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Abstract: Sustainable Urban Drainage Systems (SuDS) have gained popularity over the last few
decades as an effective and optimal solution for urban drainage systems to cope with continuous
population growth and urban sprawl. A SuDS provides not only resilience to pluvial flooding but
also multiple other benefits, ranging from amenity improvement to enhanced ecological and social
well-being. SuDS modelling is used as a tool to understand these complex interactions and to inform
decision makers. Major developments in SuDS modelling techniques have occurred in the last decade,
with advancement from simple lumped or conceptual models to very complex fully distributed tools.
Several software packages have been developed specifically to support planning and implementation
of SuDS. These often require extensive amounts of data and calibration to reach an acceptable level of
accuracy. However, in many cases, simple models may fulfil the aims of a stakeholder if its priorities
are well understood. This work implements the soft system engineering and Analytic Network
Process (ANP) approaches in a methodological framework to improve the understanding of the
stakeholders within the SuDS system and their key priorities, which leads to selecting the appropriate
modelling technique according to the end-use application.
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1. Introduction

In 2018, the percentage of the world’s population living in cities reached 55% and the level of
urbanisation in Europe reached 74% [1]. The urbanization process inevitably diminishes the porous
green spaces of cities. For instance, London loses the equivalent of 2.5 Hyde Parks of green space
annually. This urbanisation and population growth, accompanied by changes in rainfall patterns
due to climate change and the insufficient capacity of current sewer systems, is leading to increased
urban flooding. The increase in flooding has reached a level that triggers global concern because it not
only poses direct threats to human wellbeing and property safety but also has knock-on effects on
economic and social development. Therefore, to mitigate the risk of flooding in a sustainable manner,
Sustainable Urban Drainage Systems (SuDS), which fall within the context of Blue Green Infrastructure
(BGI) practices, have been proposed as one of the first strategies to pursue.

Traditional management of urban water systems considers all components independently in
a fragmented manner [2]. However, with new factors such as rapid urban growth driving water
system development as well as burgeoning needs for infrastructure rehabilitation and climate change
adaptation, integrated urban water modelling is currently expanding in new directions, stimulated by
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improvements in computational efficiency. Integrated 1D–2D modelling of the interactions between
urban drainage systems and urban landscapes during large pluvial flooding incidents has become
possible in the last decade (e.g., [3–5]). Modelling that extends beyond the strictly technical and
biophysical domain of the water system (e.g., social and economic domains) has also attracted increasing
interest in recent years [6].

Integrated Urban Drainage Models (IUDM) have been one of the most well-known and recognised
forms of integrated models. These typically consist of studying upgrade options for a local Wastewater
Treatment Plant, assessing ways of reducing Combined Sewer Overflow emissions or showing the
combined impact of different parts of the drainage system on receiving waters [7]. They recognise
both combined and separate drainage systems and can simulate real-time control (RTC) strategies for
optimisation of new and existing complex systems [8].

The advancements in modelling capabilities have increased the need for a universal approach
to select and develop urban drainage models, which are usually iteratively refined during model
development by finding a balance between the study objectives, model structure, data requirements
and availability and computational power efficiency [7]. Given the array of benefits provided by SuDS,
spanning several disciplines to maintain multiple ecosystem services [9], it is very important to manage
the level of modelling required to identify and quantify such benefits in the planning phase. The whole
process for developing a SuDS model, from building to testing, should follow a systematic approach,
starting with clearly defined aims and objectives and an initial assessment of data availability before
selecting the potential model features. Hence, the first and most important step is to understand the
aims and objectives of the modelling exercise.

This step is linked to understanding stakeholders’ priorities; in turn, that understanding is linked
to the whole decision-making process. In general, there are four main integrating approaches for
decision-making: Cost-Benefit Analysis (CBA), Multi-Criteria Analysis (MCA), Triple Bottom Line
(TBL) and Integrated Assessment (IA) [10].

