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The potential for sustainable
drainage systems (SuDS) in a
regional urbanization project

Cherona Chapman* and Jim W. Hall

Department of Geography and the Environment, Environmental Change Institute, Oxford University,
Oxford, United Kingdom

With global urban populations expected to reach 5 billion by 2030, large-scale
urban development is required to support and sustain this growing populous.
At the same time, city planners are facing the pressures of climatic changes,
which forecast more intense rainfall events, further exacerbating the existing
challenge of surface water flooding in urban locations. Sustainable drainage
systems (SuDS) are one proposed solution to help alleviate such problems,
yet much still remains to be known about their operation, performance
and potential benefit provision beyond the neighborhood scale, or within a
mixed-form development. Using a case study of the Cambridge to Oxford
Arc (a region of England earmarked for extensive urbanization), development
patterns of different extents and spatial layout were modeled. The Stormwater
Management Model (SWMM) was then used to simulate surface water runoff
conditions in these developments during a 1-in-10-year rainfall event. Whilst
denser scenarios typically led to greater peak runoff rates and total runoff
volumes, this was not always the case under some SuDS designs as the denser
scenarios provided the opportunity for more SuDS provision. The proportion
of different surface cover types had a strong influence of runoff volumes and
rates (due to the different impermeable surface areas and SuDS provision),
and since the different housing typologies offered different proportions under
each development scenario, there was no single typology that showed the
lowest or highest runoff volume across all scenarios. The findings of this
study highlight the importance in a planning context of considering multiple
typologies and their footprints of different surfaces to maximize the potential
of the development design in achieving the development’s goals.

sustainable drainage systems (SuDS), urbanization, urban development, stormwater
management, urban drainage

Introduction

Urban planners have always faced the challenge of meeting multiple objectives in
development plans—a challenge which is being intensified by pressures for urbanization,
sustainability, and climate resilience (Xu et al, 2020). Global urban populations are
expected to reach 5 billion by 2030, and to support such growth under current densities
and designs, the total urban area must be triple that of 2000 (Felappi et al., 2020).
The dilemma of balancing the need for residences and non-domestic buildings, whilst
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minimizing negative environmental and social impacts is
often referred to as the “compact city paradox” (Artmann
et al., 2019a), which encapsulates the tension between the two
contrasting priorities.

The compact city, referred to as “smart growth” in the
North American context, promotes high density, the use of
brownfield sites, and infill development, and can support
some elements of contemporary urban movements, such as
walkable cities (Artmann et al, 2019b). However, through
maximizing the use of space for urban developments, compact
cities often see a loss of existing urban greenspace and
limited green elements in the finished development (Bibri
et al, 2020). The resultant increased soil sealing leads to
decreased infiltration of rainwater and increased surface water
runoff (which has implications for surface water flooding),
as well as ecological and social consequence of greenspace
and habitat loss (Boulton et al, 2020). It is anticipated
these runoff dynamics will also be exacerbated in the
future as climatic change leads to alterations in rainfall
intensities and duration, with a general tendency toward
more convective downpours in a warmer climate (Lee et al,
2018).

Conversely, the green city approach prioritizes urban
greenspace and, more recently, the connectivity of these
in ecosystem corridors, which typically leads to less dense
settlements and a greater urban footprint (Artmann et al,
2019a). Thus, whilst offering benefits of urban greenspace
within the city, it can be seen to have a greater sprawl
than the compact alternative, infringing on greenbelt and
other previously undeveloped areas (Echenique et al., 2012).
Concerns have been raised over this, however, as areas
affected by sprawl are typically large-scale greenspaces. Whilst
the introduction of urban greenspace can help reduce any
net greenspace loss, they are typically of a smaller area
and cannot provide some of the ecosystem services offered
by well-established, large-scale greenspace (Algador et al,
2012).

