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Introduction to the Book







An Overture of Sustainable Surface Water
Management

Colin A. Booth and Susanne M. Charlesworth

1.1 Introduction

With more than 80% of the global population living on land that is prone to flooding, the
devastation and disruption that flooding can cause will undoubtedly worsen with climate
change (Lamond et al., 2011). The built environment has become more susceptible to
flooding because urbanisation has meant that landscapes, which were once porous and
allowed surface water to infiltrate, have been stripped of vegetation and soil and have been
covered with impermeable roads, pavements and buildings, as shown in Figure 1.1 (Booth
and Charlesworth, 2014).

Surface water policy, to address flooding-related issues, differs widely across various
regions and countries. For instance, in the UK, which is made up of four individual countries
(England, Scotland, Wales and Northern Ireland), Scotland has policies that have enabled
sustainable drainage to be implemented as a surface water management strategy for about
the past 20 years; whereas, England, Wales and Northern Ireland have yet to completely
embrace sustainable drainage devices in their planning policies and guidance, and hence it
is not yet widely implemented (Charlesworth, 2010).

1.2  Surface Water Management

The Victorians (1837-1901 in Britain) undoubtedly made remarkable strides towards
innovative approaches to the water resource challenges of their day. Facing the dual
contests of addressing rapid population expansion and industrial urbanisation, a need
developed for high capacity systems to deal with societal water supply and treatment.
Comparable approaches were exported or developed independently across the globe, as

Sustainable Surface Water Management: A Handbook for SuDS, First Edition.
Edited by Susanne M. Charlesworth and Colin A. Booth.
© 2017 John Wiley & Sons, Ltd. Published 2017 by John Wiley & Sons, Ltd.



4 Sustainable Surface Water Management

Figure 1.1 An example of a flooded car park where the impermeable asphalt surface is retaining
stormwater runoff.

other nations faced similar challenges. In the UK, by a combination of philanthropy, public
subscription and corporate vision, the infrastructure that would provide the vastly
increased urban areas with sufficient clean water and the ability to discharge the surplus
was put in place; and with it came the notion of the management of water as a single prob-
lem with one overarching solution: the provision of drains. However, while the solutions
created by the Victorian engineers were magnificent in their day, the legacy of putting
water underground seems to have created a collective mental block for many (Watkins and
Charlesworth, 2014).

Nowadays, as mentioned earlier, urbanisation has had a transforming effect on the water
cycle, whereby hard infrastructure (e.g. buildings, paving, roads) has effectively sealed the



An Overture of Sustainable Surface Water Management 5

urbanised area (Davies and Charlesworth, 2014). As a consequence, excessive surface water
runoff now exacerbates river water levels and overloads the capacity of traditional under-
ground ‘piped’ drainage systems; this in turn contributes to unnecessary pluvial flooding.
To many people, the solution is simply to replace the existing pipes with higher capacity ones.
However, as Water UK (2008) states, bigger pipes are not the solution for bigger storms.
Therefore, society should be encouraged to look towards more sustainable solutions.

1.3  Sustainable Surface Water Management

‘Sustainable drainage’ means managing rainwater (including snow and other precipitation)
with the aim of: (a) reducing damage from flooding; (b) improving water quality; (c) pro-
tecting and improving the environment; (d) protecting health and safety; and (e) ensuring
the stability and durability of drainage systems (Flood and Water Management Act, 2010).

Based on an understanding of the movement of water in the natural environment, sustain-
able drainage systems (SuDS) can be designed to restore or mimic natural infiltration patterns,
so that they can reduce the risk of urban flooding by decreasing runoff volumes and attenuat-
ing peak flows. The choice of phrase or term that is applied to describe the approaches used
can vary between countries, contexts and time. In the UK, for instance, SuDS is the most
widely used term; whereas elsewhere in the world other relevant terms include surface water
management measures (SWMDMs), green infrastructure, green building design, stormwater
control measures (SCMs), best management practices (BMPs), low impact development
(LID) and water sensitive urban design (WSUD) (Lamond et al., 2015). However, whichever
term is used, the benefits and challenges are similar (Tables 1.1 and 1.2).

The typical design of any SuD system follows a step-wise hierarchy of various measures,
commonly known as the ‘surface water management train’ (Figure 1.2), which minimises
stormwater runoff and pollution via a series of devices/processes that store and convey
stormwater at different scales: (i) prevention (e.g. land use planning); (ii) source control
(e.g. green roofs, rainwater harvesting, permeable paving); (iii) site control (e.g. vegetation
or gravel filtration); and (iv) regional control (e.g. retention ponds, wetlands) (Woods
Ballard et al., 2007, 2015). The primary goals of the original SuDS train placed equal
emphasis on water quality and water quantity, together with amenity and biodiversity,
which enabled the creation of the SuDS triangle (Figure 1.3a) (CIRIA, 2001). Subsequent
iterations of the goals has enabled the creation of the SuDS square (Figure 1.3b) and, with
much wider recognition of the role that SuDS can play in adapting to climate change
challenges, the creation of the SuDS rocket (Figure 1.3c). The flexibility and multi-
functional nature of SuDS are the main drivers pursued in the chapters of this book.

1.4 Organisation of the Book

This book emphasises the SuDS philosophy and elaborates the sustainable surface water
management agenda with a wealth of insights that are brought together through the
experts who have contributed. By integrating physical and environmental sciences, and
combining social, economic and political considerations, the book provides a unique
resource of interest to a wide range of policy specialists, scientists, engineers and subject
enthusiasts.
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Table 1.1 Examples of the benefits offered by sustainable drainage systems.

Sustainability

Water quantity

Water quality

Natural
environment

Built environment

Cost reductions

SuDS can provide an important contribution to sustainable development.

SuDS are more efficient than conventional drainage systems.

SuDS help to control and identify flooding and pollution at source.

SuDS help to promote subsidiarity.

SuDS can help to minimise the environmental footprint of a development.

SuDS are a clear demonstration of commitment to the environment.

SuDS can help to reduce flood risk by reducing and slowing runoff from a
catchment.

SuDS can help to maintain groundwater levels and help to prevent low river flows
in summer.

SuDS help to reduce erosion and pollution, as well as attenuating flow rates and
temperature by increasing the amount of interflow.

SuDS can reduce the need to upgrade sewer systems to meet the demands of new
developments.

SuDS can help to reduce the use of potable water by harvesting rainwater for some
domestic uses.

SuDS can reduce pollution in rivers and lakes by reducing the amount of
contaminants carried by runoff.

SuDS can help to reduce the amount of wastewater produced by urban areas.
SuDS can reduce erosion and thus decrease the amount of suspended solids in river
water.

SuDS can help to improve water quality by reducing the incidence of
misconnection to foul sewers.

SuDS can help to reduce the need to use chemicals to maintain paved surfaces.
SuDS can prevent pollution by reducing overflows from sewers.

SuDS can help to restore the natural complexity of a drainage system and as a result
promote ecological diversity.

SuDS help to maintain urban trees.

SuDS help to conserve and promote biodiversity.

SuDS can provide valuable habitats and amenity features.

SuDS help to conserve river ecology.

SuDS help to maintain natural river morphology.

SuDS help to maintain natural resources.

SuDS can greatly improve the visual appearance and amenity value of a
development.

SuDS help to maintain consistent soil moisture levels.

SuDS can save money in drainage system construction.

SuDS can save money in the longer term.

SuDS can allow property owners to save money through differential charging.
SuDS can help to save money by reducing the need to negotiate wayleaves and
easements.

SuDS can save money through the use of simpler building techniques.

Source: List of benefits derived from CIRIA (2001).

The book comprises seven sections, which are collated into 29 chapters. Section 1 provides
an introduction to the book and offers an initial background into surface water manage-
ment issues and challenges (Chapter 1). Section 2 places sustainable surface water manage-
ment in context, through its historical context, contemporary surface water strategy, policy
and legislation and operations and maintenance (Chapters 2—4). Section 3 utilises the facets
of the functions of sustainable drainage systems, to explore quantity and quality issues,
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Table 1.2 Examples of the challenges posed by sustainable drainage systems.

Operational issues There is no consensus on who benefits from SuDS.
There is a belief that SuDS may present maintenance challenges.
There may be concerns that the colonisation of SuDS may be too successful.
SuDS may present a target for vandals.
Design and standards SuDS are not promoted by the Building Regulations.
There are no standards for the construction of SuDS.
SuDS require input from too many specialists.
SuDS may be seen as untried technology.
The guidance on how to build SuDS is limited or unclear.
It is difficult to predict the runoff from a site.
SuDS can be difficult to retrofit to an existing development.
Management/operational SuDS require new approaches to enable full participation.
framework Planning, design and construction of SuDs will require better coordination.
SuDS can require multi-party agreements that may be difficult to set up.
SuDS present challenges in setting up long-term management and
ownership agreements.
SuDS can be difficult to implement because of the variability of roles and
responsibilities within local authorities and other bodies.
Sewerage undertakers may be reluctant to adopt foul sewers when they
are only sewers serving developments using SuDS.

Source: List of challenges derived from CIRIA (2001).

(Evapotranspiration) ( Evapotranspiration) ( Evapotranspirationj

A A A
1 1 1
1 1 1

Source control Regional control

v v v

(Discharge or infiItratiorD (Discharge or infiItratiorD (Discharge or infiltratiorD

Figure 1.2 The SuDS surface water management train (adapted from CIRIA, 2001).

together with biodegradation, geosynthetics, biodiversity and amenity, (Chapters 5-11).
Section 4 attempts to untangle the complex relationship of the multiple benefits of surface
water drainage systems, through natural floodwater management, energy generation and
reduction, carbon sequestration and storage, plus the use of rainwater harvesting as a water
saving device and its use in ecosystem services (Chapters 12-16). Section 5 announces the
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Figure 1.3  Goals of the SuDS management train (a) the SuDS triangle (CIRIA, 2001); (b) the SuDS square
(Woods Ballard et al., 2015); (c) the SuDS rocket (Charlesworth, 2010).

implementation of integrating sustainable surface water management into the built environ-
ment, through an interesting scrutiny of the cost benefits that can be derived, the possibility
of sustainable drainage retrofit and conversion opportunities, and their use in the land-
scapes of motorway service areas, alongside human attitudes and behaviours towards sus-
tainable drainage systems (Chapters 17-21). Section 6 contextualises global sustainable
surface water management, through the use of examples from Brazil, New Zealand, South
Africa and the USA, among others (Chapters 22-28). Section 7 congregates various aspects
detailed in the earlier chapters by offering a summary of the book and propositioning many
insights of the teachings that can be learnt for the future of sustainable surface water
management (Chapter 29).
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Back to the Future? History and Contemporary
Application of Sustainable Drainage Techniques

Susanne M. Charlesworth, Luis Angel Safnudo Fontaneda and Larry W. Mays

History “provides lessons from the past from which we can learn™
Lucero et al. (2011)

2.1 Introduction

The early Babylonians and Mesopotamians in Iraq (4000-2500 Bc) had surface water
drainage systems, and regarded urban runoff as a nuisance, but also realised that it carried
waste off with it and, for some, it was a resource (De Feo et al., 2014). As these drainage
systems developed, they relied mostly on hard infrastructure, for example, the Minoans
(3200-1100 BC) used terracotta pipes to convey stormwater out of their settlements.
However, these ancient civilisations also used water management techniques, which are
included in the sustainable drainage suite of interventions and thus, as acknowledged in
Chapter 1, SuDS as a technique is not new; it may not have been called ‘sustainable drain-
age’ in the past but, for example, water harvesting, storage and conveyance were all well-
known and efficiently carried out by ancient cultures as long ago as the Early Bronze Age
(ca. 3500-2150 BC, Myers et al., 1992) in Crete. In the Mediterranean and Near East
region, infrastructure for the collection and storage of rainwater was developed in the third
millennium Bc (Mays et al., 2013). Water resource management dates back to the begin-
nings of early agriculture, whereby water was controlled in order to provide irrigation to
enable crops to be grown in arid and semi-arid regions whose rainfall amount would not
normally have supported it. As is stated by Lucero et al. (2011), rainfall extremes, too
much or too little, result in failed crops and famine — water management was therefore a
case of life or death in many instances, leading to the rise or fall of civilisations. While the
majority of this chapter focuses on ancient rainwater harvesting techniques, since this was
used extensively in antiquity, other ‘sustainable urban water practices’ were utilised

Sustainable Surface Water Management: A Handbook for SuDS, First Edition.
Edited by Susanne M. Charlesworth and Colin A. Booth.
© 2017 John Wiley & Sons, Ltd. Published 2017 by John Wiley & Sons, Ltd.



14 Sustainable Surface Water Management

(Koutsoyiannis et al., 2008), such as constructed wetlands, infiltration and non-structural
approaches. For example, Ancient Greece had to develop water resource management tech-
niques due to the lack of water and high evaporation rates, particularly during summer.
They therefore had to efficiently capture what rain fell, provide for its safe storage with
minimal losses, have the means to convey it for long distances and also bring in govern-
ment structures and institutions to ensure its effective management (Angelakis and
Koutsoyiannis, 2003). In fact, Apt (2011) compared the Inca drainage of Machu Picchu
(built ca. 1400 AD) to that of present-day low impact development as described in
Chapter 25. This chapter begins by considering the ‘sustainable’ part of drainage systems
and goes on to explore whether the SuDS represented in this book is simply a case of his-
tory repeating itself, and whether techniques used in the past have any relevance today.