CBA is one of the simplest forms of integrative approaches. It is usually applied as a pragmatic
tool for aiding decision making rather than as a framework. It has proved to be useful because of the
one single aggregated result obtained that helps to clarify and provide information about the costs
and benefits of alternatives [11]. CBA has been widely adopted in water engineering applications
traditionally because of its simple monetising approach [12]. Arrow et al. [13] provided a good
philosophical foundation for the role of CBA in the management of natural resources such as water.
CBA was used by Ossa-Moreno et al. [14] and Liu et al. [15] to capture the broader benefits of SuDS
and not focus only on the system’s performance regarding flood management and water quality
improvement. In those authors’ studies, they tried to compare the different technologies of SuDS
within the framework of a cost benefit analysis.

MCA is a structured approach for supporting decision-making when dealing with more than
a single criterion and allows relative importance to be placed upon each criterion by the user [16].
It is generally used as an analytical tool, but it can also be applied as an integrated framework by
coupling with appropriate problem structuring methods (PSMs) [17]. In the water resource planning
and management sector, MCA is heavily used for water policy evaluation, strategic planning and
infrastructure selection [18]. MCA was used by Ellis et al. [19] to assess the best choice of SuDS with
the aim of quantifying different and wider benefits of SuDS implementation. For the MCA evaluation,
the benefits were separated using primary and secondary criteria and indicators.

TBL is itself not a truly integrative approach, but it is included because it can be used as a
decision-making framework for guiding selection of indicators for measuring performances. It extends
corporate social responsibility from the concept of sustainability, motivating organisations to address
sustainability issues in a more integrated way [20]. A study by Viavattene and Ellis [21] combined the
TBL and MCA approaches. The TBL was applied to account for the economic, social and environmental
aspects of SuDS. MCA was used to enable the stakeholders to make a judgment among 16 different
criteria that included the wider benefits of SuDS, such as amenity and aesthetic benefits. Moreover,
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the user had the opportunity to rank different SuDS technologies regarding the criteria that they
had established.

IA is an emerging discipline that uses scenario management and stakeholder engagement while
emphasising on the process to bring together a broad set of disciplines characteristic of the decision
problem through [22]. Brouwer et al. [23] provided a comprehensive review of the IA concept and
methods for water and wetland management. Some of the integrative approaches adopted by IA are
system dynamics, Bayesian networks, agent-based models and expert systems.

Each of the above listed approaches has one or more limitation when dealing with SuDS
decision-making problems. CBA generally strives to identify the gains of the winners and thereby
unintentionally disregards the loss of the losers. MCA has three main problems: the first one is
that it assumes independence between the criteria, the second is that there is a possibility of double
counting and the third is the lack of transparency of the methods and the results. TBL suffices as a
corporate reporting and communication tool; therefore, the impact of secondary stakeholders such as
residents in the decision-making process is not fully accounted for. IA is an iterative adaptive approach,
which makes it qualitative in nature without a robust model.

These limitations in the previous approaches can be solved by applying a framework based on
systems thinking. The proposed framework is an application of the soft system methodologies to
map the stakeholders and their interactions; then, analyse the stakeholders’ priorities by applying
the Analytical Network Process (ANP) method. As mentioned by Saaty [24], “the ANP overcomes
the limitation of linear hierarchic structures and their mathematical consequences”. Furthermore, by
mapping and clustering the stakeholders, the assessment would be more robust and the procedure more
transparent. By assigning weights to the stakeholders according to their role in the decision-making
process, the ANP overcomes the limitations of CBA and TBL. In addition, by establishing links between
criteria, ANP solves the problems of MCA. Finally, the quantitative nature of the ANP where all entries
are assigned values overcomes the qualitative nature of the IA.