It is widely acknowledged that neither compact nor green
cities offer the perfect solution for sustainable development
(Echenique et al., 2012; Mouratidis, 2019; Boulton et al., 2020).
Recent dialogues in planning, therefore, have looked to find
a compromise between these two approaches, identifying how
elements of the green city can be introduced to a compact form.
For example, rather than being viewed as two contrasting and
opposing approaches, Artmann et al. (2019a) argue that green
and compact city movements can complement one another,
and through careful balance can be fused to create a stronger
approach to urban development—the smart-compact-green
city. They highlight that space-efficient urban forms and green
infrastructure are not mutually exclusive, with technologies
such as green walls and green roofs being key examples of
how such a fusion could work and offer assistance in tackling
other problems such as surface water flooding. Nevertheless, as
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Algador et al. (2012) highlight, small-scale greenspaces alone
are insufficient, and thus optimizing the design and location
of cities and their greenspace elements is integral for achieving
a range of ecosystem benefits at different scales (Davies et al.,
2015).

In order to minimize the expansion of urban footprints,
multi-functionality has widely been recognized as an important
factor, with the more services provided by a given infrastructure,
the fewer additional infrastructures required to provide the same
range of services (Hansen et al., 2019). In such a vein, sustainable
drainage systems (SuDS) are regularly considered as a good
example of infrastructure that can provide essential functions
(e.g., the removal of excess stormwater) as well as urban
greenspace, which provides recreation, ecological and aesthetic
benefits, whilst also integrating with active travel (walking and
cycling) routes (see Jose et al., 2015; Fenner, 2017; Hunter
et al, 2019). However, whilst there have been many studies
that have looked to identify and quantify the co-benefits (such
as greenspace provision) that these infrastructures provide,
much of the focus has been on individual infrastructures
and/or in a theoretical context (e.g., Alves et al., 2019). Whilst
these offer beneficial insights into the range and extent of
benefits that could be provided by a given infrastructure,
little consideration is paid to the impacts one may have on
the operation of another in a scheme that utilizes multiple
infrastructure types, or how context-specific conditions may
affect their operation. Zuniga-Teran et al. (2020) argue that
these are two considerations fundamental to effective design and
implementation of green infrastructure, with Haase et al. (2012)
offering critical insight into how important an understanding
of these synergies and trade-offs can be. Furthermore, where
case studies have been employed, these often focus on small-
scale developments, such as a single neighborhood, whereas for
larger scale considerations are needed to better understand the
wider interactions and cumulative impacts (McPhearson et al.,
2016).

To explore these tensions, this study compares a range of
urban designs that each utilize multiple SuDS infrastructures,
and identifies the different implications these may have on
runoff characteristics (and hence surface water flood generation)
in a regional-scale development. In doing so, the benefits large-
scale SuDS implementation can bring in an area of new-
build development are quantified, in order to address the
following questions:

e How do different and
development patterns affect the potential areas and

proposed  densities spatial
performance of different SuDS interventions?

e How does the variation of regional characteristics (such
as slope and underlying soil conditions) affect the relative
performance and benefits of different SuDS infrastructure?

e What implications does this have for planners in designing
regional-scale developments involving SuDS?
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Methodology

The multi-scale methodology involves (1) identification
of possible large-scale patterns of urban development, given
targets for total housing provision, using an urban density
model (UDM); (2) use of “urban tiles” to represent how
such development could look at the street-scale, whilst
achieving target housing density values. These tile designs
also included a range of sustainable drainage infrastructure
(SuDS) interventions, tailored to the configuration of building
development. (3) Rainfall-runoft modeling was then undertaken
on the subsequent development design to assess surface water
under the different development, urban design and SuDS
provision scenarios. Figure 1 provides a graphic summary of the
methodology process.

Case study location

The Cambridge to Oxford corridor, located in south-
east England (see Figure 2), is an area to the northwest of
London encompassing the existing cities of Cambridge, Milton
Keynes, and Oxford, and covering five counties (Berkshire,
Buckinghamshire, Cambridgeshire, Northamptonshire, and
Oxfordshire). It is recognized as an area of great economic
potential, but these potentials are facing constraints from
poor infrastructure development in the region, both in terms
of transportation and housing (Infrastructure Transitions
Research Consortium, 2020). Development of the region is
therefore proposed, with the goal to maximize both the social
and economic potential whilst exemplifying and promoting
sustainable development [National Infrastructure Commission
(NIC), 2019].