‘Sustainability’?

Mays (2007a) defines water resources sustainability as: ‘the ability to use water in suffi-
cient quantities and quality from the local to the global scale to meet the needs of humans
and ecosystems for the present and the future to sustain life and to protect humans from
the damages brought about by natural and human caused disasters that affect sustaining
life’. Sustainable drainage uses the term to reflect its ability to mimic nature by managing
surface water, such that the urban environment has minimal to no impact on the path of
water through it, thus avoiding the ‘human disasters’, i.e. flooding caused by construction
and impermeability. This section therefore considers the longevity of ancient drainage and
whether it could be considered to be ‘sustainable’ and what lessons contemporary society
could learn.

Street drainage was first used in the Mesopotamian Empire, Iraq (4000-2500 BC), but it
was in Crete with the Minoan and Harappan civilisations that sewer and drainage systems
were first developed which were well designed, organised and operated (De Feo er al.,
2014). Basic hydraulics was well understood, and great importance was given to the provi-
sion of sanitation in cities. While the Romans and Hellenes further refined these tech-
niques, there was minimal further progress made during the ‘Dark Ages’ post 300 AD.

The next real advance in storm and sanitary sewerage systems was in London, in
response to the ‘Great Stink” of 1858 (Lofrano and Brown, 2010) and following cholera
outbreaks (in 1831, 1848-49 and 1853-54) in which a total of 31,411 people died. Sir
Joseph William Bazalgette was engaged to develop a piped stormwater sewer system dur-
ing the late 19th century, much of which is still in use today. These systems in most cities
are now not fit for purpose — this is mainly due to rapid urbanisation overwhelming the
capacity needed for them to cope, leading to flooding and pollution (De Feo et al., 2014).
Combined sewers are of particular concern, due to their carrying a mixture of both foul
and stormwater, the overflowing of which has significant health implications. The design
period for modern water-related infrastructure is generally about 50 years (Koutsoyiannis
et al., 2008) and while it is perhaps a stretch to compare such infrastructure in the past
with that in use today, nonetheless, ancient drainage operated for extensive periods, centu-
ries even, and certainly for longer than 50 or 60 years. As an example, in Athens, water was
supplied via the Hadrian Aquaduct (completed 140 AD) and was in use until the 1920s and
partially up until the 1950s, and also the Peisistratean Aquaduct (built ca. 510 Bc) is still
used today to irrigate the National Garden in the centre of Athens (De Feo et al., 2013).
Thus, a modern city with a history of settlement of over 3000 years still has examples of
ancient water infrastructure still in use. Ancient approaches can, therefore, have lessons
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that can be learnt for the present day, giving real meaning to the word ‘sustainable’ when
used with respect to SuDS and giving credence to the idea that, if it is designed, installed
and maintained correctly, there is no reason to suppose for SuDS to ever have an end-of-life
(Bob Bray, SuDS Designer and Landscape Architect, UK, pers. comm.).

Rainwater Harvesting in Antiquity

Rainwater harvesting (RwH) has been defined as atmospheric precipitation collected and
stored, usually in artificial reservoirs known as cisterns (Figures 2.1 and 2.2) (Angelakis,
2014). Methods of water harvesting are generally distinguished by the source of water they
harvest, for example groundwater, surface water, rainwater or floodwater (Haut et al.,
20135); this section mainly focuses on rain as the source of water. RwH has played a deci-
sive role in providing water resources for ancient civilisations across the world with its
importance captured in manuscripts, hieroglyphs and religious texts through the millennia.
Since the early Babylonians and Mesopotamians in Asia (4000-2500 Bc) (De Feo et al.,
2014), and the Minoans in Europe (3000-1100 BC) (Angelakis and Durham, 2008),
harvested rainwater was used extensively in urban areas as demonstrated by research car-
ried out across the world. Mays (2008) lists RwH as the main source of urban water in
antiquity which was associated with engineered infrastructure, such as canals and aque-
ducts, which were used to convey water from rivers to urban areas, to replenish wells and

Figure 2.1 Cistern complex near Chersonisos, Crete.
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Figure 2.2 A large cistern from the Nabataean city of Little Petra.

to fill cisterns. In the city of Delos (the Cycladic culture in Greece) RwH was the main
water supply dependent largely on the collection and storage of rainwater in cisterns
(Koutsoyiannis et al., 2008).

Historically, there is a correlation between heightened human efforts for the construc-
tion of water harvesting structures across regions and abrupt climate fluctuations, such as
aridity, drought and floods (Pandey et al., 2003). The objective was the safe and beneficial
use of the harvested water, as well as the reduction of impacts on society associated with
these climate fluctuations (Konig, 2001). Cultural factors and decisions around water man-
agement in antiquity included dealing with potable water supplies during annual droughts
(Lucero et al., 2011). Therefore awareness of rainfall seasonality was a defining factor in
arid and semi-arid zones, as is clearly exemplified in Jawa and Petra (Jordan) (AbdelKhaleq
and Ahmed, 2007), Palestine and the Mayan civilisation in Mesoamerica (Mays 2007b), as
well as other cities. Seasonality was not the only factor that needed to be considered in the
study of rainfall patterns, since the overall volume of water was important; this is related
to the intensity and duration of individual storms, as well as the incidence of surface run-
off, with other factors such as average temperature, solar radiation and wind strength and
direction also being of importance (Imhoff et al., 2007). The Mayan culture provides an
excellent example of the importance of water as a cultural cornerstone. All aspects of
Mayan life were rainfall dependent, helping the leaders to keep their power and control
over the population through the provision of water for their daily activities; loss of power
would ensue should water resource management be handled badly. Thus water had to be
allocated for human and animal consumption, and the timely repair of any damage to
water systems due to flooding had to be a prime consideration for community leaders
(Lucero et al., 2011).
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In Ancient Greece, urban water management was carried out through the combination
of large-scale public works such as reservoirs, but also the use of small-scale semi-public
or private constructions such as cisterns and wells (Koutsoyiannis et al., 2008) serviced
by RwH. Cisterns were often spread throughout the whole city but they were also found
in the backyards of private houses, so that each individual house was able to have its own
facility for the storage of stormwater (Koutsoyiannis et al., 2008). Rainwater stored in
cisterns was used mainly for household purposes, such as bathing or washing (Mays
et al., 2013; Mays, 2014), washing dishes and laundering clothes (Lang, 1968), irrigation
for agricultural purposes (Gikas and Angelakis, 2009; Beckers et al., 2013), flushing
lavatories (Antoniou 2007), for animal and human consumption (Beckers ef al., 2013)
and aquifer recharge (Gikas and Angelakis, 2009). It was also stored for use in times of
war and for other socio-political purposes (Cadogan, 2007), as was understood by
Aristotle (385-322 Bc) in which he stated that the water ‘supply may never fail the citi-
zens when they are debarred from their territory by war’ (quote taken from Politics, III,
in Koutsoyiannis et al., 2008).

RwH Infrastructure

The classic RwH system found in common in several ancient civilisations, such as the
Minoans, Greeks and Romans, consisted of a combination of several techniques: rain was
collected from rooftop catchments, which was then conveyed sometimes by means of ter-
racotta pipes (Figure 2.3) to underground cisterns where the water was stored (Mays,
2007b, 2008, 2013). A good example of a complete RwH system can be found in the
Amman Citadel, Jordan, where rainwater was collected from roofs and directed to storage
areas through channels.

Other good examples of the use of cisterns in antiquity can be found in Jordan, one of
the tenth poorest countries in the world in terms of water resources (AbdelKhaleq and
Ahmed 2007), and also in Palestine. Both used cisterns to store rainwater in order to have
enough water for the dry season. During the Early Iron Age (1200-1000 Bc) the Palestinians
modified cistern design by introducing a watertight plaster layer on the sides of the cistern
to increase storage capacity and reduce losses through leakage (AbdelKhaleq and Ahmed,
2007) (Figure 2.4).

RwH was also carried out by constructing above-ground dams, very often comple-
mented by the use of a network of cisterns, pools and conveyance canals similar to those
described before for the Ancient Greeks. A good example of a combined system was
found by archaeologists in the Jawa ruins (the oldest urban development in Jordan from
the Bronze Age, 5000 years ago). Helms (1981) defined the water management area for
the city, differentiating between macro-catchments controlled by deflection dams in the
surface and underground reservoirs, and micro-catchments of cisterns, pools and deflec-
tion walls. This system was very advanced, and is considered a masterpiece of landscaping
and water management for an arid zone. It provided multiple benefits and functionality,
such as the provision of potable water for human consumption, water for crop irrigation
and animal consumption, and the ability to collect additional rainfall runoff from other
surrounding catchments.

Ponds were also often used, such as those found in Umm el-Jimal (Jordan, Early Roman
Period) for irrigation and to water animals. Any excess water from the dams and cisterns
was distributed via canals (Alkhaddar, 2005), the water having been previously treated by
sedimentation to remove suspended solids before the water entered the main reservoirs.



Figure 2.3 Terracotta pipe for rainwater harvesting from roofs at Pompeii, Italy. The pipes would have
directed water into cisterns to service individual buildings.
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Figure 2.4 Cistern from Tylissos, Crete.
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2.4 Water Quality Improvement

2.4.1

Modern SuDS incorporate infiltration, settling, sedimentation, biodegradation and trap-
ping, which remove the pollutants associated with urbanisation, traffic and industry.
Ancient societies also had to cope with the contamination of their water supplies, mainly
due to suspended sediment, but also human and animal wastes, organic matter and excess
nutrients. As the following sections show, there are many examples, both geographically
and temporally distributed, in which these processes were also used to great effect, exem-
plified by the survival of some of these civilisations for hundreds and thousands of years,
even in regions of the world where water was in very short supply.

Physical Treatment: Infiltration and Settling

Sand filters were used extensively where the supply of water was dependent on precipita-
tion. There are many examples of it being designed in to the RwH infrastructure; for
example, at Phaistos, Crete, a coarse sandy filter was used to remove silt and other pollut-
ants from the water before storage in the cisterns (Antoniou et al., 2014). Particular care
was taken to ensure that the collection surfaces for the rainwater were kept scrupulously
clean (Angelakis and Koutsoyiannis, 2003), although the water was not used for drinking
apart from during times of war, for instance; but it was mainly used for clothes washing
and for other cleaning tasks (Angelakis and Spyridakis, 1996). The Ancient Egyptians
(2000-500 BC) made use of their surrounding landscape, and disposed of their wastewater
by allowing it to infiltrate straight into the desert sands (De Feo et al., 2014).

Suspended sediment was also removed by means of settling tanks (Figure 2.5) to avoid silt
entering the water supply system. In Minoan and Mycenaean cities, RwH from roofs and

Figure 2.5 Stilling basin at the outlet of Wadi Jilf (Petra, Jorban). Bioretention is provided by the plants
growing in the basin at the present day. Two outlets can be seen in the cross-drainage structure in the
background.
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Figure 2.6 Settling tank at Petra, Jordan, along the aqueduct in the Siq.

courtyards utilised cisterns to store the water. The palace at Tylissos, Crete (2000-1100 BC)
had a stone tank before the main storage cistern to allow sedimentation of particulates
and thus improve the water quality (Gorokhovich ez al., 2011). A drainage hole was used
to empty the tank to allow it to be cleaned as necessary (Mays, 2008). Silting tanks and
sediment settling (Figures 2.6 and 2.7) was also used at Tikal to remove any pollutants
before the water entered the Temple Reservoir, and sand boxes were positioned at the
inlets of several of the other reservoirs in order to remove suspended sediment (Scarborough
etal., 2012).

Rather than passively infiltrating the water through sand filters, at Tylissos, one of the
important cities in Ancient Crete during the Minoan era (2000-1100 Bc), infiltration
devices of terracotta were found near the spring of Agios Mamas that were filled with
charcoal as activated carbon (Mays, 2010; Gorokhovich et al., 2011).

