenario is based on the combination of both the

investments on the ‘supply side’ (scenario A) and policy instruments (scenario B) and aims to

highlight the beneficial role of synergistic implementation of multiple measures acting on

different dimensions of the problem (Table 5).

Table 5. Scenario C

VARIABLE BAU (Business-As-Usual) | SCENARIO C
Socio-environmental

incentivising policy 0.2 0.9

instruments [-]

Economic incentivising 0.2 0.9

policy instruments [-] ' '
Effect_lvenes§ of local 05 0.9

planning policy [-]

National regulations [-] 0.3 0.9
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Wat_er-energy efficiency 03 0.9

audit [-]

Investment in leakage 05 0.9
reduction [-]

Inflltratlon;storage recharge 0 7.665e+007
volume [m°]

Scenario D ‘Rainwater harvesting’. This scenario explores the effect of installing RWH
systems in an increasing number of properties over the whole area. Given current low levels of
acceptability of RWH systems, this scenario explicitly considers the impact of socio-
institutional measures, particularly assuming an increase in both ‘Educational programmes and
events for sharing best practices’ (0.9) and ‘Economic incentiviSing policy instruments’ (0.9).
Three following ‘sub-scenarios’ were investigated, considering a different number of houses

equipped with RWH systems: Scenario D1: 10% of houses with RWH systems

- Scenario D2: 30% of houses with RWH systems

- Scenario D3: 70% of houses with RWH systems

5.3. Scenario Analysis

The results of the scenario analysis are shown in Figures 7 and 8, and compare the effectiveness
of different measures/strategies. Specifically, the actions on the supply side (Scenario A) show
both an immediate and a long-term positive effect directly on the potable water balance as
additional volume is made available to the users (Figure 8). However, this does not have any
relevant impact in terms of behaviours orientated to water saving and sustainable use of water
resources, i.e. there is no influence on environmental awareness or on the use of alternative
water sources such as RWH or GWR (Figures 7b and 7c). Scenario B shows that a similar
impact can be achieved by activating policy instruments with both socio-institutional actions

and strategies on the economic side. This directly increases ‘environmental awareness’ (Figure
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7a), which should have a cascading positive impact on the use of RWH and GWR, reducing
water consumption and consequentially improving the water balance (Figures 7d and 8).
Although the expected benefit to the water balance is lower in Scenario A than in Scenario B,
this result can be achieved with a combination of actions that are not related to the infrastructure
system. Scenario C shows that a synergistic combination of actions on the supply side and on
the policy side can have a reinforcing effect, and produce a much higher increase in water
balance (Figure 8), due to both an increased water availability and an improved use of
alternative water sources (GWR and RWH). The specific contribution of RWH has been
explicitly investigated in Scenarios D1-D2-D3, which incorporate the role of ‘soft’ measures
(‘Educational programmes and events for sharing best practices’ and ‘Economic incentivising
policy instruments’) aiming to increase the adoption of RWH systems. Even a moderate change
in the area equipped with RWH systems may have a meaningful impact on the water balance

of the whole area.

The model in its current form assumes that actions start at the beginning of the simulation,
which does not allow for corrective actions depending on system evolution. Negative water
balance (Figure 8) represents potentially unsustainable system conditions which impact the
quality of the water supply and would require corrective actions. Similarly, positive water
balance defines a system fully capable of guaranteeing water supply, and define the potential
volume of water that can be saved in different scenarios (which could be either accumulated or
just not withdrawn). In such conditions additional actions should be implemented (e.g. a

reduction of supply). These features will be further improved in future model developments.
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Figure 7. Evolution of the variables a) Environmental Awareness, b) Grey Water Reuse (GWR), ¢) Rainwater Harvesting (RWH) and d)
Outdoor Residential Use of Potable Water under different scenarios. Where scenarios plot on the same line, their labels are separated by a

hyphen. For example, where Business as Usual and Scenario A overlap, the label ‘BAU — A’ is used.
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6. Discussion

The collaborative development of an SDM in Ebbsfleet Garden City enabled numerous
stakeholders to contribute their own knowledge and insights into the model, and ensure that
local knowledge of the system fed into its dynamics. Throughout the model-building process,
the participatory nature of SDM supported a collective learning process, giving the
stakeholders a more holistic understanding of the urban water system, its interdependencies
and complexities. The stakeholders explored how different variables impacted upon the system
dynamics, and through these observations were able to identify different strategies that might

be employed to reduce potable water use in the Ebbsfleet Garden City.