One of the fundamental findings of a regional report
[National Infrastructure Commission (NIC), 2019] is the lack
of suitable, affordable, and sufficient housing, which is seen
as a fundamental crux on which the success of the region
relies. To counteract this and maximize economic potential,
it is estimated 1 million new dwellings will be required
by 2050, doubling current rates of development [National
Infrastructure Commission (NIC), 2019]. Research into where
these new homes should be located, and in what form, is still
ongoing, granting the opportunity for sustainability to become
a key cornerstone for consideration in the development. This
vision for sustainable development is also supported by the
government’s 25 Year Environment Plan, which champions
such actions, promoting the regaining and retention of good
environmental health and investment in a future that benefits
both the environment and the economy (DEFRA, 2018). Within
the study area, these goals also align with those of localized plans
and movements, such as the Oxfordshire Plan 2050 (Oxfordshire
County Council, 2019).
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Urban density modeling

The Open Urban Density Model (OpenUDM) is a spatial
optimization tool for the creation of high resolution scenarios
of heterogenous urbanization, subject to spatial attractors and
constraints. It combines Mutli-Criteria Evaluation and Cellular
Automata approaches, with the former assessing an area’s
suitability for development and the latter simulating conversion
to urban land use based upon this (Ford et al., 2019; OpenUDM,
2022). Ata 100 m grid scale, key features on the existing natural
and built environment are identified, alongside the factors which
will attract development and those which will constrain it.
These included proximity to transport networks, the location
of existing settlements, and sites of historic importance. Density
constraints were also calculated to represent different scenarios
of the development that could to occur, based upon proximity
to urban centers and transport hubs. Sites for new development
are then identified based upon target housing densities of the
future scenarios (Mok et al., 2020). Outputs from OpenUDM
represent the dominant type of development in each pixel for
each scenario as 0 (no development), 1 (existing urban form),
or 2 (new urban development), as well as quantifying dwelling
densities for developed pixels.

Eight different future development scenarios for the
Cambridge to Oxford corridor were simulated under UDM,
and the outputs from these formed the basis of this study.
The scenarios represented a rate of growth in the area of
either 23,000 (23) and 30,000 (30) dwellings per year under
a “green” (G) and “gray” (Y) set of development restrictions
and following a new settlement (N) or existing settlement (E)
expansion pattern. Specific development scenarios are hereafter
referred to by a three-part abbreviation to indicate these
parameter values—e.g., 23-G-E for the 23,000 dwellings per year
expansion pattern under the green development restrictions (see
Figure 3). “Gray” scenarios placed relatively more weight on the
proximity of roads as a development attractor and relatively less
weight to avoiding natural capital loss, whilst “green” scenarios
placed more weight on proximity to railway stations and were
additionally constrained by not developing in areas designated
within a nature recovery network. New settlement scenarios
focused development around proposed future railway stations,
whilst expansion scenarios focused development near existing
settlements and allowed some development on green belt land
(Mok et al., 2020). The proposed rates of construction were
based upon those required to meet target growth goals set out
in the 2019 report on the corridor by the National Infrastructure
Commission (NIC).

Urban tiles
Whilst there has been increasing analysis of building stock

and its impacts upon resource consumption (Kavgic et al., 2010),
many modeling approaches have relied on existing urban maps
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FIGURE 1
Flowchart showing overall methodology process.
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(thus not considering potential future urban forms) and/or
had a limited appreciation of building variability. To overcome
these challenges, Hargreaves (2015) developed an urban tiling
approach, representing land use and building footprints at a
residential-lot scale, based upon analysis from the English House
Condition Survery (EHCS). These resultant 1-hectare tiles allow
average densities from urban density models to be down-scaled
to the lot-scale, including variation in roof areas and garden
size, which have key implications for the development of
localized, decentralized infrastructure (Hargreaves, 2015). As
a result, this approach has been used in a variety of spatial
urban modeling, including in consideration of alternative water
supplies (see Hargreaves et al., 2019) and future energy scenarios
(see Hargreaves et al., 2017; Ahmadian et al., 2021).