2.4.2 Biological Treatment

Reservoirs were also used to store captured surface and rainwater, and in areas where it
was likely that evaporation would substantially reduce the volume, such as ancient Maya,
floating aquatic plants were used. Their role was five-fold: (1) to reduce evaporation of
water; (2) by covering the surface of the stored water they prevented disease vectors, such
as mosquitoes, from breeding; (3) plants such as water hyacinth, water lilies (particularly
Nymphaea ampla) (Figure 2.8) and ferns can clean the water, important during the dry
season as water supplies became low, although the Classic Mayan civilisation was in
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Figure 2.8 Water hyacinth and water lilies in a moat at Angkor Thom.
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existence for a millennium and, therefore, they must have managed a clean, potable source
of water even during the drought; such floating plants remove nutrients such as nitrogen
and phosphorus by metabolic processes and trap polluted particulates in their stems and
roots — very much in the same way as wetlands function in SuDS; Ford (1996) even sug-
gests that water treated in this way can be used for drinking; (4) these plants could provide
an organic compost if they were harvested regularly — a necessary maintenance procedure
to ensure the efficient functioning of what Lucero et al. (2011) call a ‘constructed wetland’;
(5) macrophytes, such as the water lily (Figure 2.9), would only thrive in clean water, and
as such, they were an indicator of water quality; the underneath of the leaves are a blue
colour that can reduce the development of algal blooms since this restricts the entry of
light. Microscopic organisms, such as bacteria, can denitrify water but also feed on the
spores of parasites. The fact that water lilies were found in these reservoirs also provides
an indicator of the aquatic environment, because they do not grow in water deeper than
1-3m, which must be still and cannot contain large amounts of algae. Water lilies are also
intolerant of acidic conditions or water containing much calcium, but if the pond had been
clay lined, this would avoid calcium ingress and assist in the stabilisation of pH conditions.
Furthermore, it is unlikely that any sediment accumulating in the bottom of the ponds
would have contained much in the way of decaying organic matter since its decomposition
would have released compounds, such as methane and phenols, which would have killed
the water lilies.

Figure 2.9 Water lilies, Angkor Wat.
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Water Quantity Reduction: Sub-Surface Drainage

Infiltration was used at Machu Picchu, Peru, and, according to Wright and Valencia
Zegarra (1999), this was a standard technique on the surrounding terraces, but it has also
been found in plaza areas which infiltrated stormwater and therefore was able to store
and dispose of it. Beneath some plazas, layers of loose rock and stone chips up to 1 m deep
have been found, which provided sub-surface drainage (Wright et al., n.d.; Mays and
Gorokhovich, 2010). The rock chips were recycled from the stonecutters, as they con-
structed the buildings and walls at the site, but represent only a small portion of the thou-
sands of cubic metres of rock waste. Water from major rainfall events that was able to
percolate deep beneath the plaza was stored temporarily in the voids in the rock chip layer
and then slowly released downstream, and thus avoided causing a high groundwater table
and consequent instability of the plaza and its soils (Figure 2.10).

It is proposed by Apt (2011) that the terraces at Machu Picchu represent an early form
of bioretention, since their structure is similar to modern versions of such devices, having
gravel as the base layer, sand in the middle and a layer of topsoil as the surface course with

(a)

Central plaza

Vegetated surface

Soil surface layer

Mix of soil and gravel

- £~ €— White granite chippings

Underlying soil or lithology

Figure 2.10 (a) Machu Picchu, Peru, locating the central plaza; (b) cross-section through the drainage
structure underneath the central plaza (adapted from Apt, 2011).



24 Sustainable Surface Water Management

(a) (b)

rface | f soil
Vegetation Surface layer of soi

Subsurface
sand layer

Underlying soil or lithology

Figure 2.11 (a) Terraces, Machu Picchu, Peru; (b) cross-section through two terraces to show underlying drainage
structure (adapted from Apt, 2011).

growing vegetation. This would provide physical trapping of pollutants, as well as bio-
logical and chemical treatment, thus improving water quality, and the plants would slow
the water flow, hence attenuating the storm peak (Figure 2.11). It is thought that the water
was directed to fountains on the lower terraces where it was used for drinking.

2.6 Water Storage

Water was stored in large reservoirs or barays at Angkor Wat with control structures at
both the inlet and outlet. These enabled water to be stored in times of drought, but they
could also have functioned as flood control measures during storms. Of the four barays at
Angkor Wat, the one located in the west of the site held the most water, and still holds water
today (Figure 2.12): it had a potential capacity of 48 million m? followed by the east baray
(37.2 million m?), Jayatataka baray (8.7 million m?) and Indratataka baray (7.5 million m?)
(Coe, 2003). Figure 2.13 shows the remains of some of the barays at the Angkor complex.
These barays were part of the intricate water infrastructure at the site, which included
canals and moats, all of which would have required maintenance to keep them functioning.

2.7 Reduction in Water Demand: Greywater Recycling

It is acknowledged that greywater reuse is not a SuDS approach, but it has the potential to
reduce water volume in storm sewers and hence attenuate the storm peak and also reduce
potable water demand, so it is considered here.

According to Antoniou (2010), the semi-arid climate of the eastern Mediterranean and
ancient Greece led to the reuse of water to flush toilets. This was carried out simply using
a bucket, with, for example, greywater from kitchens or baths, and this was the case for the
Minoan toilets on Amorgos. Leftover water, which had been used for ceremonial purposes
in shrines, was also occasionally used, for example at the Askleipieion, Kos. Such uses of
greywater continue today in the Aegean where, with the pressures of tourism seasonally
increasing the demand for water and the expense of building desalination plants, flushing
toilets with reused water is now common.
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Figure 2.12 West baray, Angkor Wat, Cambodia, still containing water. (Wikimedia by Dario Severi:
https://commons.wikimedia.org/wiki/File:WestBaray.jpg).

Figure 2.13 Prean Khan baray north-east of Angkor Thom and west of Jayatataka baray.

Crouch (1996), quoted in Angelakis et al. (20035), also suggests that water from cooking
or bathing could have been used to water domestic animals, water indoor plants or wash
floors in Minoan times. Stormwater was used for irrigation purposes as well as greywater,
and in the villa of Hagia Triadha, surface water collected via the stormwater sewer system
was directed into a cistern where it may have been used for washing, thus reducing use of
water that could not be consumed, and could otherwise have been wasted.

2.8 Reducing Water Velocity

Cumbe Mayo is located near the City of Cajamarca, Peru, and features what remains of a
Pre-Incan aqueduct, 9 km long, built ca. 1500 Bc and excavated in volcanic rock. At times
along its route, the channel meanders - so it is thought (e.g. De Feo et al., 2013) - to reduce
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Figure 2.14 Cumbe Mayo meandering channel. (Luis Padilla - own work, CC BY-SA 3.0, https://commons.
wikimedia.org/w/index.php?curid=8069762).

flow velocity and hence prevent erosion (Figure 2.14). The technique of river restoration
(Wohl et al., 2005) in which meanders are reinstated into channelised urban rivers is used
today to slow water down and attenuate the storm peak, and is arguably part of the sus-
tainable drainage approach to the management of excess stormwater.

In some developments, the road can be used as a channel to direct excess stormwater.
This is achieved via raised kerbs, as suggested by Becker et al. (2008), and is an approach
found in Pompeii, where the kerbs were about 50-60cm high. These could conceivably
have been used to control stormwater flow, but they were actually open channels in which
water from public fountains, stormwater and sewage mixed, and thus the flow would have
contained some human waste (De Feo et al., 2014). Stepping stones (or pondera) shown in
Figure 2.15 were therefore installed at intervals along the street, so that the population did
not have to walk through the foul water, and also so they did not have to step down into
the road from the raised kerb.

2.9 Non-Structural Approaches to Sustainable Water Management

One of the present-day barriers to the implementation of SuDS is in arranging for its mainte-
nance; it is not clear whose responsibility this is, and it is perceived as expensive. No one will
therefore, take responsibility, or will take ownership. In the fifth century Bc, Plutarch recorded
the institutional, or non-structural, arrangements to ensure the efficient operation and
maintenance of Athens’ water system, which included the appointment of a ‘superintendent
of fountains’, which according to Aristotle was filled by election rather than being a straight
appointment, emphasising the importance of the role. The superintendent of fountains
enforced regulation with regard to water resources and ensured the equitable distribution
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Figure 2.15 Pompeii raised kerbs with stepping stones.

of water in the city. In ancient Athens there must have been an obligation on citizens to
maintain the city’s stormwater cisterns, thus providing resilience in the case of excess
stormwater, and water resource provision (Koutsoyiannis et al., 2008). In fact, Ford (1996)
suggests that at Mayan Tikal, Guatemala, particularly in the central area, the five-months
dry season became a matter of public works, and such investment in water supply infra-
structure actually became a key consideration in the control of the population.

Water supply and disposal in modern-day cities in the West has become the responsi-
bility of others, whether the government, local authorities or stakeholder organisations,
such as the Environment Agency or water companies. People have thus become distanced
from water; drinking water comes from taps, water is flushed away through the toilet
and wastewater is just that, a waste, to be disposed of elsewhere. Water is a now consid-
ered a right in most of the world, but in ancient times it was provided, or withheld, by
the ruling elite, and this was one of the ways in which the populace was controlled. In the
Negev, southern Israel, natural rainfall of 80 mm would not have been sufficient to sup-
port agriculture (Haiman and Fabian, 2009). However, during the Nabataean period
(second century BC to second century AD) some of the people were encouraged to settle
there initially by the Byzantine Empire. In order to survive, they constructed elaborate
rainfall collection systems which concentrated water from an area five times the area to
be irrigated. In this way, they were able to collect the equivalent of 400 mm annual rain-
fall, thus enabling agriculture to be carried out. The environment was a harsh one, but
support was maintained by the Umayyad Empire with state subsidies in order to protect
the border. Without subsidisation and support, settlement would have been impossible
(Haiman and Fabian, 2009).
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2.10 Conclusions

Angelakis et al. (2005) include a quote from Mosso (1907) in which he queries whether:
‘our modern sewerage systems will still be functioning after even one thousand years’. In
today’s modern cities much of their stormwater sewer systems are not fit for purpose after
just 150 years; this is mainly due to population growth, urban expansion and the threat of
climate change. To a certain extent, therefore, lessons can be learnt from the past, but in
antiquity, populations were less dense and thus hard infrastructure drainage was far more
efficient and was able to last for millennia. This chapter started with a quote from Lucero
et al. (2011) that history ‘provides lessons from the past from which we can learn’; in fact,
a lot of what history tells us, we have managed to forget over the millennia. Perhaps, there-
fore, we need reminding, rather than being taught these approaches since, while what has
been discussed in this chapter is not, in the strictest sense, SuDS, nonetheless the tools,
techniques and practices that were used in antiquity to manage water included infiltration,
detention, storage and conveyance. These are all processes, as stated by Koutsoyiannis
et al. (2008), of the Minoan period on Crete that can be classified as ‘sustainable urban
water management practices, which can be compared to modern-day practices’ and ‘the
entire regulatory and management system of water in Athens must have worked very well
and approached what today we call sustainable water management’.

It is true, however, that the ancients did not have the modern technologies and design
methodologies for stormwater drainage (Mays, 2001), but they were able to effectively
develop such systems to accommodate the needs of their societies. Water was viewed as a
valuable commodity that was harvested, stored, treated and recycled, rather than hidden ‘out
of sight, out of mind” and essentially wasted as is much of current thinking. This mindset is
exemplified by the importance of RwH in the past which, as stated by Gikas and Angelakis
(2009): “is an alternative freshwater source which to a large extent remains underexploited’.
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Surface Water Strategy, Policy and Legislation

Frank Warwick

3.1 Introduction

This chapter provides an introduction to policy, legislation and strategy in relation to surface
water management. It outlines how surface water legislation is implemented, using exam-
ples from a number of jurisdictions in the developed world, and highlights that a hierarchy
of laws and regulations is employed in order to set a framework for managing water. The
majority of the chapter consists of a case study that compares surface water legislation in
England and Scotland, two constituent countries of the UK. The examples show that, from
the same starting point, implementation of legislation varies across geographies and organ-
isations, and is influenced by local circumstances and drivers, prior regulation and the
political complexion at the time.

The title of the chapter is surface water strategy, policy and legislation. Policy identifies
government intentions and principles, often in broad outline. Legislation is the legal oper-
ating framework for a national or federal state, consisting of laws, which are mandatory
statements of procedures to follow, monitored and enforced by regulatory organisations.
Strategy covers the actions and resources employed to achieve specific goals, and it defines
how policies will be achieved. The term surface water encompasses a range of meanings
and intentions. In broad international and national legislation, it covers water at the sur-
face of the land. For example, the European Union (2000) defines surface water as all
inland water except groundwater, plus transitional (estuarine) and coastal waters, but
excluding open oceans. Similarly, the Agriculture and Resource Management Council of
Australia and New Zealand (1998) include catchments and coastal waters. The USA’s
Environmental Protection Agency (2013) definition is broader: surface water is ‘all water
naturally open to the atmosphere’ including estuaries and seas; US regulation utilises the
narrower term stormwater, incorporating rainfall runoff, snow melt runoff, and surface
runoff and drainage, for water bodies subject to environmental concerns (40 CFR 122.26(b)
(13), US Government Publishing Office, 2015).
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Increasing concerns about poor water quality and flooding in recent decades have
resulted in the implementation of a range of water-related legislation, progressing from a
focus on individual issues to a broader emphasis on the wider water environment and
joined-up management of water resources. Greater awareness of the natural hydrological
cycle has led to the promotion of a range of techniques to manage surface water espe-
cially in urban areas, variously referred to as water sensitive urban design (WSUD) in
Australia, stormwater best management practices (BMPs) in the USA and sustainable
drainage systems (SuDS) in the UK. The SuDS approach promotes solutions that balance
water quantity, water quality and biodiversity/amenity issues (Charlesworth, 2010).
Despite the progress of recent years, legislation often addresses these issues separately,
and as a result the regulatory processes, and the bodies responsible for implementing and
enforcing them, can also differ. This chapter illustrates these ideas with reference to a
number of countries. First, examples of the legislative hierarchies found in many devel-
oped countries are given, followed by a summary of water management in Germany. The
bulk of the chapter comprises a case study of surface water management in England and
Scotland. The similarity of UK legislative complexity with that of other countries is briefly
highlighted at the end of the chapter.