The ANP method has been successfully applied as a systematic selection process to guide
decision-making in various industries, such as information system technologies [25], commodities [26],
water and wastewater treatment [27,28], urban design [29] and renewable energy [30]. However,
a review of the state-of-the-art of ANP application studies revealed that, to date, no attempts
have been made to apply the ANP method in urban surface water management. Here, we seek
to make an important contribution by explicitly applying the systems thinking approach to urban
water management.

This study aims to introduce a methodological framework to manage SuDS modelling efforts
when multiple stakeholders are involved in a project, such as retrofitting Sustainable Urban Drainage
Systems (SuDS) in the UK to an existing urban environment, to deliver the maximum out of the
available resources and to suppress the tendency towards seeking complex models. That is achieved by
first identifying the key stakeholders and then analysing and understanding their priorities in relation
to the wider benefits of SuDS and using the ANP approach to determine the desired outputs required
from the modelling exercise.

2. Materials and Methods

2.1. Outline of the Proposed Framework

Hydrological Assessment and Management of green Infrastructure to Enhance Decision-making
(HAMIED) is a framework that allows systematic management of the modelling needs of the different
agents within the SuDS system of stakeholders in a series of steps, as outlined in Figure 1. The analysis
formulation presented in the figure allows for defining the usage of available SuDS modelling techniques
based on stakeholder needs.



Water 2020, 12, 632 4 of 15

Water 2020, 12, 632 4 of 15 

 

 
Figure 1. Hydrological Assessment and Management of green Infrastructure to Enhance Decision-
making (HAMIED): A framework to adapt the optimal Sustainable Urban Drainage Systems (SuDS) 
modelling approach according to stakeholders’ priorities. 

In the first step of the overall selection framework, a list of potential stakeholders involved in 
SuDS projects is formulated. These stakeholders are then evaluated individually, and the 
interdependencies between them are mapped. Then, the stakeholders are clustered based on their 
roles within the decision-making process. In the next step, the priorities of stakeholders are evaluated 
with respect to different aspects of the SuDS’ functions. Lastly, the appropriate modelling complexity 
is assigned to each group of stakeholders according to their interest in SuDS. The detailed steps for 
implementing the framework presented in Figure 1 are applied here to a full-scale UK case study, as 
explained in the following sections. 

2.2. Classification of Model Complexity 

Hydrological models are often classified based on their spatial and temporal resolution. Models 
vary in their temporal resolution, with daily models increasingly being replaced by models running 
at sub-daily time steps (e.g., 1 or 5 min). Such fine resolutions are necessary to represent the fast 
response typical of urban catchments. Spatial resolution of models ranges from single cell (of few 
square meters in size) to large catchments (covering several square kilometres). The larger the spatial 
scale is the smaller the confidence level in the model outputs is and the lighter the computational 
capabilities needed. A model’s level of complexity is therefore defined based on the effort and cost 
required to validate a model (data requirements, model setup, calibration, simulations and 
uncertainty analysis) and the appropriateness of purpose and operational efficiency. 

Urban hydrologic models can be grouped into five categories: (1) Conceptual (e.g., mass balance 
of a rainfall-runoff model); (2) Lumped (e.g., rainfall-runoff model where the catchment is described 
as a single entity); (3) Semi-distributed (e.g., rainfall-runoff model where the catchment is described 
as small individual units); (4) Hydrologic Response Unit (HRU) based, where an HRU represents an 
area with the same soil and land use type (e.g., rainfall-runoff model where similar hydrological 
behaviour in each unit is represented); and (5) Grid-based spatially distributed (e.g., rainfall-runoff 
model where the catchment is sub-divided into a raster system for representing the spatial variability 
of different attributes). Each of these can be constructed with different spatial and temporal 
resolutions, requiring various amounts of accurate data. A greater data requirement increases the 
computational resources needed, so we propose a scale of model complexity from light, for models 

Figure 1. Hydrological Assessment and Management of green Infrastructure to Enhance
Decision-making (HAMIED): A framework to adapt the optimal Sustainable Urban Drainage Systems
(SuDS) modelling approach according to stakeholders’ priorities.