In order to better understand the land use changes and
the potentials for SuDS interventions in the study scenarios, a
range of urban tile designs were drawn up to spatially represent
a theoretical layout for these urban developments. Urban
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environments are not homogenous spaces when it comes to
urban form, and so to reflect this diversity, four combinations of
different housing typologies were represented for each density.
Each tile represented 1-hectare (for consistency with the pixel
size of the UDM), and arranged the requisite houses, roads and
pavements. The remaining space was assumed to be greenspace.
Footprints for the built form elements were based upon
design guidance from the Manual for Streets (Department for
Transport, 2007) and the housing tiles developed by Hargreaves
(2015). The latter was also used to inform density thresholds
for each housing typology, allowing typical residence densities
of different housing typologies to be appreciated. The resultant
16 urban design tiles can be seen in Figure 4. These were
further subject to a range of SuDS designs (see Section SuDS
design), generating a total of 40 different potential tile designs,
examples of which are shown in Figure 5. Table 1 indicates the
proportional coverage of these built form elements for each
typology and density.
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FIGURE 2
An outline map of the case study location showing existing urban development (gray).

. No Urban Development
[] current Urban Development

[l New Urban Development
in UDM Scenario

FIGURE 3
Two development scenarios investigated by the study: 23-G-E (left), 30-Y-N (right).

Housing densities for the 1-value and 2-value tiles were
then obtained from the UDM. These housing densities were
amalgamated into groups of similar values, and a selection

These urban tile designs were assigned to each pixel of
the UDM output for each scenario as follows. A blank tile
(i.e, 100% greenspace) was assigned to each 0-value pixel.
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The urban tile layouts used in the modeling.

of potential tiles assigned to each group (dependent on the
number of dwellings provided by each tile design). Tiles
were then randomly assigned to each 1- and 2-value pixel,
but only from the selection of tiles in that pixel’s dwelling
number group. This allowed the resultant tiles assigned to better
reflect the dwelling density whilst offering a variation among
tiles of the same dwelling density. Counts of each tile type
for the different development scenarios can be found in the
Supplementary material.

SuDS design

To better understand how the use of SuDS in these
development scenarios may influence stormwater runoff
in the study region, five different SuDS scenarios were
modeled for each. The five scenarios were: (1) no SuDS; (2)
permeable surfaces on pavements and minor roads (PS);
(3) permeable surfaces on pavements, and green roofs on
residential buildings (PS+GR); (4) lot-scale retention ponds and
green roofs on residential buildings (RB4+GR); (5) permeable
surfaces on pavements and minor roads, lot-scale retention
ponds and green roofs on residential buildings (PS,RB+GR).
Figure 5 illustrates these different scenarios under a given
tile design.

A soil map for the study region was obtained from the
National Soil Center (Cranfield University, 2021), and this used
as a basemap to define the predominant soil type in each
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urban tile, which in turn defined drainage parameters for the
tile (such as hydraulic conductivity). Each of the resultant
scenarios (covering all combinations of development and SuDS
scenarios) were modeled using the Environment Protection
Agency’s Stormwater Management Model (SWMM) under a
2-h duration, 1-in-10 year storm event. SWMM is a model
noted by previous studies for its credibility in large-scale urban
simulations even without observed data (Fu et al., 2019), and
comparative sensitivity to imperviousness in relation to other
rainfall-runoff models (Yazdi et al, 2019). A 1-in-10 year
design storm was used as it represents a return period that is
neither too frequent nor too rare and could thus be used to
approximate the volumes of flow such infrastructure should
be built to manage in order to prevent under- or over-design
of systems.

Figure 6 illustrates a retention basin system in SWMM.
Runoft from the study area is stored until the capacity is
reached. The stored water is drained out via a drain, with
the outflow rate varying dependent on stored water volume,
pressure and outflow drain design (EPA, 2015). This outflow
continues even after a rainfall event in order to drain the
storage unit—for this study, the drain was considered to be
at the bottom of the basin to allow complete draining of the
basin post-rainfall event, although the model allows this to be
altered to simulate permanent pools or ponds. The outflow
drain, as with those in the other modeled SuDS infrastructure
(where present), was modeled as draining into the undeveloped
land within the tile. The size and design of these basins were
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FIGURE 5
Example tiles for the five SuDS scenarios.

based upon the area of otherwise undeveloped land in each
tile and guidance from the CIRIA manual (2015) on sizing
such features.