3.2 Legislative Hierarchies

Surface water legislation in developed economies is typically not encapsulated in a single
national law implemented consistently across government, but by a range of regulatory
measures concerning flooding and water quality at national, regional and local levels. In
federal government systems such as the USA, Germany and Australia, high-level policy is
enshrined in law at the national level, then interpreted and implemented at the state and
further at the regional and/or local level. Table 3.1 gives examples of legislation hierarchies
illustrating that national laws are applied by further legislatures in more detailed geogra-
phies, enabling local circumstances to be taken into account. Surface water legislation in
Germany is then explained in greater detail to show relationships across these levels.

3.2.1 German Water Management Institutions

The Federal Water Resource Management Act 2009 (German Federal Ministry of Justice
and Consumer Protection, 2014) combines the implementation of European directives on
both water quality and flooding. The Water Framework Directive 2000/60/EC (WFD)
(EU, 2000) combines and updates previous Directives on the topic of water quality, while
the Floods Directive 2007/60/EC (EU, 2007) addresses issues of excess water quantity. In
Germany, both states (Lander) and local authorities, while taking account of the federal
legislation, have the power to alter and supplement it to suit particular circumstances,
and this right has been used, for example, to address funding for particular measures
(Jekel et al., 2013), and to stipulate runoff treatment standards that are absent from
national legislation (Dierkes et al.,20135). In each of the 16 German states, water manage-
ment is notionally undertaken by a three-tier hierarchy (Jekel et al., 2013), comprising:

= asupreme authority, typically the state’s environment ministry who implement regulations

= intermediate authorities, who apply state policies at regional level

= Jower tier authorities, typically urban and rural local authorities responsible for detailed
management and monitoring.
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Table 3.1 Example surface water quality legislation hierarchies.

National legislation

Federal/state example

Regional/local example

USA Federal Water Pollution Control Act
(1972), known as the Clean Water
Act (US Congress 2002).
Water Quality Standards Regulation
(40 Code of Federal Regulation (CFR)
131) requires states to establish
water quality standards (US
Government Publishing Office 2015)

Australia Water Act 2007 (Australian
Government 2015). National Water
Quality Management Strategy
(Australian Dept. of the

Environment 2015)

Germany Federal Water Resource
Management Act 2009
[Wasserhaushaltsgesetz] (German
Federal Ministry of Justice and
Consumer Protection 2014)

California Water Code
(California State
Legislature 2015)

New South Wales Water
Management Act 2000 (New
South Wales Government 2000)

North-Rhine Westphalia State
Water Act 1995
[Landeswassergesetz]
(North-Rhine Westphalia State
Office for Nature, Environment
and Consumer Protection 2013)

Nine Regional Water Quality
Control Boards (California
State Water Resources
Control Board 2013)

Sydney Water Act 1994
(New South Wales
Government 1994)

54 Lower Water Authorities
[untere Wasserbehoérden] in
districts and municipalities
(North-Rhine Westphalia
Water Network 2008)
interpret and implement
national and federal laws

Table 3.2 Summary of the number of water authorities at the different hierarchy
levels in the German states. Data source: Jekel et al. (2013).

Number of authorities Supreme authority Intermediate tier Lower tier
None 5 2
One 16 4

Several 7 1
Many 13

In practice, while each state appoints a supreme authority, the existence of intermediate
and lower tier authorities is not consistent across the 16 states (Table 3.2). The city states
of Berlin, Bremen and Hamburg cover a relatively small spatial area, and have no need for
a multi-level organisational structure. Seven of the larger states have devolved intermediate
powers to regional authorities, but six have not implemented the intermediate level or have
a single body at this tier, indicating that there are differing views on the structures neces-
sary to manage surface water, with most variability shown at the intermediate level.

3.3 Case Study - The United Kingdom

This section considers the regulation of surface water in the United Kingdom as an exam-
ple. The UK system of government is a constitutional monarchy, with national laws as well
as those relating to England enacted in London. Increasingly, powers are devolved to
national legislatures in Scotland, Wales and Northern Ireland. There is no overarching
national surface water strategy for the UK as a whole, or in any of the constituent countries.
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The hierarchy in Table 3.1 simplifies the structure of water regulation at different levels of
government; the reality is often more complex. As in Germany, policy and legislation in the
UK is enacted at a number of levels, from international guidance, through national and
regional interpretations of that guidance enhanced by strategies, to practical implementa-
tion and monitoring at the local level. A comparison of surface water regulation in two
constituent countries of the United Kingdom highlights how the same initial legislative
drivers can result in varying interpretations, depending on government persuasion and the
underpinning regulatory starting point. The hierarchy of legislation relating to surface
water management across government in England and Scotland is shown in Figure 3.1, and
this structure is examined in the remainder of this section.

International Policy and Legislation

Much of the environmental legislation in the UK in recent decades has been driven by
European Union (EU) policy rather than national policy, and EU water policy has been
implemented through two key Directives in the 21st century: the Water Framework
Directive (WFD) in relation to water quality, and the Floods Directive addressing issues of
excess water quantity. The WFD is principally concerned with improving the quality of
water in all member states, both surface and groundwater as well as coastal water within
territorial limits, to be achieved by regular monitoring of water bodies, supported by a
programme of measures to make improvements and reduce pollution. The goal of the
Floods Directive is to reduce potential adverse consequences of flooding for human health
and activity and for the environment. It requires member states to document evidence of
historical floods, to create maps for areas of low, medium and high probability flood hazard,
flood risk maps identifying potential impacts and finally to use this information to build
flood risk management plans.

National Legislation

EU directives are transposed into national legislation in each member state. Table 3.3 lists
the UK national legislation used to implement the two EU water directives, and identifies
the differing emphasis placed in the separate constituent countries simply by listing the
number of pages used to translate the directives into national law. For both directives,
Scotland has included more detail in its implementation, and these differences are explored
later in this chapter.

The transposition of the WFD into law in England, Wales and Northern Ireland in 2003
followed the specific technical requirements of the Directive, focusing on the organisational
responsibilities and mechanisms for implementation, and outlining the prescribed time-
scales for activities to be carried out and documents to be written, with the goal of under-
standing the current state of water quality in each country. Scotland took a more proactive
approach to addressing water pollution (Hendry and Reeves, 2012), and the Water
Environment and Water Services (Scotland) Act 2003 (WEWS) set a more aspirational tone
than legislation in the other constituent countries of the UK, reiterating the WFD’s goal of
aiming to deliver good quality water and prevent pollution under the umbrella of achieving
sustainable development.

A similar pattern can be detected in the transposition of the Floods Directive into UK
law in 2009. Prior to this, in England there was a lack of clarity and coordination between



Organisation Role England Scotland
. Defi International International
EU I_Councn & in(teelrr:gtional Water framework directive (2000/60/EC) Water framework directive (2000/60/EC)
arliament policy Floods directive (2007/60/EC) Floods directive (2007/60/EC)
. National National
National i i
government pD;EEIe national Water environment (WFD) regulations 2003 Water environment & water services (Scotland) act
departments y Flood risk regulations 2009 . 2003
Flood and water management Act 2010 Flood risk management (Scotland) act 2009
National planning policy framework 2012 Water environment (controlled activities) 2013
Scottish planning framework 2014
Regulatory Define national | | National flood and coastal erosion risk management Scottish planning policy 2014
agencies Strategy strategy Regulatory method 08 SUDS
) ) Regional Regional
Regulgtory Define regional River basin management plans River basin management plans
agencies Strategy Catchment flood management plans
- . Local Local
Local authorities Delfme Iogal Local development framework Local development framework
ptO 'fy an Local flood risk management strategy & plans Local flood risk management strategy & plans
strategy Surface water management plans Strategic flood risk assessment
Strategic flood risk assessment Planning advice notes
Developers Develop using ) Site ) Site
policies Site flood risk assessment Site flood risk assessment
v
Figure 3.1 The strategy and policy context for surface water management in England and Scotland. A hierarchy of organisations is related to

their role and level in the policy- and strategy-making institutional structures. The Organisation column defines the bodies responsible for creat-
ing the policies/strategies/plans at that level. Examples of key development-related and surface water-related policies and strategies are identi-
fied. The term‘local authorities’ simplifies the mixture of one-tier unitary and two-tier county/district councils present in England.
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Table 3.3 Regulations used to transpose EU water directives into UK national law.
Geography Water quality Flooding
European A framework for Community action in the field Assessment and management of flood risks
Union of water policy (2000/60/EC) [Water Framework (2007/60/EC) [Floods Directive]. 8 pages
Directive]. 72 pages
England The Water Environment (Water Framework The Flood Risk Regulations (Act of Great
and Wales Directive) (England and Wales) Regulations (Act Britain Parliament 2009a). 14 pages
of Great Britain Parliament 2003a). 12 pages
Scotland Water Environment and Water Services (Scotland) Flood Risk Management (Scotland) Act (Act
Act (Act of the Scottish Parliament 2003). 47 pages of the Scottish Parliament 2009). 73 pages
Northern Water Environment (WFD) Regulations (Northern The Water Environment (Floods Directive)
Ireland Ireland) (Act of Great Britain Parliament 2003b). Regulations (Northern Ireland) (Act of Great
12 pages Britain Parliament 2009b). 13 pages
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organisations dealing with flood risk owing to the large number of agencies with differing
roles and responsibilities (Douglas et al., 2010). The England Flood Risk Regulations
addressed this issue by creating the role of lead local flood authority (LLFA) to coordi-
nate flood responses at the local government level, and by establishing a duty for organi-
sations to cooperate. However, the focus of the transposition remained a direct
implementation of the requirements for risk mapping, planning and assessment. The
Scottish Flood Risk Management Act (FRMA) reiterated the desire for sustainability and
an integrated approach previously stated in the WEWS Act. It dealt with the basic require-
ments of the EU directive, but also considered wider interactions, for instance calling for
an assessment of the contribution of sewerage systems in areas identified as vulnerable to
flooding, and a review of whether existing natural features such as wetlands and flood-
plains could be enhanced to reduce flood risk. It also required developers of larger sites
to submit a flood risk assessment if the development might lead to an increase in the
number of buildings at risk of flooding. In England this requirement was already in place
in Planning Policy Statement 25: Development and Flood Risk (Department for
Communities and Local Government (DCLG) 2010), and was retained in the replace-
ment National Planning Policy Framework (DCLG, 2012), which may explain its absence
from the English regulations. However, the Scottish FRMA took a more transparently
inclusive and consultative approach, requiring the establishment of flood risk advisory
groups including all those with an interest in flooding at the local level. For both
Directives, the Scottish legislation appears to have engaged more with the spirit rather
than just the letter of the legislation.

Event-Driven Legislation

Legislation is also passed as a reaction to significant events in a particular country, and the
floods of 2007 in England, which caused an estimated £4 billion of damage in that one
year (Environment Agency England, 2007; ABI, 2008), led to a review (Pitt, 2008) calling
for a more responsive and coordinated approach to water management, and ultimately to
the passing of the Flood and Water Management Act (FWMA) (2010) applicable to
England and Wales. To address issues of a lack of coordination in flood risk management,
the FWMA designated the Environment Agency (EA), the environmental regulator in
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England, as the body with overall responsibility for English flood risk management
strategy, in addition to their role in managing flooding from major rivers and along coasts.
The Pitt Review identified the benefits of more widespread use of SuDS to address surface
water flooding and water quality, and as a result the FWMA included provisions in sched-
ule 3 to make the use of SuDS mandatory in new developments in England and Wales. The
Act tackled the lack of clear definition of responsibilities for SuDS adoption and mainte-
nance by assigning that role to new Approving Bodies embedded in local authorities, and
concerns over a lack of knowledge and experience in local government were addressed by
the promise of a full set of SuDS national standards that could be followed, and a capacity
building programme. However, the specific requirements of a piece of legislation are sub-
ject to further government interpretation, and the SuDS provisions of the FWMA were
finally implemented in 2015, a five-year delay that contributed to inertia in achieving more
sustainable surface water management in England. Measures in the 2010 FWMA directly
relating to SuDS are listed in Table 3.4, and their ultimate interpretation in 2016 illustrates
that initial intentions are not always realised.

The picture portrayed in Figure 3.1 concentrates on surface water management, but
regulators and local authorities must take into account a broader palette of regulations
encompassing factors such as planning and building law, pollution control, emergency
planning, water supply and protection of species and habitats. For instance, Appendix 2 of
the Scottish Surface Water Management Planning Guidance (Scottish Advisory and
Implementation Forum for Flooding, 2013) highlights the wide range of legislation related
to surface water management. Interested readers could also consult Ellis ez al. (2009) for a
detailed case study of Birmingham, UK, and Bettini ez al. (2015) for a more theoretical
perspective on institutional behaviour and potential adaptions to complexities in Australian
water governance.