In the first step of the overall selection framework, a list of potential stakeholders involved in SuDS
projects is formulated. These stakeholders are then evaluated individually, and the interdependencies
between them are mapped. Then, the stakeholders are clustered based on their roles within the
decision-making process. In the next step, the priorities of stakeholders are evaluated with respect to
different aspects of the SuDS’ functions. Lastly, the appropriate modelling complexity is assigned to
each group of stakeholders according to their interest in SuDS. The detailed steps for implementing
the framework presented in Figure 1 are applied here to a full-scale UK case study, as explained in the
following sections.

2.2. Classification of Model Complexity

Hydrological models are often classified based on their spatial and temporal resolution.
Models vary in their temporal resolution, with daily models increasingly being replaced by models
running at sub-daily time steps (e.g., 1 or 5 min). Such fine resolutions are necessary to represent the
fast response typical of urban catchments. Spatial resolution of models ranges from single cell (of few
square meters in size) to large catchments (covering several square kilometres). The larger the spatial
scale is the smaller the confidence level in the model outputs is and the lighter the computational
capabilities needed. A model’s level of complexity is therefore defined based on the effort and cost
required to validate a model (data requirements, model setup, calibration, simulations and uncertainty
analysis) and the appropriateness of purpose and operational efficiency.

Urban hydrologic models can be grouped into five categories: (1) Conceptual (e.g., mass balance
of a rainfall-runoff model); (2) Lumped (e.g., rainfall-runoff model where the catchment is described as
a single entity); (3) Semi-distributed (e.g., rainfall-runoff model where the catchment is described as
small individual units); (4) Hydrologic Response Unit (HRU) based, where an HRU represents an area
with the same soil and land use type (e.g., rainfall-runoff model where similar hydrological behaviour
in each unit is represented); and (5) Grid-based spatially distributed (e.g., rainfall-runoff model where
the catchment is sub-divided into a raster system for representing the spatial variability of different
attributes). Each of these can be constructed with different spatial and temporal resolutions, requiring
various amounts of accurate data. A greater data requirement increases the computational resources
needed, so we propose a scale of model complexity from light, for models requiring the least amount
of data and effort, to very complex, for example, for fully distributed models (Table 1).
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Table 1. Proposed scaling for assessing urban hydrologic models’ level of complexity.

Type of Model Spatial Scale Time Scale Level of Complexity

Conceptual Site scale Event based Light
Lumped Site scale Event based/continuous simulation Moderate

HRU Catchment/regional Event based/continuous simulation Complex
Semi-distributed Catchment scale Event based/continuous simulation Complex
Fully-distributed Catchment scale Event based/continuous simulation Very Complex

Note: HRU, Hydrologic Response Unit.

2.3. Case Study

Counters Creek (CC) is one of the lost rivers of London and is situated on the boundary of the
London Borough of Hammersmith and Fulham (LBHF) and the Royal Borough of Kensington and
Chelsea (RBKC). This former river and its catchment (Figure 2) are now part of the sewerage system,
draining surface water from buildings and roads as well as wastewater from toilets, bathrooms and
kitchens. There are over 1700 properties across parts of LBHF and RBKC reported to be at risk of sewer
flooding [31]. One of the proposed solutions to address the problem is to retrofit SuDS in these hotspots.
Three streets in London, each with a nearby control street, were chosen to implement SuDS retrofitting
technologies. The SuDS featured in this case study included rain gardens, permeable pavement and
porous asphalt [32].
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Figure 2. Counters Creek Catchment (in green) within the London Borough of Hammersmith (LBHF)
and The Royal Borough of Kensington and Chelsea (RBKC), London, UK.

Multiple stakeholders were involved in this pilot project, including the water company, the local
councils, the residents, the designers and a research institute, among others. Hence, the results
produced on the performance of different SuDS options differ in terms of the technical level needed for
each stakeholder, whose priorities with respect to the impact of SuDS on the urban system have to
be addressed.