Further details on the model, including how the other
SuDS infrastructure are simulated and parameters used, can be
found in Chapman and Hall (2021) and Supplementary Table 1,
respectively. As part of this modeling process, catchments for
the study region were automatically delineated by the program,
based upon a LIDAR composite digital terrain model (DTM) at
5m resolution, sourced from the Ordnance Survey (Ordnance
Survey, 2021).

Piped drainage requirements

To allow for comparison between SuDS and conventional
piped drainage, requirements for the latter were estimated
based on current design standards (Ministry of Housing,
Communities and Local Government, 2010). However, pipes
were not considered within the modeling, allowing for the
appreciation of how SuDS may perform without this separate
network, and to what extent they could alleviate (or eliminate)
the requirement for a separate piped stormwater drainage
network. For each tile, a main drainage pipe was located
at the midpoint of each road, running the length of the
road, and each building was connected to this via an
additional pipe running perpendicular to the main pipe. An
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example tile with its proposed pipeline connections can be
seen in Figure 7. To capture the required length across each
development scenario, the lengths from each component tile
were then summed.

The optimum pipe diameter was computed according to

Whitesides (2012):
D, = | e
bid

optimal pipe diameter, Q = flow rate, v, =

1

where D, =
optimal flow velocity. Peak flow rate for the scenario, taken
from the results of the SWMM runoff modeling, was used
as the flow rate, and the optimum flow velocity was taken
as 1.0 m/s, given that British drainage standards require a
minimum flow rate of 1.0 m/s (Water UK, 2019) and drainage
engineers INTECH GmbH (2021) state values will typically
lie between 0.5 and 1.0 m/s. The equation only applies to
Newtonian fluids, assumes flow is laminar and the velocity is
continuous throughout the length of pipe (e.g., not significantly
altered by pipe fittings, connectors, or other additional features;
Whitesides, 2012).

Since the research was focused on stormwater, this piped
system was treated as separate from the sewer network.
However, in practice, the volume of stormwater not treated by
SuDS in a storm event may be adequately captured by capacity
in a combined sewer system, and future research should look to
model this.
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TABLE 1 Proportional area of tile covered by each surface area type (%) before SuDS were added.

Housing Density Buildings Pavement Roads Undeveloped (Greenspace)
Apartments and detached Low 10.56 6.16 16.32 66.96
Medium 13.92 7.12 18.24 60.72
High 21.44 9.36 22.72 46.48
Very high 24.00 9.76 23.52 42.72
Apartments and terraced Low 14.03 8.04 20.08 57.85
Medium 27.16 11.28 26.56 35.00
High 33.44 12.72 29.44 24.40
Very high 36.38 13.56 31.12 18.94
Detached and terraced Low 7.31 6.76 17.52 68.41
Medium 20.92 11.36 26.72 41.00
High 28.04 13.04 30.08 28.84
Very high 29.40 13.04 30.08 27.48
Apartments, detached, and terraced Low 10.74 7.04 18.08 64.41
Medium 18.79 9.28 22.95 48.98
High 26.84 11.44 26.88 34.84
Very high 32.72 13.12 30.24 23.92

Y

Surface Layer

Storage Layer

=
—

FIGURE 6

SWMM conceptualization of a retention basin system [adapted from EPA (2015)].

rain (Optional)

Results

Tile-scale

As would be expected, when modeled under the same
rainfall conditions, the higher density tiles presented a greater
peak runoft rate and total runoff volume, as seen in Figure 8.
Within a given density group, the relative performance of each
tile was dependent on housing type, and the consequent area of
impermeable surfaces, with greater areas of impermeable surface
generating a greater volume of surface runoff as less infiltration
into the subsurface can occur. The relative impermeable areas
for each housing scenario varied for each density scenario in line
with their relative runoff performance.

This result highlights the importance of considering
multiple housing typologies for a given project. Apartments are
typically thought of as a compact solution to provide many
residential units with a relatively small footprint. However,
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in each of the density groupings, apartments were present
in the scenario with the greatest runoff volumes, and were
not present in the scenario with the least runoff at low
densities. Even for a specific typology, its relative performance
cannot be assumed in relation to the other typologies—
apartments and terraces, for example, generated the greatest
runoff in the low, medium and high density cases, but the
least runoff in the very high density case. This is because
per building unit, apartments require the largest building
footprint and area of other built elements (e.g., roads)
of all the typologies. However, as each building unit can
accommodate a greater population than the other housing
typologies, as the population to be housed increases, fewer
apartment units are required in comparison to the other
typologies, offsetting the impact of this initially-large built form
area requirement.