Implementation in 2016 of some SuDS provisions in the Flood and Water Management Act 2010.

FWMA (2010) Current (2016) status in
Provision location England
Removal of the right to connect to a public sewer section 42 Not implemented
Publication of National standards for the design, schedule 3 Non-statutory standards
construction, maintenance and operation of sustainable point 5 (2 pages)
drainage
Constitution of new Approving Bodies by the unitary schedule 3 Approval through existing
authority or county council point 6 planning processes
A requirement to obtain approval from the Approving Body schedule 3 Planning consultation with
for construction of any building or structure that covers point 7 LLFA for development of
land affecting the ability of that land to absorb rainwater 10 or more properties
Approval must be granted if the drainage system complies schedule 3 Decision rests with the
with the national standards point 11 planning authority
An approving body must adopt approved drainage schedule 3 Requirement to ensure
systems unless they drain a single property or publicly point 17-19 that proposals are
maintained roads properly funded
Adopted drainage systems must be maintained by the schedule 3 Requirement to ensure
approving body according to the national standards point 22 that maintenance is

properly funded




38

3.3.4

Sustainable Surface Water Management

Local Implementation of National Laws

Throughout the UK, the development planning process is the mechanism for controlling
and promoting appropriate development in line with planning law. Implementation of
surface water management in new developments is accomplished by means of policies and
plans at a number of levels, implemented by a variety of organisations (Figure 3.1). Thus,
policy and legislation relating to surface water are strongly linked to new development of
properties and sites. This section explains how this is achieved in England and Scotland,
and is followed by a comparison of the two systems.

3.3.4.1 England

Regulatory planning guidance for new developments in England is contained in the
National Planning Policy Framework (NPPF) (DCLG, 2012), which gives priority to the
appropriate use of SuDS for surface water management (point 103), supported by standing
advice for flood risk assessments encouraging the use of SuDS (Environment Agency
England, 2015). The FWMA implementation expects SuDS to be used in all larger develop-
ments for surface water management ‘unless demonstrated to be inappropriate’ (DCLG,
2014). The decision on what is inappropriate has been delegated to individual local plan-
ning authorities (LPAs), who should take into account the non-statutory SuDS technical
standards (Department for Environment, Food and Rural Affairs (Defra) 2015) and bear
in mind that design and construction costs should not exceed those of conventional sys-
tems (DCLG, 20135). The two pages of technical standards represent the fulfilment of the
promised national standards that were to address local authority concerns about the need
for detailed guidance on SuDS approval. Furthermore, the standards are only concerned
with water quantity, and the goal that SuDS address all aspects of surface water manage-
ment (Charlesworth, 2010) is ignored. The impact of government interpretation of the
FWMA on LPAs has yet to be tested in detail, but clearly leaves scope for a range of inter-
pretations in different locations.

Complexity is added by the existence of two different local authority structures in
England, largely for historical reasons. In some places, local government is executed in two
tiers: the lower tier district councils provide local operational services, with a number of
districts coordinated by an upper tier county council. In other areas, functions of both tiers
are performed by a single unitary authority. In principle, the upper tier authorities define
policy, which is implemented by the lower tier authorities, although the upper tier authori-
ties can, and do, delegate some of their duties to the lower tier organisations. The lower tier
also makes and applies planning policy to surface water management in new developments.
This complexity is exacerbated by the existence of a range of policies that address different
forms of flooding. The EA manages flooding from major rivers and on coasts, and has a
national coordinating role. The EA (2015) manages the workload for Flood Risk Standing
Advice in England by adopting a process that small developments in low flood risk areas are
provided with on-line guidance, while larger developments and those in higher flood risk
zones must submit detailed applications which are reviewed through the planning system.

The Flood Risk Regulations (Act of Great Britain Parliament, 2009a) assigned the role
of lead local flood authority (LLFA) to unitary and upper tier councils. LLFAs were tasked
with creating and applying a local flood risk management strategy (LFRMS) to define the
objectives, means and costs of managing local flood risk from surface runoff and smaller
watercourses outside the remit of the EA.
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Two-thirds of the floods in England in summer 2007 were caused by surface water
drainage rather than fluvial flooding (Environment Agency England, 2007). As a result,
English local authorities were also charged with creating Surface Water Management Plans
(SWMPs) intended to enable cooperation between organisations to manage surface water
in a local area over the longer term (Defra, 2010). The term surface water has a different
interpretation in policy documents at this local scale, with a more specific focus on “flood-
ing from sewers, drains, groundwater, and runoff from land, small water courses and
ditches that occurs as a result of heavy rainfall’ (Defra, 2010). SWMPs were intended to
inform the LFRMS, and envisage a role for SuDS to support a more strategic approach to
surface water planning across a wider area (Defra, 2010).

The Environment Agency has the principal responsibility in England for addressing
water quality issues, and employs a system of licensing and environmental permitting to
manage point source pollution risks (Environment Agency England, 2013). The NPPF
directs that the planning system should contribute to preventing water pollution, but that
its management and control should rest with the EA (DCLG, 2012). Consequently, there is
limited accountability at the local planning level for issues of water quality in England,
which may partially explain the difficulties coping with diffuse pollution (Balmforth, 2011).

So there are a number of plans, policies, strategies and organisations that address surface
water management at the local authority level in England. Emphasis is currently placed on
local authorities defining their own implementation of national legislation. While this
approach caters for consideration of local conditions, it does not allow for economies of
scale, and potentially duplicates effort. It seems unlikely that the 2015 FWMA SuDS imple-
mentation will improve this situation, as the focus on local determination is retained.
Organisations such as the parliamentary All Party Group for Excellence in the Built
Environment (2015) have expressed reservations about whether the implementation of the
SuDS provisions in the FWMA in England in their current form will achieve sustainable
water management in any reasonable timescale.

3.3.4.2 Scotland

In Scotland, regulatory planning guidance for water management in new developments is
contained in two key documents: Scottish Planning Policy (SPP) (Scottish Government,
2014a) defines policy on land development and use, and the Third National Planning
Framework (Scottish Government, 2014b) details long-term infrastructure strategy. SPP
requires that planning adopt a precautionary approach to flood risk, and explicitly equates
surface water flood risk to pluvial flooding (i.e. due to precipitation) and endorses the use
of SuDS to manage flooding from this source. However, there is little explicit mention of
surface water guality management in either document, nor in the more detailed Surface
Water Management Planning Guidance document (Scottish Advisory and Implementation
Forum for Flooding, 2013), which concentrates on flood risk.

It is the WEWS Act (section 20 and schedule 2) that allows for regulation of ‘controlled
activities’ that risk polluting, abstracting from or impounding water bodies, by means of
regularly updated general binding rules (GBRs) defined in Controlled Activities Regulations
(CAR) (Acts of the Scottish Parliament, 2011, 2013). Emphasis is placed on the role of the
Scottish Environment Protection Agency (SEPA), the environmental regulator, to protect
the water environment. CAR (2011 p. 7) states for instance that ‘SEPA must impose such
conditions as it considers necessary or expedient for the purposes of protection of the
water environment’ indicating that this duty is paramount. Statutory guidance on using



40 Sustainable Surface Water Management

SuDS to safeguard urban water quality is provided using GBRs 10 and 11 to target pollu-
tion of surface water by runoff (diffuse pollution) and direct disposal of pollutants (point
source pollution). GBR 10 requires any development constructed after 1 April 2007 to
employ SuDS to prevent polluted surface water reaching freshwater bodies. Required num-
bers and types of SuDS devices are specified in Regulatory Method 08 (Scottish Environment
Protection Agency, 2014), which covers housing, commercial, highway and industrial
development. SEPA has managed the potentially large workload of reviewing all potential
sources of pollution by defining a hierarchy for approval of increasing levels of pollution
risk. GBRs apply to specific low risk activities and are monitored initially through the plan-
ning system. Medium and higher risk activities require explicit registration and licensing,
for which charges are made. Regulatory Method 08 prescribes the number of SuDS fea-
tures required for all types and sizes of development, and offers suggestions about the
specific types of devices suitable in particular developments. SEPA also requires long-term
maintenance be put in place.

3.3.5 Comparison of Approaches in England and Scotland

Both English and Scottish regulation of surface water separate the guidance for addressing
quality and quantity issues. Flooding is controlled by the development planning process,
whereas water quality is managed by the environmental regulator. Both countries assign a
narrower definition to the term surface water at the local authority level compared to
international law, but the two countries have taken different paths for improving surface
water management. The differences between English and Scottish surface water and SuDS
legislation are likely to influence the way that SuDS are implemented in the two jurisdic-
tions, and Table 3.5 gives some examples.

Scotland provides more detailed specific centralised guidance to interpret surface water
management legislation than in England, where much of the detailed interpretation is left

Table 3.5 Some key differences between detailed SuDS regulation in England and Scotland.

Element England Scotland

Regulator Each unitary/upper tier local authority ~ Scottish Environment Protection Agency (SEPA)

Requirement for Where reasonably practicable Mandatory for all developments of more than

SuDS to manage one property after March 2007

surface water

Design guidance The SuDS National Standards offer Sewers for Scotland and Regulatory Method 08
outline guidance on the volume and provide detailed guidance about the specific
peak rate of runoff for the types of SuDS that will be adopted, and their
development site required design features

Adoptable public SuDS in developments of 10 or more SuDS, serving two or more premises, that are

SuDS properties, and major commercial detention ponds, detention basins or
development underground storage located in public open

space, and are designed to reduce runoff rates
up toa1in 30 year event
Adoption, operation  An organisation agreed during the Scottish Water, the local authority or a public
and maintenance planning approval process body
organisation
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to local authorities. In Scotland, the WEWS Act took the opportunity of transposing the
Water Framework Directive into Scottish Law to make the use of SuDS mandatory in new
developments in order to address poor water quality due to diffuse pollution. In England,
by contrast, the SuDS National Standards utilise the concept of ‘reasonably practicable’
(Defra, 2015), limiting the need for compliance to the extent that SuDS construction should
not be more expensive than an equivalent conventional drainage design.

One key reason for the wider implementation of SuDS for surface water management in
Scotland is the timing of legislation. As a result, Scotland has over 10 years’ more experi-
ence of implementing and regulating SuDS than England. The longer experience in Scotland
through the planning, implementation and monitoring processes has informed regulation,
so Scotland has more detailed and precise guidance on SuDS planning approval in
Regulatory Method 08 (SEPA, 2014), compared with the brief SuDS National Standards in
England. England does not have plans for a monitoring programme to determine the effec-
tiveness of the revisions to the SuDS provisions in the FWMA (Stephenson, 2015), which,
given the experience of Scotland in utilising monitoring to inform changes to legislation,
may not generate the expected longer-term benefits.

Scottish legislation has assigned a much more precise definition to the meaning of SuDS
than the English FWMA. The Sewerage (Scotland) Act (Act of Great Britain Parliament,
1968) defining the duties and powers of Scottish Water, was amended by the WEWS Act to
identify references to sewers as including SuDS, whereas in England and Wales SuDS are
regarded as distinct from public sewers. The WEWS Act (section 33) clarifies that SuDS
facilitate attenuation, settlement or treatment of surface water from two or more premises.
It names specific devices that are considered to be SuDS: inlet structures, outlet structures,
swales, constructed wetlands, ponds, filter trenches, attenuation tanks and detention basins,
and clarifies that associated pipes and equipment are to be treated as part of the system. In
contrast, the English FWMA does not clarify the meaning of SuDS, implying the need for
precise construction standards to define what would be acceptable, but the delivered SuDS
technical standards (Defra, 2015) only outline broad functional criteria that should be
applied, in the expectation that local standards will define what is desired and acceptable.
In contrast, detailed standards are clearly defined in Scottish Regulatory Method 08, and
Sewers for Scotland (Scottish Water, 20135) details specific construction standards for deten-
tion ponds and detention basins that the water and sewerage company will adopt.

In England, the FWMA assigns responsibility for approval and future maintenance of
SuDS to an organisation approved by the planning process. While this approach allows flex-
ibility, it is also likely to lead to inconsistencies in approach and standards across different
planning authorities. Scottish legislation is on the whole more specific, and responsibilities
are allocated to different organisations to those proposed in England. Overall, the approach
in England may result in inconsistency and duplication of effort, while arguably the Scottish
legislation promotes a more coherent view of integrated surface water management.

3.4 Comparison of UK Approaches with Other Countries

While the variations in legislative approach to surface water management in different con-
stituent parts of the UK may appear surprising, this result mirrors findings internationally
(Brown and Farrelly, 2009). In Australia, for example, each state and major city has differ-
ent governance models in terms of the responsibilities and leadership of state and local
government (Rijke et al., 2013). The creation of the cross-state Murray-Darling Basin
Authority (Australian Government, 2015) echoes the WFD’s catchment-scale approach in
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the EU, but this has cut across historical state-level responsibilities and must consequently
deal with challenges in coordinating implementation and monitoring across a range of
bodies in the affected states (Connell and Grafton, 2011). Different approaches to imple-
menting the WFD have also been identified in EU countries as a result of different govern-
ance structures and changes in political complexion (e.g. Liefferink ef al., 2011; Thiel,
2015). The more centralised path chosen by Scotland reflects WFD implementation in
Denmark, while the devolution of responsibilities in England may lead to the lack of con-
sistent coordination observed in Sweden (Nielsen et al., 2013). In the USA, the existence of
national, state and local administration and funding of stormwater management had led to
noticeable variations across the country (US Environmental Protection Agency, 2011),
which have slowed progress in achieving effective surface water management (Department
of Trade and Industry, 2006). The hierarchical nature of US legislation has led to varying
levels of rigour when pursuing improvements in surface water management, and the organ-
isational separation of water quantity management from water quality management that
occurs in the USA is also present in both England and Scotland, resulting in challenges to
a coordinated approach to surface water management (National Research Council, 2008).