2.4. Identification of Key Stakeholders

The multi-functionality of SuDS, spanning from hydrological [14] to environmental [33] and
socio-economic [34] functions, results in a wide range of benefits for each of the relevant sectors.
Due to this multifunctional nature of SuDS, the relationships between stakeholders are very complex.
Eventually, most SuDS functions involve multiple stakeholders that have different backgrounds and
purposes, which adds to the complexity of the problem (e.g., [35,36]).

To analyse the complex system of SuDS stakeholders in the UK, the Soft System Methodology
was applied [37]. A map of all stakeholders and their interdependencies was created and then
analysed using the N2 method [38] to decompose the complex stakeholder system into its independent
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components. The analysis of the stakeholder system with the N2 method assesses the degree of binding
and coupling in a system and therefore enables holistic stakeholder management and eventually
improved system efficiency. It also aids in understanding the behaviours of stakeholders by identifying
interconnectivity in the system [39].

The proposed algorithm is based on graph theory techniques [40] where a diagram in the shape of
a matrix is formed to record the interconnections between the system elements. It is used to assess the
degree of binding and coupling in a system and thereby determine the candidate architecture based on
the natural structure of the system. It is also used to identify and document the interconnectivity in a
system to help understand observed behaviour and to provide guidance for improvement. First, all
system elements or functions are listed along the diagonal of the N2 chart and changed to numbers for
convenience of grouping. Second, all of the isolated elements, the source and destination elements and
the critical element (the most influential element that has the most connections to other elements) are
identified from the system. Feedback loops where two elements are tightly bound to cascade flows
between elements are also recognised, as they determine the partition result. The N2 chart is then
clustered step-by-step to a state where no more clusters are allowed. The resulting clusters indicate
how stakeholder management should be designed and improved.

2.5. Understanding Stakeholders’ Priorities

2.5.1. Questionnaire Survey

A questionnaire survey is an effective and common way to study the perceptions, attitudes and
behaviours related to a certain activity [41]. To obtain stakeholders’ feedback on different aspects of
a SuDS project in the UK, an 8-question survey (can be found in the Supplementary Materials) was
developed for all stakeholders involved in the project. They were asked to provide their opinions on
multiple aspects related to technical, economic, environmental and social functions linked to SuDS
implementation. The survey was developed using Qualtrics and distributed through email and
personal communication.

The questionnaire started by providing the survey aim, an introduction to SuDS and the voluntary
and acceptance terms. The survey was designed to gather directly involved stakeholders’ perceptions
about SuDS and the importance of each SuDS function to them. The stakeholders where asked to answer
seven questions related to the wide array of SuDS benefits which were clustered in four groups based
on their aspects: (i) Economical, (ii) Technical, (iii) Social and (iv) Environmental and others. In total,
seven out of fourteen stakeholders responded to the questionnaire. Although a higher response rate
would have been more favourable and provided a wider spectrum of the population, the stakeholders
who responded were among the most influential ones in the decision-making hierarchy, which provides
the necessary robustness to the analysis conducted afterward.

2.5.2. Analytic Network Process (ANP) for Understanding Decision-Making in SuDS

The system of stakeholders mapped by the N2 method and the links between them increase the
complexity of selecting a modelling tool; therefore, a processing method is needed to disentangle these
interdependencies and assign the proper modelling tool for each group of stakeholders.

The Analytical Network Process (ANP), first proposed by Saaty [42], is a measurement theory
based on multiple criteria that is used to derive relative priority scales of absolute numbers from a series
of individual judgments that also belong to a fundamental scale of absolute numbers. These judgments
represent the relative influence of each of two elements with respect to an underlying control criterion
in a pairwise comparison process. The ANP synthesises the outcome of dependence and feedback
within and between clusters of elements through its supermatrix, whose entries are themselves matrices
of column priorities.