These findings suggest that planners should carefully
consider the housing typologies used in developments of
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FIGURE 7
The simulation stormwater pipe network for a tile.

different densities, especially in areas particularly susceptible
to surface water flooding, and look to consider how different
combinations of typologies may perform relative to one another
in a range of metrics that represent and balance the goals
of a development (e.g., built-form footprints, surface runoff
generation, greenspace provision). Some typologies have a
relatively high building footprint, for example, suggesting green
roofs will provide greater runoff reduction than those with a
smaller proportional area. Furthermore, the impermeable area
gained in a denser scenario can provide greater opportunity for
SuDS development, reducing overall runoff—without roofs, for
example, we cannot build green roofs, and if greater roof area is
accompanied by a relatively small increase in other impermeable
surfaces, it can offer greater runoff volume reduction (as seen
with the Apartments and Terraced scenarios).

These proportional densities (see Table 1) vary with
both housing typology and density, and thus case-by-case
consideration is required so that different priorities can be
balanced accordingly—a fact highlighted by Hargreaves et al.
(2019) due to its key role in determining opportunities for
sustainable infrastructure development. Additional projects
within the development, such as wide-scale public transport
or cycle network provision, may also impact this proportional
surface type division, further affecting the suitability and impact
of different urban designs.
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Table 2, below, estimates the pipe diameter that would be
required to fully capture the 1-in-10 year rainfall event under the
different scenarios for each of the tiles. As would be expected,
this patterning is closely related to the different proportional
areas of land cover presented in each scenario, which determines
the size of different SuDS implementations. For example, the
detached and terraced housing tiles consistently require less
additional piped drainage than the apartment and terraced tiles
at a given density for the permeable surface scenarios due to their
greater area of roads and pavements, and thus greater area of
permeable surface. Furthermore, due to this role of proportional
land cover, the different housing typologies perform differently
under different SuDS combinations, dependent on which
infrastructure (or lack of) the SuDS are constructed upon. There
is no one typology which consistently outperforms all others
in reducing piped drainage requirements, highlighting the
importance of considering both housing and SuDS typologies
and their interplay when designing developments.

Development density should also be considered during
design since, as previously shown by Fu et al. (2019) and
Xu et al. (2020), the relationship with runoff generation is
not linear. Whilst on the whole, greater densities require
greater piped drainage magnitudes to fully capture rainfall
events due to increasing impermeable surface areas, there were
some cases where denser scenarios required a smaller pipe
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FIGURE 8
Runoff from a 1-in-10 year 2-h duration rainfall event in each of the tile configurations without SuDS infrastructure: (A) hydrograph of the very
high density scenario; (B) peak discharges for the different housing typologies under the different density conditions.

diameter. When using green roofs and a retention ponds
or green roofs and permeable pavements, the apartment and
terraced housing typology saw its maximum pipe diameter
requirements under the high density scenario. Similarly, when
using all SuDS studied simultaneously, the same typology saw
greater size requirements in the medium density than high
density scenario, although maximum requirements were still
seen in the very high density case. This is due to the minimal
additional road infrastructure required between the two density
cases to accommodate the increased residence numbers. Thus,
the area of roofs (and therefore green roof SuDS) increases
much more than the area of impermeable surface generating
runoff, allowing greater volumes to be managed by SuDS in the
denser scenario.

Arc-scale

Without any SuDS interventions, regardless of scenario,
approximately 70,000 km of pipe will be required to manage
stormwater runoff across the case study region (see Table 3).
This figure only considers the new development areas and does
not take into account lengths required to connect these new
pipes to the existing network. By nature of the design, this
unaccounted length is likely to be greater in new settlement
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scenarios than expansion. These figures are similar across
the scenarios due to the design of the tiles, which see a
length of pipe and road running across the center of the
tile regardless of how far across the tile development spreads.
Whilst in design this allows neighboring developed tiles to
connect with one another infrastructure-wise, it means that
estimated pipe requirements only differ dependent on the
length of side roads and short building-to-road connections.
In reality, the spatial organization of developments, particularly
in low density scenarios, mean that this central road and pipe
is not always required (such as in cul-de-sac developments),
which would show greater variation between low and high
density developments.