By investigating several potential future scenarios, the stakeholders were able to explore how
different strategies might play out in the longer term, and how different strategies might be
combined to achieve optimum urban water consumption. Some of these strategies, particularly

socio-institutional measures, are traditionally difficult to model, however SDM provides a
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methodology where the effects of these can be seen alongside their quantitative counterparts.

Scenario analysis is especially useful in this regard.

Some suggestions are relatively broad, for instance developing some form of socio-
environmental and economic policy incentives that may appeal to local residents and
businesses and help reduce their water consumption, but they do help to highlight relevant
issues. Approaches on the ‘supply side’, such as investing in projects to reduce leakage, or
increasing the available volume of water through infiltration-storage-recharge systems, support
meeting future water supply and improving the water balance over both the short and long
term. However, an improved efficiency (more water savings and an increase in water balance)
can be achieved if socio-environmental and economic policy incentives are activated as well.
Furthermore, these incentives directly support the implementation of RWH and GWR systems

through an increase of the environmental awareness.

The key contribution of this paper relates to the participatory modelling process, in which
invaluable local knowledge of the Ebbsfleet Garden City was utilised to co-develop an SDM
that addressed a problem that is important to a wide range of stakeholders. Previously the
solution to this ‘wicked’ problem, namely reducing potable water use, hinged on whether
changes in societal behaviour or regulations/price increases would have the greatest impact.
The SDM allowed the stakeholders to explore multiple potential future scenarios that both
combined these changes and looked at them in isolation, thus giving them an insight into how
different strategies interact. It is beyond the scope of this SDM to identify what specific policy
strategies need to be selected or how they should be structured in detail. The objective of the
SDM is to provide evidence of the impacts of these broad strategies on the system as a whole,
and highlight future discussion topics that local stakeholders must address in order to achieve
sustainable UWM. The general interventions that are covered in the scenario analysis presented
here should be further explored in order to design more specific actions, such as possible
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interventions for increasing the environmental awareness (e.g. engagement campaigns) or other
‘socio-environmental’ incentives or competitions based on different sustainability criteria, €.g.
which households/streets can reduce their water consumption the most over a defined period
(Pluchinotta et al. 2019). Further work is needed to focus on the details of these strategies and
their practical implementation. For instance, the identification of which stakeholders need to
be involved in the actual decision-making process should be further discussed, in light of shared

responsibilities and current regulations and legislation.

Stakeholders were generally supportive of the SD modelling process and, during the last
meeting, stakeholders positively reaffirmed the usefulness of the model. They referenced some
future work where they see the SD model as being useful. The stakeholders mentioned that the
findings of this study could be useful in supporting the formulation of the Southern Water
“Target 100” agenda (this being also the focus of the SD model) and other strategies, e.g. the
Ebbsfleet development corporation Sustainable homes agenda and the “Code for Sustainable
Homes, Ebbsfleet Garden City”. Furthermore, stakeholders emphasised the need for a joined
approach to develop integrated water management in Ebbsfleet Garden City and discussed the
leakage reduction as priority issue, as a significant proportion of the water gets lost during the

transmission.

6.1. Limitations

All models represent a simplification of reality and model definition is influenced by, among
other factors, the modelling objective, data availability and limitations imposed by time and
logistical constraints. The limitations of the participatory SDM presented in this paper include
an oversimplification of processes such as population growth (more realistically represented
by considering migration, birth and death rates), the absence of a feedback mechanism for

adapting the supply to the demand with time (more realistically the supply would be reduced
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following a potentially lower demand thanks to the wider use of RWH and GWR), the lack of
attention to the rebound effect and limited detail regarding changes in environmental
awareness. The latter is complex yet in the current model structure it is set to increase
proportionally to the application of the socio-environmental policy instruments. While the
current model structure is adequate for the analysis presented in this paper, future developments
should explore potential links between environmental awareness and other variables, e.g. water

tariffs.