In the case of SuDS projects that could provide a wide range of benefits for multiple stakeholders,
because of the nature of the links between the criteria and the environments analysed, the ANP is the
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methodology that allows the best benchmarking and that provides accurate results compared to other
techniques, such as MCA [43].

For the evaluation of the ANP method, the open-source commercial program Super Decisions
was used [44]. Super Decisions is a free educational decision support software program that has the
necessary tools to create and manage the ANP models [26].

Each type of SuDS has different attributes and benefits, which result in different performance
values for a criterion defined within the four selected aspects of SuDS functions. A scoring system in
which each SuDS intervention could take a score that was scaled from zero (worst performance) to
one (best performance) was used in order to define the performance for each criterion. Additionally,
the performance of each SuDS was scored relative to the performance of all other selected SuDS
technologies. For that reason, it was decided to keep the reference from one source, and the UK
SuDS manual [27] was used for this purpose. The criteria were divided into two main categories,
(i) Quantitative and (ii) Qualitative, as shown in the Supplementary Materials (Table S1). The criteria
were directly linked to the questionnaire survey mentioned previously.

The first step in the process was to create the structure of the ANP network based on the criteria,
and the connections based on the relationships between the criteria. The problem was decomposed
into a rational system of network type. As shown in Figure 3 for a certain stakeholder, it consisted of
seven clusters in total, each of which contained nodes that represent the selected criteria.
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Figure 3. Example ANP network structure for SuDS stakeholders’ priorities assessment. The connections
with the stakeholders ‘goals are represented by a continuous line; the connections of the main criteria
with the sub-criteria are represented by a dashed line; and the interactions among the criteria are
represented by a dashed dot line. The loops indicate inner dependence among the elements in the
cluster. ANP, Analytic Network Process; CAPEX, CAPital Expenditure; OPEX, OPerating EXpense.

The next step was to determine the relative importance between the criteria. Pairs of
decision-elements for each cluster were compared with respect to their importance to their control
policies [45]. In the ANP, the judgment and determination of relative importance was made by
answering a pairwise comparison [10].

The same network structure was created for each of the stakeholders who participated in the
survey, and these were linked together according to the weight of the respective stakeholder within the
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decision-making system. The weights were assigned based on the results of the stakeholder screening
from the N2, where the easily groupable stakeholders have the least weight and the self-acting
stakeholders have the strongest weight. For instance, the local authority is a major stakeholder in the
decision-making of SuDS; hence, it has a high weight compared to hospitals for example.

The next step was to make the supermatrix. It shows the intensity of the links between the
criteria for each stakeholder (e.g., how much technical performance aspects are correlated with the
economic aspects). This is a process similar to the creation of a Markov chain [45]. To achieve global
priorities in a system with interdependent influences, vectors of local priorities are incorporated in
the corresponding columns of a matrix. This supermatrix is actually a partitioned matrix in which
each segment represents a relationship between two clusters in a system. The software produces
the unweighted matrix, which shows the relative weights between the criteria based on the relative
importance obtained from the stakeholder.

In the final step, a stochastic weighted supermatrix is created. The software produces the limit
matrix, which is the long-run or limit priority of influence of each element on every other element.
More specifically, the weighted matrix is raised in a high power in order for the limit matrix to be
identified [42]. The values, which represent the stakeholders’ priorities, are then extracted from the
limit matrix.

3. Results and Discussion

3.1. Stakeholder Mapping

The stakeholder system map representing all UK stakeholders and their interdependencies for the
SuDS system is shown in Figure 3. According to the primary role of each stakeholder, the system is
divided into three main groups: Institutional, Design and Build as well as Adoption and Maintenance.

The Institutional group represents the government administration with approval power over
the water system. It consists of all stakeholders within the government (marked blue in Figure 4).
The Design and Build group (marked in orange) represents the consultants and contractors, which are
both employed by the developers. Lastly, the Adoption and Maintenance group (marked in
purple) represents an agreement system for adoption and maintenance consisting of adopters and
maintenance companies.