3.5 Conclusions

Policy, legislation and strategy for surface water management in developed countries is
typically implemented across a number of levels, from international laws to local govern-
ment regulations. International and national and legislation can be interpreted in different
ways at these levels, even in the same country, based on local circumstances and govern-
ment interpretation. In addition, flood risk and water quality in many developed countries
are often addressed by separate legislation. As a result, consistent and comprehensive sur-
face water management is a goal yet to be achieved.
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Sustainable Drainage Systems: Operation
and Maintenance

Neil Berwick

4.1 Introduction

This chapter will consider the issue of sustainable urban drainage systems (SuDS) operation
and maintenance. SuDS have undergone a transition from new, to an accepted technology
in many countries. The past decade has seen considerable advancements in design guidance
and a greater understanding of the multiple benefits that SuDS provide; however, there
remains a deficit of detailed operation and maintenance guidance.

There is now a greater focus than ever on SuDS and their condition. This is particularly
relevant in the UK, where SuDS have been commonplace since the 1990s, and their use has
been further promoted by recent legislative change stipulating the use of SuDS for all new
developments. In Scotland, SuDS have been the legally required norm to drain surface
runoff from all new developments constructed after 1 April 2006. Similar legislation came
into effect in England on 1 April 2015. A transition in the perception of SuDS has occurred
over this period; initial studies (SNIFFER, 2005) undertaken at the first large-scale master-
planned site in the UK (Dunfermline East Expansion, DEX) discovered that the main area
of concern for residents living in close proximity to SuDS (ponds) was water safety. Revisiting
the study several years later, Bastien et al. (2012) noted that local residents were most
concerned with the maintenance of SuDS, illustrating a shift in perspective. SuDS can lend
to saleability of property; houses located in the immediate vicinity of SuDS can be marketed
at a higher value (SNIFFER, 2005; CNT, 2011), and sustainable development (for example,
where SuDS lower flood risk) is becoming a more recognised process, particularly in light of
flooding being a more newsworthy issue (Bryant, 2006). However, these positive effects
of SuDS can be reduced if the SuDS and surrounding public areas are poorly maintained.
It should be noted that maintenance of SuDS is not solely concerned with aesthetics; it is
essential to ensure continued operation, delivering water quantity (reduced flood risk) and
water quality (surface water discharged to the environment) benefits.

Sustainable Surface Water Management: A Handbook for SuDS, First Edition.
Edited by Susanne M. Charlesworth and Colin A. Booth.
© 2017 John Wiley & Sons, Ltd. Published 2017 by John Wiley & Sons, Ltd.



46 Sustainable Surface Water Management

What is Operation and Maintenance and Why is it Important?

Operation and maintenance is the process of activities carried out to ensure the continued
operation and prevent failure. As with all drainage systems, SuDS components should be
regularly inspected and maintained to ensure efficient operation (Bell et al., 2015), visual
aesthetic and benefit to the local community.

The Oxford Dictionary (2015) defines the terms as:

Operation: The action of functioning or the fact of being active or in effect.

Maintenance: The process of preserving a condition or situation or the state of being
preserved.

A range of SuDS techniques are available (Woods Ballard et al., 2015; Highways Agency,
2015) and these can be used to match the catchment constraints and variables including;:
location, visibility, owning and/or maintaining body and design type (e.g. permanent water,
dry attenuation or underground structures). The type of SuDS used will play a pivotal role
in the type and frequency of maintenance and management activity.

There must be sufficient maintenance to reduce risk of each of the following:

Pollution of the water environmment: In most developed countries, legislation exists to
ensure the continued quality of surface and groundwater. In Europe, the Water
Framework Directive (2000) is the overarching legislation, which is then enacted into
national law for each country. For example, the Water Environment (Controlled
Activities) (Scotland) Regulations 2011 (as amended) (otherwise referred to as CAR)
makes it an offence to allow discharge of foul, industrial effluent, paint, oil or any other
pollutants into a surface water system (General Binding Rule 10) or from a surface
water system to the water environment (General Binding Rule 11) (SEPA, 2016).

Flooding: SuDS temporarily attenuate runoff and discharge it at a controlled rate, conse-
quently reducing the likelihood of surface water flooding, within the constraints of the
hydraulic level of service.

Personal injury: SuDS can present a range of hazards to the public and operatives,
including slip/trip/fall and drowning, but regular inspection and maintenance can
reduce risk.

Complaints from land owners/residents: Complaints regarding SuDS are most common
where SuDS are located in residential developments. This is predominantly due to the
proximity of houses and roads/paths to SuDS.

SuDS operation and maintenance is not solely the concern of facility managers and land-
scape contractors; knowledge of operation and maintenance is pertinent at all stages of the
SuDS development process, from outline design to aftercare. The designer must have a
clear understanding of how design can enable or inhibit operation and maintenance. A well
thought out design will deliver water quantity and quality benefits, provide ecosystem
services and will be safely maintainable. There is a recognised link between design for
operation and maintenance and the survivability of the treatment train. Jefferies et al.
(2009) identify the relationship between asset type and position in the SuDS treatment
train to promote simple and cost-effective maintenance, limit the requirement for correc-
tive maintenance and extend operational life.
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4.3 Inspection, Reporting and Maintenance

Operation and maintenance can be split into two categories: (1) inspection and reporting;
(2) maintenance activity.

These categories are closely related. Facility inspectors should possess a good under-
standing of the maintenance regime for the site so that they can assess their effectiveness,
suitability and the standard of the maintenance carried out. Up-skilling of maintenance
teams can improve the standard of maintenance, and operatives are more likely to identify
operational issues at an early stage when they can be easily and cost-effectively resolved.
This is particularly advantageous when the main facility inspection occurs on an extended
interval (for example annually) maintenance teams are on site regularly and their observa-
tions can be an invaluable.

4.3.1 SuDS Inspection and Reporting

Inspection and reporting activity should begin during the construction phase and continue
throughout the interim phase, to the handover and post-handover aftercare (Figure 4.1).
Continued inspection will ensure that the SuDS are implemented as designed, protected
from construction runoff and maintained so that planted vegetation becomes established.

4.3.1.1 Inspection

Inspection during the construction and handover phase should be carried out on a regular
basis (e.g. monthly or every two months) allowing the effectiveness of the structure to be
assessed, and lending familiarity to inspectors and maintenance teams. This interim inspec-
tion activity will also highlight any amendments required to the initial maintenance schedule.

Post-handover inspection and reporting for SuDS should be carried out on a regular
basis. Current guidance for SuDS (Woods Ballard et al., 2015) recommends (following
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Figure 4.1 Integration of inspection and maintenance activity during the SuDS development process [author’s
imagel.
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Table4.1 Inspection skill level descriptions (adapted from the Centre for Watershed Protection Stormwater
Pond and Wetland Maintenance Guidebook, 2004).

Skill level Description

1 No special skills or prior experience

2 Inspector, maintenance contractor or citizen with prior experience of SuDS techniques

3 Inspector or maintenance contractor with extensive experience of SuDS maintenance
issues

4 Professional engineering consultant/facility inspector

completion of the construction phase and establishment of vegetation) that assets are
inspected frequently; this is general guidance, and applicable to the UK. Actual inspection
frequencies can vary due to other factors such as geographic location, weather (local cli-
mate), site-specific conditions, the owning/maintaining organisation, planning agreements,
among others.

Inspections should be conducted by persons with a skill level commensurate with the
inspection type (Table 4.1). Maintenance teams can carry out basic inspections during
visits, and ideally the operatives should possess a basic understanding of the engineered
components of SuDS: what they are, how they operate and common operational issues.
Specialist inspection will involve a more detailed assessment of the SuDS (including sub-
surface appurtenances) and provide a report of condition and operation of the structure.
The specialist inspection is carried out at a much longer interval (typically on an annual
basis) and provides a snapshot of operational condition at a given time. It may not identify
infrequent operational issues including greywater cross connections (typically, intermittent
and evidence can be washed away during following rainfall events) and blocked or par-
tially blocked outlets. A combination of specialist and maintenance inspections is the most
effective means of reducing operational risk.

Input from non-technical observers should not be dismissed; reporting can be carried
out by those with little or no knowledge of SuDS, homeowners commonly being a good
example of this, where a complaint to the facility owner/maintainer is made, triggering an
additional inspection or maintenance visit. SEPA (2006) recommends that new householders
are provided with written information on the SuDS and how they work; this can increase
the incidence of non-technical reporting.

4.3.1.2 Reporting

Reporting is the formal output of SuDS inspection (and maintenance) visits. Records of site
visits provide three main benefits:

1. Duediligence: an audit trail confirming that the facility has been suitably maintained
and inspected on a regular basis; this is of particular following an incident on site,
for example localised flooding, pollution or an accident

2. Gathering maintenance data, which can be interrogated, and maintenance regimes
amended accordingly

3. Evaluating operational risk of specific design details to inform future asset adoption
strategy
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Reporting should be carried out on every visit, usually in the form of a written record of
the SuDS condition, complemented by photographs. The record can be in the form of a
standard pro-forma (paper or electronic), written summary of observations, as-built drawings
marked up with issues identified or a combination of all three.

The use of a standardised pro-forma provides the most consistent means of recording
data, particularly where it is used in conjunction with a relational database management
system. The pro-forma should be designed to capture a finite range of data, and will
normally fall into one of three main categories:

1. Maintenance record: detailing maintenance activity carried out during the visit,
usually in the form of a simple ‘tick sheet’ recording: litter removed, grass cutting
detail, small-scale silt removal from structures

2. Operational record: a record of the condition and operation of the SuDS including
outlet and flow control condition, water level variations

3. Maintenance and operational condition record: a combination of the previous two,
typically used during the specialist inspection

The pro-forma should be a short non-complex document that can be quickly and easily
completed by the user. Where maintenance pro-formas are lengthy, complex or use overly
technical wording, the quality and consistency of the data gathered can be variable, and
there is a risk that the completion of the record becomes a paper exercise. Pro-formas can
be either specific to a given SuDS type or a generic form intended to solicit top line infor-
mation from a range of SuDS techniques. For simplicity it is usually easier to use the latter.

The skill level necessary to provide valid and useable maintenance reporting is Level 2,
and for the annual technical inspection Level 3 or 4 (Table 4.1), at the discretion of the
owning/maintaining organisation or local legislation.

SuDS Maintenance

SuDS maintenance involves a range of activities which, when carried out to the required
standard and at suitable intervals, will ensure the continued operation of the structure. SuDS
are typically a combination of hard and soft engineered (or landscape) structures; these have
different requirements for maintenance. Lampe (2005) and Woods Ballard e al. (2007)
identify three categories of maintenance for SuDS; routine, infrequent and corrective.

Routine maintenance tasks are those of generally low specification, occurring on a
frequent basis, as dictated by the maintenance schedule for the site (e.g. litter removal,
grass cutting and inspections) and seasonal maintenance (e.g. pruning, leaf litter control
and screen maintenance).

Infrequent maintenance tasks occur at frequencies greater than annually and are com-
monly larger in scale. Such activities are carried out on a predefined basis, but can also be
triggered by the inspection regime. Examples of infrequent maintenance include manage-
ment of emergent species around the perimeter of ponds and the emptying of engineered
silt traps.

Corrective maintenance tasks are those which involve the repair, replacement or reha-
bilitation of existing structures/components or redesign of specifications to ensure the
effectiveness of the SuDS. Corrective maintenance occurs on an ad hoc basis and is usu-
ally identified by the inspection process or following an operational incident.
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Regular and (some) infrequent maintenance tasks are usually carried out by landscape
contractors; the scope of the activity is predominantly limited to grounds maintenance
work (horticultural and minor repair, such as fence repair) and reporting. Dependent upon
the owning organisation, the landscape contractor may also carry out specialist inspection
and reporting of the SuDS. More complex (irregular) works will normally require specialist
contractors: for example replacement or reinstatement of items including pipework, flow
controls, gabions and other ancillary structures.

4.3.2.1 Maintenance Levels

SuDS can be maintained to different levels, which vary dependent upon factors including
the owning/maintaining organisation’s maintenance policy, location and visibility of the
SuDS and local/environmental considerations. Lampe (2005) identifies three levels of
maintenance for SuDS: low, medium and high.