The main limitations of SDMs are related to the limited capability of explicitly representing
spatial processes and micro-scale dynamics. SDMs are not intuitive and have a low direct
reusability (their replicability is strictly related to the specificities of the case study under
consideration), and only provide a partial view of the problem (depending on the number and
knowledge of the stakeholders involved). SDM does not allow a thorough analysis and
comparison of strategies in terms of benefits and costs, for which we refer to specific

methodologies (e.g. Cost-Benefit Analysis, Multiple-Criteria Decision Analysis).

From a collaborative perspective, the main limitation is a lack of regular participation in
workshops by the stakeholder group. Stakeholders in Ebbsfleet underlined the strain of their
daily workload which made their participation in the workshops inconsistent. Furthermore,
there is competition for airtime with similar participatory initiatives, which further decreases
the amount of time and interest that stakeholders could give to developing the SDM, often not
seen as a 'necessity’ when compared with other aspects of their work. One of the biggest
challenges is thus encouraging stakeholders to attend workshops and ensure continuity between
workshops. Despite this, there was an abundance of positive feedback from stakeholders about
the content of the workshops, where they reported that in the process of developing the SDM
they learned new aspects about their practice, had a chance to reflecting on communal topics
and were informed of the perspectives of other stakeholders.
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7. Conclusions

This study presents the first investigation of sustainable water management in the Ebbsfleet
Garden City and highlights the importance of participatory modelling approaches in exploring
solutions to water challenges that meet the strategic objectives of different stakeholder
organisations, in this case, reducing potable water use to tackle the increasing risk of water
scarcity in south east England. The development of the Ebbsfleet Garden City SDM allowed
exploration of sustainable UWM in a structured way, facilitating stakeholders’ understanding
of where future interventions for reducing urban water consumption in the Ebbsfleet Garden
City might be best focused. The participatory nature of the model-building process supported
a collective learning process, beginning with the analysis of the complexity of the whole system
and enhancing comprehension of the myriad interdependencies and complexities. The
outcomes from the SDM and the scenario analysis suggest a range of paths that could be
followed to reduce potable water use in the Ebbsfleet Garden City. The SDM approach is thus
an effective way to support decision-making at a strategic, system-wide level through
collaborative discussion, to ultimately enable the exploration of long-term consequences of
alternative UWM strategies, particularly those that are difficult to include in quantitative
models (e.g. socio-institutional changes). Improved integration of the SDM with more
quantitative tools (e.g. Urban Water Metabolism modelling) is a future objective to provide

more detailed evidence of the impacts of different actions and strategies on UWM.
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Appendix |

This section includes additional details related to the CLDs developed during the qualitative

modelling process described in section 4.2 of the manuscript.

Appendix | Figure A. Variables identified by Ebbsfleet stakeholders at a modelling workshop
to describe the four main problem dimensions related to the sustainable water management.
Originally published as part of a blog series (Blue-Green Cities blog, 2018a).
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Appendix | Table A. Output from Workshop 3: a table detailing the variables included in the
preliminary Causal Loop Aiagram, their meaning and potential sources of data. Adapted from

Blue-Green Cities blog (2018b).

Variable name New variable name Meaning Potential data sources
Potable/non-potable Water use Potable water use per residential Southern/Thames Water
water use split property
Ecological status Biodiversity Variety of plant/animal life in a Local authorities, Kent Wildlife Trust

specific area

BGl in landscape

Blue-green space

Area of Blue-Green space

Local authorities, Kent Wildlife Trust

Average surface water runoff rate

Reduction in runoff Runoff rate AR Local authorities, Southern/Thames Water
for a specific rainfall event

Reduced bills Water bills Average annual residential water bill | Southern/Thames Water

Metering Metered properties Residential meter_ed properties (as a Southern/Thames Water
% of total properties)

Fixtures/fitings Water efficiency Reduction in potable water use due Southern/Thames Water

devices

to use of water efficiency devices

Greywater harvesting

Greywater reuse

Greywater use by residential
property (as a % of total properties)