It is worth mentioning that interrelations still exist among the three groups due to the complexity
of the situation. Developers coordinate SuDS projects and have linkages to all three groups and all
users. Users/citizens utilize the results of SuDS projects, and they give feedbacks to designers in the
form of consultation. They can also give advice to the Institutional group as a non-statutory consultee.

The N2 method was then applied to the system to analyse the interdependencies between
stakeholders. In the UK system analysed, there are 14 stakeholders and 37 interdependencies in
total. As developers have connections to all other groups and have the most interactions among
all stakeholders, they were identified as the critical element. The users are the source element and
consultants and contractors are connecting elements. The un-clustered matrix created according to the
stakeholder system map is provided in Supplementary Materials (Figure S1). Each stakeholder was
then assigned a number for convenience of clustering (Supplementary Materials, Table S2).

The result of the grouping is shown in Figure 5, where all the government authorities, managing
companies, developers, owners and acting parties are grouped together. In other words, the Institutional
and Adoption and Maintenance groups should be managed together due to mutual interdependencies
through information flows. As there are no strong feedbacks from consultancies and construction
companies, they cannot be grouped, and hence they have been identified as isolated elements in the
system. This is consistent with the fact that in the UK, consultancies and contractors only form a
contract with developers and do not take part in the decision-making process. Users were defined as a
separate component of a system as well, because their acceptance and behaviour are drivers for the
whole SuDS system (more details of clustering are given in the Supplementary Materials, Table S2).
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3.2. Stakeholder Priorities

The stakeholders selected for the survey were drawn from the results of the N2 method; at least
one stakeholder from each group was included in the ANP network (Table 2) to account for the key
elements of the SuDS.

Table 2. List of stakeholders who participated in the survey and their associated group according to
the N2 results.

Stakeholder No Position N2-No N2-Group

1 Local Authority Engineer S5 Institutional
2 Economist S4 Institutional
3 Public Realm Manager S2 Institutional
4 Head of Maintenance S13 Adoption and Maintenance
5 Designer S8 Design and Build
6 Water Utility S11 Adoption and Maintenance
7 Resident S14 Source

The priorities of each stakeholder were calculated using the ANP method facilitated by the
Superdecision software. Figure 6 illustrates the priorities of each stakeholder as well as the average
value, which can be seen as a proxy for a shared perception of SuDS. For a majority of the stakeholders,
the most important criteria were economic and technical, while the other criteria such as social ones had
lower priority. For all of the stakeholders apart from Stakeholder 7, the most important criterion was
the Operating Expenditure (OPEX). This was reasonable considering that the criterion of Durability,
which scores high as well, was related directly to the OPEX in the ANP network. The exceptions
to this pattern were Stakeholders 6 and 7. More specifically, for Stakeholder 6, the water company,
Groundwater Recharge was the second most important criterion since it is a major source of water for
them. For Stakeholders 7 and 3, who represent the residents and the environmentalists, respectively,
the most important criteria were social, environmental and wider benefits, with the most important
criterion being Biodiversity and Ecology.

The results show that not a single criterion was excluded from the stakeholders’ scoring,
which means that all of them are relevant but at different intensities. The mix of stakeholders
surveyed secures a balance between the trend of prioritising the physical benefits of SuDS (such as
OPEX) and the social and environmental benefits, especially as Stakeholder 7 is an insolvent stakeholder
in the N2 method (S14) with a high weight. This strengthens the generality of the results and increases
their credibility as a solid basis on which to build conclusions.
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3.3. Selection of Modelling Approach

It is clear from Figure 6 that different stakeholders have different interests in SuDS; therefore,
it is necessary to understand their interests before beginning any modelling exercise. Stakeholders
may have different tolerances with respect to the reliability of the modelling results. For instance,
80% accurate results from a lumped model could be enough for a local council or resident to draw
conclusions about SuDS performance. On the other hand, a reliability in model outputs of less than
90% may not be accepted by designers or researchers whose work is used to write guidelines or to
construct SuDS where over design would result in unnecessary extra costs and under design may pose
a risk of failure.