The true cost and extent of this piped system will depend
also on the volumetric capacity the system is designed to
take, which will influence the diameter of pipes used. Even
if SuDS interventions used in a development are not the
sole solution for stormwater management, they will lessen the
capacity required for the pipe network, and thus reduce costs
by reducing required pipe size. Given previous research and
existing drainage developments, however, it is not implausible
to suggest that single developments or neighborhoods could
optimize their SuDS designs and thus not depend on a separate
piped stormwater drainage network (e.g., Hodsons, 2019). If
this were the case, an exceedance event during a large storm
could be considered and appreciated within a combined sewer
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TABLE 2 Optimal pipe diameter (m) required under each SuDS scenario for the development tiles to fully capture a 2 h duration 1-in-10 year rainfall

event.

Housing Density PS PP and GR RB and GR PS, RB, and GR No SuD$

Apartments and detached Low 0.643 0.679 0.640 0.628 0.733
Medium 0.753 0.767 0.712 0.694 0.801
High 1.140 1.124 1.108 1.069 1.176
Very high 1.278 1.296 1.266 1.243 1.315

Apartments and terraced Low 0.774 0.795 0.782 0.736 0.821
Medium 1.263 1.286 1.241 1.304 1.297
High 1.348 1.301 1.276 1.208 1.372
Very high 1.270 1.212 1.208 1.245 1.289

Detached and terraced Low 0.821 0.844 0.813 0.804 0.883
Medium 1.175 1.181 1.149 1.138 1.194
High 1.506 1.521 1.497 1.478 1.590
Very high 1.588 1.602 1.581 1.562 1.614

Apartments, detached, and terraced Low 0.960 0.991 0.951 0.937 1.005
Medium 1.148 1.184 1.163 1.112 1.233
High 1.381 1.392 1.356 1.338 1.416
Very high 1.560 1.563 1.534 1511 1.592

approach, taking advantage of the pipes already required for the
sewerage system.

When we consider the different SuDS scenarios, each
watershed delineated by the model shows a similar response
pattern to a given SuDS scenario, albeit to a different extent
dependent on watershed size and proportional developed area.
Figure 9 shows the runoff profile from an example catchment
under the five SuDS scenarios. Lag times and peak runoff
rates depended both on how urbanized the catchment is, and
the urban tiles assigned to any areas of new development
within the catchment. As would be expected, the greatest peak
runoff occurs where no SuDS are present. In this scenario,
all the developed urban surfaces (i.e., building, roads, and
pavements) are impermeable and so generate surface runoff
during a storm event. Similarly, the PS,RB4+GR scenario
offers maximum SuDS implementation (within this research)
and so gives the lowest peak runoff rate. Among the other
three scenarios, varying proportions of the surfaces offer
infiltration and/or storage, and so the total runoff generated
is reduced.

The scenarios which feature a retention basin (RB+GR and
PS,RB+GR) offer a longer lag time than those without. The basin
offers storage for a given capacity of water which would else be
runoff, and this additional time represents the time taken for it
to reach capacity. Following this, the rate of increase in runoff
rate accelerates as a greater area of the catchment is generating
surface runoff. It is important to note that there is still runoff
during this initial lag time, however, as not all the catchment is
drained by the retention basin feature. Simulations undertaken
in this research show exceedance of the retention features within
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TABLE 3 Estimated length of pipes (km) that would be required for the
new developments across the Arc in each scenario.

Expansion New settlements
Green 23,000 68979.17 70500.37
30,000 71852.18 72696.01
Gray 23,000 71517.48 71924.90
30,000 72706.20 74350.50

85 min of the storm event starting. The design of these features,
however, could be optimized to drain a smaller area of the
catchment or offer a larger storage capacity, which could extend
the time before exceedance.