Southern/Thames Water, project research

Water use in
construction

Water use in
construction projects

Amount of water (L) used annually
in construction projects

Project research

Annual potable water available in

Water supply Water supply the Ebbsfleet Garden City Project research
Cost of installing . .
Cost (capital) rainwater harvesting i(;zf;?:tri;ﬁ'nwater harvesting Southern/Thames Water, project research
systems
Number of buildings currently in
FRM Flood risk area of flood risk (e.g. EA's flood Environment Agency (EA)
zone 3)
RWH Rainwater harvesting Residential properties with RWH Southern/Thames Water, project research

systems (as a % of total properties)

Maintenance

Water infrastructure
maintenance

Frequency of water infrastructure
maintenance

Southern/Thames Water, project research

Mitigation measures

Sustainable Drainage
Systems

Surface water reduction offered by
existing Sustainable Drainage
Systems

Project research

Total impermeable
surface

Total impermeable
surface

Total area of impermeable surfaces

Project research

Amount of accessible
open space

Public green space

Total area of public green space

Local authorities, Ebbsfleet Development
Corporation

Total amount of area

Build space

Area of development land

Local authorities, Ebbsfleet Development
Corporation

Wastewater
(combined)

Water in combined
sewer system

Annual volume of water in
combined sewer system that goes to
wastewater treatment plant

Southern/Thames Water

Ground conditions

Geology

Underlying geology

Ebbsfleet Development Corporation, project
research

Health

Mortality rates

Annual mortality rates

Local authorities

Property value

Average house price

Annual average house price

Project research

Outdoor residential
water use

Outdoor residential
water use

Average annual outdoor use of
potable water

Southern/Thames Water, project research

Historic use of land

Historic use of land

Historic use of land, e.g. industry
(linking with contamination
potential)

Local authorities, Ebbsfleet Development
Corporation

Amenity/recreation

Recreational activity

Annual visits to key parks/open
space

Local authorities, project research
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Appendix 11

This section includes additional details related to the Ebbsfleet Garden City SDM, including
the key variables and full list of the equations used in the model. The source file (.mdl format,
Vensim® Software by Ventana Systems) is available upon request (please contact the
corresponding author). The simulation is based on a yearly time step (i.e. the water balance is

computed annually).

The Ebbsfleet Water Use SDM currently contains 51 definitions documented below; the
diagram of the model is given in the main text (Figure 6). The model definitions include a
number of constants and algebraic equations, and four ordinary differential equations.
Specifically, the differential equations have been used to describe the dynamics of
‘Population’, ‘Potable water balance’, ‘Water bills” and ‘Environmental Awareness’. These
differential equations are solved using the Euler method (which is ideal for simpler ‘well-
behaved’ problems and is suitable for the current version of the model), but optionally can also
be solved using the Fourth Order Runge-Kutta method (which may be of value for future more
complex modifications). The documentation entries follow the standard Vensim format: name
of variable, followed by the details of its calculation (including initial values where applicable),
followed by its units, and then optionally by a comment. Further information is also available
in Table 2 of the manuscript, where the representation of differential equations has been
adapted for enhanced readability. Unless otherwise specified, the model structure is based on

expert knowledge of the Ebbsfleet stakeholders and UWM researchers.

Model definitions:

(01) Ageing=
0.2
Units: [Dimensionless, range 0-1]

(02) Balance=
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Yearly water supply+RWH+GWR-(Potable water demand+Qutdoor residential use of potable
water)
Units: [litres/Year]

(03) Cost of GWR system=
3*(1-Economic incentivising policy instruments)*Cost of RWH system
Units: [£/Year]

(04)  Cost of RWH system=

5000*(1-Economic incentivising policy instruments)
Units: [£/Year]

Comment: The constant 5000 has units [£/Year]

(05) CSOs=
0.5*Water in combined sewer system
Units: [litres/Year]

(06)  Economic incentivising policy instruments=
0.2
Units:[Dimensionless, range 0-1]

(07)  Educational programmes and events for sharing best practices=
0.2
Units: [Dimensionless, range 0-1]

(08)  Effectiveness of local planning policy=
0.5
Units: [Dimensionless, range 0-1]

(09)  Environmental awareness= INTEG ( Inflow EA, 0.3)

Initial value=0.3

Units: [Dimensionless, range 0-1]

Comment: the behaviour over time of the variable “Inflow EA” was defined during the
modelling activities with the experts and stakeholders.