Low level: the basic level, to maintain function of the SuDS. Maintenance and inspection
are carried out at extended intervals, with typical maintenance activities being litter
removal and vegetation management to minimise risk of blockage to inlet/outlet structures.
The inspection regime may also be at an extended interval and is used to identify any
additional works required to ensure operation. This level of maintenance is most common
for SuDS that are not in areas of high public footfall, or visible from main access routes, or
for trunk road and motorway drainage. Maintenance tasks will be at a lower frequency
than those for an accessible site.

Medium level: the level needed to ensure the function and appearance of the SuDS. This
level of maintenance is commonly used for SuDS in areas of high footfall and visibility,
such as housing developments, where there is increased focus on visual appearance and
amenity space.

High level: enhanced maintenance activities for appearance and amenity. This level is
common in areas with high footfall, such as commercial areas or public amenity space in
dense urban areas. SuDS in these locations have been designed with additional emphasis
on landscaping and planting specification to provide attractive surroundings.

It is essential that there is always enough maintenance to ensure that the SuDS operate
as designed. All maintenance over and above this level will be as a requirement of opera-
tion or appearance or biodiversity or health, as illustrated in Figure 4.2. It should be noted
that there can be a difference between perception of maintenance and actual maintenance
carried out. Litter (or the absence of it) is often regarded as an indicator of effective main-
tenance (Bastien et al., 2012), but this may not necessarily be the case: regular litter removal
does not guarantee that the structural items are being maintained or inspected, although it
will indicate that maintenance teams are on site on a regular basis. It should be noted that
SuDS can also be over-maintained, reducing effectiveness, costing money and restricting
the development of habitat diversity (Graham et al., 2012).

4.4 Maintenance Schedules and Planned Maintenance

Maintenance schedules for SuDS should be prepared at the design stage and include both
soft landscaped areas (e.g. basin banks, surrounding grass) and engineered structures (e.g.
headwall, gabions, flow controls). Maintenance schedules will usually incorporate regular
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Figure 4.2 Maintenance requirements from SuDS (Adapted from Lampe, 2005).

and irregular maintenance only, listing the maintenance activity, specification and relevant
supporting information. The schedule should be prepared by the design consultant (civil
engineer) in consultation with the landscape architect or other person with detailed knowl-
edge of plant species and good horticultural practice. Maintenance regimes for the hard
engineered items should include all structures, above and below ground, including pipes,
headwalls, screens, flow dissipation measures and flow controls. Maintenance regimes for
the soft landscape will vary in accordance with the complexity of the landscape areas (both
size and planting specification), from basic grassed structures and planted pods (e.g. for a
detention basin) to ornamental planting within parkland or inner city areas. The schedule
should also consider not only how the SuDS will be maintained, but by whom (Landscape
Institute Technical Committee Water Working Group, 2014).

The planting specification and how the hard engineered structures are detailed should be
considered because the relationship can impact on the maintenance regime. For example,
where the SuDS area/surrounds include deciduous trees then additional maintenance visits
for autumn and winter season to maintain screens, outlets and controls should be included.
Where permanent water SuDS are used then the type of planted species (and management
of self-seeding species post-implementation) used for marginal planting can influence
maintenance regimes. For example, where ponds have monocultures of reeds (e.g.
Phragmites australis) around the perimeter this can, with time, limit access for inspection,
present a visual barrier of the water surface (impacting child safety) or encroach into other
areas, so additional maintenance to crop and thin will be required.

When preparing the maintenance schedule the end user should be taken into account,
which in most cases will be the maintenance contractor, and it should be clearly written
using non-technical language.

Planned maintenance activity is normally carried out on either a frequency basis or on a
performance basis (or a combination of both), whereas inspection activity should always
be on a frequency basis (unless triggered by an operational incident). The type and extent
of planned maintenance will be dependent upon the owning/maintaining organisation.

Frequency-based maintenance stipulates the number of visits that the contractor will
make to the site per annum and the intervals by which specific maintenance activity will be
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carried out, for example grass cutting of amenity areas 18 times per annum. Frequency-
based maintenance can be used for areas of low level maintenance (e.g. trunk roads or
industrial areas) particularly where control of cost is paramount; this is typical of large
areas with limited amenity value where contract periods are for a medium length of time
(typically a five year contract).

Performance-based maintenance sets a standard (with upper and lower thresholds) that
the contractor should work to. For amenity grass, this would mean a specification of
30-65 mm tolerance, where the contractor would cut initially to 30 mm and revisit before
the sward exceeded 65 mm. Performance-based maintenance is commonly used where a
consistently high standard of maintenance is required (e.g. premium residential develop-
ments or business districts). Experience of the type of work as well as knowledge of the
location and climate (growing season) are necessary to submit accurate and realistic tenders
for performance-based maintenance.

Whether maintenance is scheduled on a frequency or performance basis will normally be
at the discretion of the owning organisation. Woods Ballard et al. (2007) states that SuDS
maintenance ‘tends towards a frequency requirement to ensure a predictable standard of
care which can be recorded on site’ and that this ‘provides a reasonable basis for pricing
work’. Where higher level maintenance (aesthetic drivers) is required then a combination
of frequency and performance based maintenance is usually more appropriate. In such
cases the most typical arrangement is for the hard engineered parts of the SuDS to use the
frequency basis, for example inspection of the flow control on an annual basis, and the
vegetated/landscaped areas of the SuDS (and surrounds) to use a performance basis.
This combined method ensures continued operation of the SuDS (delivering hydraulic and
pollutant removal benefits) with consistently well maintained and visually attractive
landscaped areas maximising both amenity and biodiversity benefits.

Other Considerations that Will Impact on Maintenance

Maintenance type and specification for a SuDS scheme will be influenced by other factors,
predominantly those that involve design, ownership and land type.

4.5.1 Asset Type and Design for Maintenance

The choice of SuDS technique and how it is designed and detailed will have an influence
on the type, specification and cost of maintenance. The SuDS treatment train concept is
where a series of SuDS are used in sequence to provide quality, quantity and amenity
benefits. The number and type of SuDS used in the treatment train for a site will involve
balancing the risks in the catchment (Woods Ballard et al., 2015):

1. the type of land (i.e. use residential/commercial/industrial, in ascending pollution risk)
2. the extent of the land use (e.g. the number of houses or commercial parking)
3. the ecological sensitivity of the receiving water

Where more than one SuDS technique is used in sequence then the techniques used and
their sequence in the train will influence maintenance requirements. Maintenance require-
ments for individual SuDS techniques are well documented (Woods Ballard ez al., 2015); in
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general, permanent water (wet) SuDS have a wider range of maintenance activities than
non-permanent water (dry) SuDS. If ease and cost of maintenance is a driver then use of
dry SuDS is preferable. However, when multiple SuDS are used in sequence then the inter-
action and maintenance requirement is less well understood. Treatment trains should be
designed to promote survivability (i.e. maximising the operational life). Good design prac-
tice is to use dry SuDS upstream of wet SuDS to manage sediment (rather than proprietary
silt traps or standalone ponds with sediment forebays), enabling silts to be easily moni-
tored and cost-effectively managed, reducing the need for dredging equipment or drawing
down the permanent water.

Consideration should also be made to the detailing of structures as this will impact on
how maintenance is carried out. This includes access (for both operatives and plant), the
operational suitability of the detail (e.g. vertical bar screens vs pitched screens, the former
requiring a high frequency of maintenance in autumn and winter), whether key items are
located above or below ground and material specification (aesthetic vs vandalism).

Balancing CAPEX and OPEX

Ownership solutions for SuDS can vary by region and can influence the cost of SUDS over
their operational lifetime, a concept referred to as whole life cost (WLC). Whole life cost
accounts for design, implementation and aftercare costs and can be split into two categories;
capital expenditure (CAPEX), and operational expenditure (OPEX).

CAPEX includes all costs incurred before the asset is handed over. This includes costs
such as scoping/feasibility studies, outline/detailed design, land acquisition, construction
and landscape implementation. OPEX is the cost of maintaining the structure over its
lifetime (i.e. regular, irregular and corrective maintenance) and may also include decom-
missioning costs. There may be an interim period (or defects liability period) before the
SuDS is formally adopted, where the developer must maintain and make good any
deficiencies in operation and condition.

Where SuDS are designed, constructed and maintained by a single party then both
CAPEX and OPEX are borne by the owner. However, it is the norm for most SuDS to be
built by one body (i.e. a house-builder) and ownership and maintenance passed to other
bodies such as the local authority or a water utility or under private ownership. In such
cases the relationship (balance) between CAPEX and OPEX is of interest from an operation
and maintenance perspective. The design and detailing of the SuDS (i.e. which components
are used, how they are constructed, material, access) will directly impact the complexity
and cost to maintain. Where SuDS are highly detailed and include a range of hard engi-
neered structures then the cost of construction is likely to be higher, but this can lead to
easier and more cost-effective maintenance.

In certain circumstances it can be favourable for the final owner to stipulate design
details so that future maintenance requirements, and their cost, are known and under-
stood, thereby reducing operational and financial risk. This is typical of the situation in
Scotland, where SuDS design must meet the technical standard (Scottish Water and WRc
plc, 2015) of the national water authority (Scottish Water) in order to be adopted. The
technical standard includes details to enable cost-effective maintenance. Examples include
reinforced vehicular access around the margins of a pond, and concrete reinforced sedi-
ment forebays; these ensure that there is adequate space for corrective works to be carried
out, that the type (and size) of machinery that can be used is known, and reinforcement of
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access points and forebay will minimise landscaped areas having to be reinstated and
reduce the risk of liner breach. These examples will incur higher front-end costs — additional
land acquisition for the access route and construction of the reinforced access — and they
will be borne by the developer with the benefit passed to the final owner.

Conversely, the absence of design standards can present risk: if there is little control or
focus of the SuDS detailing, the cost to construct can be minimised but this may be at the
expense of operational cost to the final owner. For example, ponds that are detailed without
a drawdown mechanism are costly to desilt, and limited or restricted access may require
the use of larger plant to carry out corrective works.

4.5.3 Location of SuDS

Site and regional control SuDS should be located in areas of passive public open space.
Where SuDS and the surrounding areas of public open space are owned and maintained
by the same body, this lends economies of scale to maintenance regimes. Bray (2015)
recognises the concept of passive SuDS, as those that are designed to integrate into avail-
able open space, and the principle of multi-functional space, similar to the concept of high
performance landscapes (HPLs) ‘landscapes that can perform many functions at once’
(Design Trust for Public Space and the New York City Department of Parks and
Recreation, 2010).

Integration of SuDS into public open space can enable cost-effective maintenance, allow-
ing the use of larger equipment (e.g. ride-on mowers rather than walk-behind mowers) and
reduced set-up time and cost. Where SuDS do not form part of the public open space, or
where they are owned/maintained by a separate body (e.g. a water utility) then there is
limited opportunity for cost efficiencies.

4.6 Conclusions

Maintenance of SuDS is an essential process and is not limited solely to the post-adoption
phase. In order to maximise the operational life of SuDS, maintenance knowledge is neces-
sary at the design stage and should inform the detailing of structures so that they can be
safely and cost-effectively maintained. Maintenance and inspection during the construc-
tion phase is necessary to ensure that SuDS are constructed in accordance with the design
and are fit for purpose. Post-adoption effective maintenance regimes can be encouraged by
the up-skilling of maintenance operatives and facility inspectors; this also allows identifica-
tion of operational concerns at an early stage when risk (financial or reputational) can be
more easily mitigated.

Maintenance regimes are influenced by a range of factors including the adopting (owning)
body, location, integration and visibility, and design and planting specification. Scheduled
maintenance is necessary to maintain operation and there must be sufficient maintenance
to ensure continued operation of the SuDS; maintenance in addition to this is for other
reasons, predominantly for aesthetics, but it can include maintenance for biodiversity and
habitat development.

Inspection processes will allow both the suitability and the (quality) standard of mainte-
nance to be assessed, will provide an essential feedback loop to amend maintenance
regimes, and will document an audit trail of inspection and maintenance.
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Water Quantity: Attenuation of the Storm Peak

Craig Lashford, Susanne M. Charlesworth and Frank Warwick

5.1 Introduction

Since antiquity, the drainage of cities has been based on hard infrastructure whose purpose
was to remove water as quickly as possible. As discussed in Chapter 2, in arid and semi-
arid areas, rainwater harvesting was used extensively; however, with the development of
pipes by the Minoans in the Bronze Age (Angelakis et al., 2012) the scene was set for mod-
ern society’s reluctance to allow open water to flow through their cities, preferring to hide
it underground in pipes and conduits. This chapter compares the two contrasting water
management methods whose purpose is to provide flood resilience in cities. With the
potential changes to the rainfall regime caused by global climate change, cities need to
adapt to the changes to come, and mitigate those changes that have already happened.
Charlesworth (2010) argued that SuDS can provide extensive benefits in terms of mitigat-
ing and adapting to climate change, in particular reducing flood risk, but also providing a
means to harvest water in areas subject to drought. The following sections compare the
abilities of conventional drainage and SuDS to address these issues, their benefits and
weaknesses.