The development approach also has an impact on the runoft
response. As illustrated in Figure 10, the scenarios supporting
a higher volume of housing exhibit a greater peak runoff rate,
whilst there is little observable difference between the green and
gray development scenarios in most watersheds. With smaller,
more frequent storm events, however, this is likely to be more
noticeable as SuDS are able to manage a greater proportion
of the precipitation before saturation and runoff occurs. This
pattern can be seen across both the catchments and SuDS
scenarios. With more houses comes more development and
thus a greater spatial extent of impermeable surfaces, generating
more surface runoff during a rainfall event. Furthermore, whilst
the green and gray development restrictions create different
spatial distributions for the development at the study area scale,
many catchments see little change in the extent of development
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Runoff rate for a watershed in the study region under the different SuDS scenarios.
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FIGURE 10
Runoff rate for a watershed in the study region under the PS scenario and different development approaches.

between the two, and thus show little difference in runoff

responses. Where this is not the case, the scenario with the runoff rate.
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greater proportion of developed tiles shows a greater peak
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Conclusion

Facing challenges of urbanization and future climatic
changes, the future of urban development is uncertain, with
competing pressures favoring contrasting approaches. Urban
population growth is expected to continue to rise in upcoming
decades, and without a considered approach to managing
and supporting the resultant urbanization, development could
result in severe environmental consequences, such as urban
sprawl and car-dependency (Boulton et al., 2020). There is
still much debated as to the best-suited built form, and whilst
many acknowledge that neither the Compact City nor Green
City models are ideal, uncertainties still remain surrounding
a suitable hybrid approach (Artmann et al., 2019a). Similarly,
when it comes to urban drainage, whilst SuDS are considered
a sustainable tool for stormwater management, different
combinations of infrastructure offer different efficiencies in
stormwater runoff management as well as differing co-benefits.

Using a proposed regional development as a case study,
this paper simulated a range of potential urban development
scenarios based on the outputs of an urban density model. These
futures considered different scales of development (a growth
of 23,000 or 30,000 houses), different planning forms (new
settlement construction or existing settlement expansion) and
different spatial restrictions (a “green” and “gray” scenario),
as well as the introduction of different combinations of SuDS.
SWMM was then used to simulate a 1-in-10 year storm event
for the study area.

Higher density scenarios are generally predicted to result
in greater runoff volume and peak runoff rate, but this was
also affected by the impermeable surface area. Different housing
typologies offered different building footprints at different
densities, and thus a given typology did not consistently
present the highest or lowest runoff volume for a given
density. In fact, whilst yielding the highest runoff volume
at low, medium and high densities, apartments and terraces
yielded the lowest runoff volume at a very high density as
the relative loss of permeable surfaces required to achieve
the density increase was low, highlighting the importance of
considering multiple typologies and their relative footprints
over favoring a single approach. This echoes the findings
of Hargreaves et al. (2019), who outlined the importance of
such consideration when planning sustainable water supply
systems, too.

The quantity of piped drainage network that would be
required in each scenario to fully capture the simulated rainfall
event was calculated. This, too, showed variation between
housing typology and density. Whilst, on the whole, a greater
building density required larger pipe diameters, this was not
consistently the case due to relative increases in infrastructure
supporting SuDS and impermeable surfaces, which allowed a
greater proportion of the runoft to be captured by SuDS in
higher density scenarios.
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At the wider scale, it was observed that the larger
scale developments saw a greater peak runoff than their
lower scale counterparts due to the increased surface
sealing by impermeable development across the area,
whilst the planning type and spatial restrictions had a
more spatially-diverse impact, only creating a significant
the differed

greatly within the catchment between the two scenarios.

difference  where extent of development
Nevertheless, with the introduction of SuDS, all catchments
in all development scenarios showed a reduction in the
peak runoff rate as the infrastructure offered increased
capacities for infiltration and storage. The extent of the
reduction varied with SuDS combination and type, with
the greatest impact in that which utilized all modeled
infrastructure types.

The findings of this research highlights several key
considerations when planning new developments, including
(1) the impact of different typologies, densities and SuDS$S
infrastructure on the proportional areas of different surface
types, and the impacts/opportunities these may provide in terms
of runoff; (2) the additional infrastructure requirements
to connect more spatially diverse developments, and
the impacts this may have on runoff; (3) how potential
areas for SuDS may help reduce (or eliminate) the need
for a stormwater ~drainage reducing

separate system,

infrastructure costs.
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