(10)  FINAL TIME = 2049
Units: Year
The final time for the simulation.

(11) GW in combined sewer system=

0.85*0.7*Potable water demand-GWR

Units: [litres/Year]

Comment: 0.85 is an efficiency factor of the sewer system, while 0.7 is the ratio of drinking
water becoming GW. Both constants were defined during the modelling activities with the
experts, and are coherent with reference values (e.g. “Greywater recycling and reuse” by the
Association for Rainwater Harvesting and Water Utilisation).

(12) GWR=

0.2*Potable water demand*GWR acceptability*(1-Cost of GWR system/15000)
Units: [litres/Year]
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Comment: The constant 15000 has units of [E/Year] - the level at which the cost becomes
prohibitive - too high for the reuse to be economical. The values were defined during the
modelling activities with the experts. Reference values of GWR cost can be found e.g. at
https://greywateraction.org/, https://www.gwig.org/ and in the scientific literature (e.g. Yi-Kai
et al. 2016).

(13) GWR acceptability=

Environmental awareness*(1-Cost of GWR system/15000)
Units: [Dimensionless, range 0-1]

Comment: see eq. (12)

(14)  Increase rate=

IF THEN ELSE(Population<=35000, Urban development*0.15,0)

Units: [persons/year]

Comment: 0.15 here has units [person/(household*Year)]; it restricts the Urban Development
transfer into the Population numbers

(15) “Infiltration-storage-recharge volume"=

0

Units: [litres/Year]

Comment: this variable depends on the future developments of the water supply system, where
it would reflect the processes influencing the dynamics of the local reservoirs. For the purpose
of the simulation presented in the current paper the value of this variable is set to zero in the
BAU scenario due to uncertainty and the lack of data, but activated for a scenario analysis.

(16)  Inflow=
Yearly water supply+RWH
Units: [litres/Year]

(17)  Inflow EA=

IF THEN ELSE(Environmental awareness<0.8, 0.1*Environmental awareness*"Socio-
Environmental incentivising policy instruments”, 0)

Units: [1/Year]

Comment: The constant 0.1 is the rate of transfer (i.e. fraction per year to which the transfer
is restricted). The behaviour over time of the variable was defined during the modelling
activities with the experts and stakeholders.

(18) INITIAL TIME = 2019
Units: Year
The initial time for the simulation.

(19) Investment in leakage reduction=
?Jﬁits: [Dimensionless, range 0-1]

(20)  Investment in WWTP=

(l)J.r?its: [Dimensionless, range 0-1]

(21) Leakages ratio=
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(Ageing+(1-Investment in leakage reduction))/2
Units: [Dimensionless, range 0-1]

(22)  Metered properties=
0.8
Units: [Dimensionless, range 0-1], Ratio Metered properties/Total properties

(23) National regulations=
0.3
Units: [Dimensionless, range 0-1]

(24)  Outdoor residential use of potable water=
0.5*(6*365-Rainfall)*50*(Population/3-"RWH properties #")*(1-Metered properties)
Units: [litres/Year]

Comment:

0.5 --> 1/2 of new houses with garden 50 [m%household] = average garden size

6 [litres/(m? day)] = average daily water requirement (1mm rain = 1 I/m?)

365 [days/Year], 3 [person/household]

(25) Outflow=

(Potable water demand+Qutdoor residential use of potable water)*(1-Use of water efficiency
devices)

Units: [litres/Year]

(26)  Population= INTEG (Increase rate, 5)

Initial value =5

Units: Person, Range [0,50000]

Comment: Initial value set to 5 to avoid division by 0.