From the ANP results, it can be seen that the more SuDS benefits are of interest to a certain
stakeholder, the less role they have in the actual implementation of SuDS projects and therefore the less
modelling complexity they need to make their decisions. This suggests that the simplicity associated
with the use of basic models such as conceptual or lumped designs can be acceptable by stakeholders
such as residents, local councils and policy makers, because their role in the realisation of SuDS projects
is at a high level. For instance, a simple scoring system is sufficient for citizens to learn about SuDS,
whereas for environmental regulators and water companies, a more granular models giving high
resolution results are needed to determine the level of SuDS performance. Lastly, the most complex
physically-based models are used in the technical design of a SuDS when the individual components
of the system are designed separately and then integrated to form a constructible and operational
design within the existing urban landscape.
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Therefore, the decision about what level of complexity should be adopted in SuDS modelling
may now be attributed to stakeholders based on their priorities and according to their position in
the decision-making process (Table 3). This can help tailor the modelling exercise to better manage
the available resources without compromising the influence of the modelling results on stakeholder
decision making.

Table 3. Classification of stakeholders involved in SuDS and the desired level of modelling complexity.

Stakeholder N2-Group Key Priorities Base on ANP Model Complexity

Water Utilities Adoption and
Maintenance Technical and Economical Complex

Local Councils Institutional Economic and Social Moderate

Policy makers Institutional Technical, Economical,
Environmental and Social Moderate

Designers Design and Build Technical Very Complex

Researchers Design and Build Technical Very Complex

Residents Source Economic, Environmental
and Social Light

Environmental
regulators Institutional Environmental and Technical Complex

Note: Analytic Network Process (ANP).

4. Conclusions

SuDS projects provide a broad array of benefits, affecting diverse stakeholders. This paper
addresses the issue of providing a methodological framework to determine the optimal SuDS
hydrological modelling approach for the different stakeholders involved in SuDS projects.

The confidence levels of different modelling approaches and the extent to which they fulfil the
stakeholders’ goals are not well established, and a systematic investigation towards establishing these
thresholds is identified as a gap in the literature. Conducting complex and time-consuming modelling
exercises are rather more utilised when addressing any stakeholder needs.

Soft System Methodology evaluates the system holistically to characterise the decision-making
process and identify potential interventions to ameliorate the system in a loopback approach.
The stakeholders’ interests in SuDS were determined through a survey questionnaire addressed
to a population of the clustered stakeholders. The results of the survey were analysed using the
Analytical Network Process to determine their priorities.

With the N2 method it was possible to cluster 14 stakeholders into 4 groups where the Institutional
and Adoption and Management groups are managed together, the consultancies and contractors
are identified as separate groups and the users as the source group. The ANP results showed that
for the stakeholders identified as Institutional group, the key priorities are the economic, social and
environmental aspects of the SuDS. Whereas for the Adoption and Maintenance group, such as water
companies, the most important aspects were the technical and economic benefits of the SuDS. For the
consultancies and researchers, their first worry is the technical aspects of SuDS projects, among others,
depending on the nature of a project. Lastly, the residents who are the users of any SuDS intervention
are mostly interested in environmental and social benefits, and the economic impact on them.

By presenting a robust systems framework, it is possible to see how analysing the system of SuDS
stakeholders may enable future optimisation of implementation tools, starting with better management
of efforts utilised in hydrologic modelling of SuDS. The more direct action a stakeholder has in the
system the more complex the model he will need, compared to a less complex model needed for a
stakeholder who has a minor impact on the decision-making system.
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While this study establishes a methodological framework, it is important to apply such methods
in a computational case where different models are quantitatively compared and evaluated based on
the level of accuracy of the information they provide for a decision-maker in the SuDS system.
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