Source: adapted from https://ebbsfleetdc.org.uk/ according to expert judgement

(27) Potable water balance= INTEG (Inflow-Outflow, 0)
Initial value=0
Units: [litres]

(28) Potable water demand=

(0.8073/Water bills)*(Unit potable water demand*365*Population)

Units: [litres/Year]

Comment: 0.8073 [£/litre] is the initial BAU water price for residential use; 365 days per year.
Source:  online, water utility =~ companies’  websites (i.e.  Southern  Water
www.southernwater.co.uk and Thames Water and https://www.thameswater.co.uk/ )

(29) Rainfall=

609

Units: [mm/Year]

Source: https://en.climate-data.org/europe/united-kingdom/england/dartford-8840/

(30)  Regulatory policy instruments=

(Effectiveness of local planning policy+National regulations+"Water-energy efficiency
audit")/3

Units: Dimensionless
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(31) RW in combined sewer system=

Rainfall*1e+06*0.5*(1-SuDS effectiveness)*("RWH properties #"/12000)

Units: [litres/Year]

Comment: 12000 is the total number of households, 0.5 [-] is the runoff coefficient, 1e+06 [m?]
approx. urbanized area under investigation

609 [mm/Year] is a typical rainfall value

(32) RWH=

"RWH properties #'*(0.6*1000*3)*(Rainfall/609)

Units: [litres/Year]

Comment: 0.6 [-] is a runoff coefficient, 3 people per household, 1000 expected water
harvested per year [ I/(person*year)].

(33) "RWH properties #'=

0.7*(Population/3)*(1-Cost of RWH system/5000)

Units: households

Comment: 0.7 fraction of houses equipped with RWH systems, 3 people per household,
[person/household], 5000 is the levels of cost [E/Year] at which RWH becomes uneconomic.
Reference information e.g. at https://www.renewableenergyhub.co.uk/rainwater-harvesting-
information/rainwater-collection-cost.html

(34) SAVEPER =
TIME STEP
Units: Year [0,?]
The frequency with which output is stored.

(35) "Socio-Environmental incentivising policy instruments"=
DELAY1(Educational programmes and events for sharing best practices, 5)
Units: [Dimensionless, range 0-1]

(36)  Southern Water availability=

Yearly water availability/3

Units: [litres/Year]

Comment: 1/3 is the fraction of total supply provided by this company

(37)  SuDS effectiveness=
0.4
Units: [Dimensionless, range 0-1]

(38) "Tariff/Tariff BAU"=
1.2
Units: Dimensionless

(39) Thames Water availability=

Yearly water availability*2/3*((1-Leakages ratio))

Units: [litres/Year]

Comment: 2/3 is the fraction of total water supplied by this company
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(40) TIMESTEP =1
Units: Year [0,?]
The time step for the simulation.

(41)  Unit potable water demand=
140
Units: [litres/(person*day)]

(42)  Unit potable water supply=
Potable water demand/(365*Population)
Units: [litres/(person*day)]

Comment: 365 days per year

(43)  Urban development=

12000

Units: households

Source: adapted from https://ebbsfleetdc.org.uk/ according to expert judgement

(44)  Use of water efficiency devices=
Metered properties*Environmental awareness*Regulatory policy instruments
Units: [Dimensionless, range 0-1]

(45) Water bills= INTEG (WB change rate, 0.8073*"Tariff/Tariff BAU")

Initial value=0.8073*"Tariff/Tariff BAU"

Units: [E/litre]

Comment: 0.8073 [£/litre] is the current (BAU) price

Source:  online, water utility —companies’ websites  (i.e. ~ Southern  Water
www.southernwater.co.uk and Thames Water and https://www.thameswater.co.uk/ )

(46)  Water in combined sewer system=

RW in combined sewer system+0.85*0.3*Potable water demand+GW in combined sewer
system

Units: [litres/Year]

(47)  "Water-energy efficiency audit"=
0.3
Units: [Dimensionless, range 0-1]

(48) WB change rate=

IF THEN ELSE( (Potable water demand=>0.7*Yearly water supply):AND:Water bills
<1.25, "Tariff/Tariff BAU"*0.05*(1-Use of water efficiency devices) , 0)

Units: [E/(litre*year)]

Comment: the constant 0.05 has units [£/(litre*year)] and represents a 5% yearly increase

(49) WWTPs=
0.5*Water in combined sewer system*(1-Investment in WWTP)
Units: [litres/Year]

(50) Yearly water availability=
365*Population*120
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Units: [litres/Year]
Comment: 120[l/(person*day)] is the per capita water consumption; 365 days per year

(51) Yearly water supply=
Southern Water availability+Thames Water availability+"Infiltration-storage-recharge

volume™
Units: [litres/Year]
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