5.2 Conventional Drainage, Water Flow and Volume

Conventional drainage is based on pipes and concrete channels designed in order to rapidly
convey runoff from the impermeable area to the receiving water body (Kirby, 2005).
Runoff in the sewer system typically flows underground via gullypots and pipes before
reaching the watercourse (Stovin and Swan, 2007; Charlesworth, 2010), which poses an
increased flood risk due to the reduced lag time and increased peak flow (Qin et al., 2013).
Additionally, the ‘clogging’ of conventional systems with debris inhibits their potential to
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Table 5.1 Conventional drainage design storms for different
land uses (adapted from Schmitt et al., 2004).

Location Design storm frequency
Rural areas 1in 10 years
Residential areas 1in 20 years
City centres 11in 30 years

effectively drain the water, causing a backlog through the system, exacerbating flood risk
as was evident in the 2007 UK summer floods (Oliver, 2009).

Table 5.1 outlines the design flood frequency for pipe-based systems, according to the
European Standard EN 752 (CEN, 1996; CEN, 1997). All drainage systems in city centres
should manage up to and including the 1 in 30 year storm. However, many cities in the
industrialised, developed world are at risk of flooding due to insufficient capacity; this is
exacerbated in less developed countries due to lower drainage standards (Mark et al., 2004).

As well as the primary concern of increasing flood risk at both source and outfall, con-
ventional drainage also results in water quality issues (Chapter 6 of this volume).
Improvement of runoff quality prior to release into the watercourse is a neglected aspect of
conventional drainage (Charlesworth, 2010), and consequently runoff transports a variety
of urban pollutants without treatment (Zhang et al., 2013) which has an impact on the
biodiversity of urban streams (Charlesworth et al., 2003).

The integration of pipe-based drainage at new build sites is still part of typical design
culture in England and Wales, focusing on reducing the impacts of pluvial flooding.
However, conventional drainage is often unable to manage the impact of fluvial driven
flood events and therefore other strategies are often required.

5.3 Existing Flood Management

The need for flood management in the UK is driven by an increase in urban cover, resulting
in more impermeable surfacing, coupled with development on floodplains. Flood manage-
ment is controlled and managed by both the UK Environment Agency and Defra (Burton
et al.,2012), with annual damage due to flooding in the region of £1.1 billion (Bennett and
Hartwell-Naguib, 2014). Hard infrastructure flood management focuses on engineered
solutions that reduce flooding of the surrounding area and, as a result, many UK streams
in towns and cities have been either culverted or brick lined, which has generated a depend-
ence on these structures during periods of high rainfall (Werritty, 2006). As well as culverting,
a number of hard abatement measures have been used both in the UK and internationally
to manage high runoff; these are discussed in the following sections.

Dams are used globally as a method of controlling flow rates and reducing the potential
for flooding (Higgins et al., 2011). Although they can be an effective tool for reducing
regional flood risk, they cause local environmental and social issues as a result of the dis-
ruption caused during the construction process (Yu, 2010). Dams are typically constructed
to mitigate all events up to the 10,000 year return period (Sordo-Ward et al., 2013), but
with climate change impacting rainfall rates, the level of abatement is reduced (Veijalainen
and Vehvildinen, 2008). Additionally, when dams fail, it results in large-scale flooding and
sometimes loss of life, as they hold large volumes of water (Bosa and Petti, 2013).

Constructing flood walls is another hard engineering measure to reduce flood risk; how-
ever, they tend to be over-designed in order to mitigate the unknown impacts of climate
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change, sometimes requiring regular increases in height to ensure continued effectiveness
(Pitt, 2008; Saito, 2014). Kenyon (2007) undertook a survey in Scotland to determine
public perception of different flood management methods, finding flood walls to be the
least popular option. Participants disliked the visual impact on the site, the need for
redevelopment and the possibility of the barriers trapping water on the protected side if
overtopped. Song et al. (2011) found that erosion of the flood walls during Hurricane
Katrina in New Orleans compounded the damage caused.

Dredging accumulated silt from streams can increase their carrying capacity (Jeuken
and Wang, 2010) and was widely used in the UK during the 1980s. However, it is expensive
to carry out, has only short-term benefits since siltation continues, and has the potential
to increase downstream flood risk, so the process was restricted to urban streams from the
1990s (Pitt, 2008). In fact, dredging has decreased internationally; for example, in
Indonesia it is seen as inappropriate and unsustainable (Hurford et al., 2010), while in
Australia it is limited to estuarine environments (Wheeler et al., 2010). It also has a
significant negative impact on the local ecosystem by removing habitats and associated
aquatic biota (Elliott et al., 2007).

Hard engineering flood management solutions require large economic outlay and
continued maintenance (Werritty, 2006); in addition, many of the strategies provide only
short-term solutions. With the likely impacts of climate change altering rainfall patterns, a
more sustainable approach is required to build for the future (Sayers et al., 2014). In the
UK, there has been a paradigm shift in thinking about drainage since the 1998 floods, with
less reliance on unsustainable hard structures and more on sustainable techniques (Werritty,
2006; van den Hoek ez al., 2012). This is coupled with a realisation that absolute protec-
tion from flooding is not possible and that water should be utilised more efficiently in the
built environment (Sayers et al., 2014).

It is possible to flood proof at the individual building scale; this involves retrofitting the
property to reduce the existing level of flood risk (Saito, 2014) and typically includes two foci:

1. dry flood proofing which stops water from entering the building
2. wet flood proofing which manages utilities if water does get into the building
(Hayes and Asce, 2004)

In general, such flood proofing is underused, although it has featured in regional flood
control plans since the 1980s in the USA. In the UK, the Royal Institute of Building
Architects (RIBA) was challenged by Pitt (2008) to develop new, flood resilient housing.
Their report (RIBA, n.d.), outlined structural measures, such as reinforced concrete walls,
raising electrical sockets, using hard-wearing floor tiles and using either flood resistant
furniture or materials that can be replaced reasonably cheaply. Also discussed is the poten-
tial use of amphibious buildings which are designed to float when the surrounding area
floods. As well as flood proofing, Pitt (2008) also suggested the use of SuDS as a further
solution for flexible adaptation to the impacts of flooding, particularly with the likelihood
of more intense storm events in the future due to climate change.

5.4 Water Quantity

Water quantity forms a critical component of the SuDS triangle (Chapter 1), all three
corners of which should be equally weighted in their importance (Charlesworth, 2010),
but in practice this is rarely the case. However, water quantity reduction is generally
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acknowledged by stakeholders as the main factor for integrating SuDS into the drainage
design of a site (Chahar et al., 2012) followed by water quality improvements, with little
regard paid to amenity or biodiversity benefits (Kirby, 2005; Zhou, 2014; Jose et al., 2015).
More emphasis is therefore placed on the ability to return the site to ‘greenfield runoff
rates” which should result in rates of infiltration and flow equivalent to that before devel-
opment (Charlesworth and Warwick, 2012) up to and including the 1 in 100 year six-hour
storm. The acknowledged flood resilience provided by SuDS is achieved by: promoting
infiltration and ultimately groundwater recharge; recycling water; controlling peak flow;
reducing the reliance on conventional pipe-based drainage; slowing down and retaining
water in the drainage system (Charlesworth, 2010; Bastien et al., 2010).

Table 5.1 showed that drainage systems in urban areas have been designed to manage
events up to a 1 in 30 year storm with, according to Pitt (2008), some older systems only
capable of dealing with even smaller events. On the other hand, the UK Environment
Agency (2009) recommends designing SuDS for exceedance, ultimately up to the 1 in 100
year storm return period (with an additional 30% for climate change). The success of SuDS
is also partially limited to site characteristics, most notably, the ability for infiltration
(Woods Ballard et al., 2007), but examples of SuDS best practice are limited, resulting in
continued reliance on conventional pipe-based systems.

5.5 History of SuDS Implementation

Stahre (2008) suggested that the transition to more sustainable forms of drainage began in
the 1970s, with the realisation that water quality needed to be addressed in conventional
drainage, but it was not until the 1990s that urban stormwater was considered in a more
positive light, as a resource rather than as a waste. Figure 5.1 shows this transition to the
full SuDS triangle by the mid 1990s as envisioned by Stahre (2008).

Butler and Parkinson (1997) questioned the role that traditional drainage played in a
developing urban environment, suggesting, not an overhaul of conventional methods, but
the promotion of ‘less unsustainable methods’, focusing on long-term benefits. The earliest
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Figure 5.1 The evolution of SuDS from conventional drainage in the 1970s to its development in the mid
1990s (after Stahre, 2008).
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implementations of SuDS focused on source control: the capturing and detaining of water
early in the process at the building scale (Pompéo, 1999). Pratt et al. (1989) therefore inves-
tigated the potential of PPS to reduce both flow volumes and pollution, concluding that, in
comparison with conventional drainage, PPS is more effective in reducing both factors.
As a result of this change in drainage philosophy, and developments in knowledge of the
discipline, Shaver and Hatton (1994) and CIRIA (1992) produced recommendations for
the design of SuDS and the impacts of their implementation in the USA, and England and
Wiales, respectively.

In 1994, the United States Environmental Protection Agency (1994) produced a runoff
control plan for Northern Virginia which represented one of the earliest uses of SuDS,
installing open channels as opposed to pipe-based drainage and promoting infiltration
across the area. These best management practices are still in place and continue to manage
stormwater in Northern Virginia (British Water, 2006).

Field-scale implementation of SuDS in Europe also occurred in the mid 1990s. Household
rainwater harvesting systems were retrofitted to buildings across Berlin in 1995, reducing
overland flow, and in partnership with greywater recycling (GWR), decreased household
water costs by reducing domestic potable water demand (Nolde, 1999). It was concluded
that the total amount of water used through toilet flushing (approximately 15-55 l/person/
day) could be replaced through GWR.

As a result of increased understanding of the benefits of SuDS and GWR, two
Environment Agency demonstration sites were developed in the UK that incorporated a
number of different devices: Wheatley Motorway Service Area (MSA), Junction 8A on the
M40, Oxford (Figure 5.2) (Charlesworth 2010) and Hopwood MSA, Junction 2M42,
Bromsgrove, Worcestershire (Figure 5.3) (Heal et al., 2009). Table 5.2 lists the SuDS devices
used and some characteristics of the two sites.

The primary purpose of SuDS at both sites was to manage flood flows, while also
enhancing water quality of the runoff leaving the site (SUSdrain n.d.). To the author’s
knowledge, neither site has flooded since they were constructed, even when surrounding
areas were under water (B. Bray, Landscape Architect and SuDS management train

Porous paving

Retaining wall

Wetland

Figure 5.2 Wheatley MSA, Oxford.
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Figure 5.3 Hopwood MSA, Bromsgrove.

Table 5.2 Site characteristics and SuDS devices used in the management trains at Wheatley and
Hopwood Motorway Service Areas.

Site Hopwood MSA Wheatley MSA

SuDS devices used in the SuDS devices used at the site

management trains Grass filter strips Permeable paving
Constructed wetlands Filter drains
Balancing ponds Swales
Swales Filter strips
Infiltration trench Retention Pond

Wetlands

Total area of site (ha) 34 16.7

Total area of SuDS 9 4.2

Return period (design storm) 1in 25 years Not known

Runoff design 5l/sec/ha 3l/sec/ha

Year built 1999 1997

designer, pers. comm.). Overall, the SuDS management train at Hopwood has been
successful, both in terms of enhancing water quality and also financially. The average
annual cost of the maintenance of the site was £2500, in comparison to £4000 for a similar
sized conventionally drained site. The site also reduced between 70-90% of the total
pollutants by the time runoff reached the outflow (Heal et al. 2009).

SuDS have been used extensively across Scandinavia since the late 1980s; in Malmo,
Sweden, for example, SuDS have been employed in new developments where open chan-
nels were constructed, with water diverted into open sewers, engaging the public in the
design process to ensure that water quantity, quality and aesthetics needs were met (Stahre,
2002). In addition, away from the city centre, pre-existing conventional drainage was
directed into new open channels to reduce water quantity in the overloaded pipe-based
systems. Wetlands, detention ponds and green roofs were also used (Forest Research n.d.).
This use of SuDS has led to just 15% of the urban population in Sweden being served by
sewers by the year 2000 (Mikkelsen et al., 2002).
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Not every use of SuDS is to reduce water, and in Australia, Water Sensitive Urban
Design or WSUD, which utilises similar techniques to SuDS, has a greater focus on water
due to drought issues and the efficient use of scarce water resources (Morison and Brown,
2011). Wong (2007) emphasised the requirement of WSUD to reuse and recycle water,
thus promoting the use of rainwater harvesting systems (RwH), and such systems have
been successfully retrofitted in both Sydney and Melbourne, to ensure that water is used
effectively, primarily using RwH, swales, bioretention zones and detention ponds to store
and capture runoff for use around the home, and in business premises (Landcom, 2009).

Whether devices are retrofitted or installed during new builds, SuDS can be incorporated
into a system in two ways: as standalone devices or as part of a wider SuDS management
train. While it is acknowledged that designing a SuDS management train is a viable strategy
in comparison to conventional drainage (Stovin and Swan, 2007), there is little research
regarding their ability to deal with high volumes of runoff.

5.6 The Management Train

A management train utilises a wide range of devices to reduce the overall level of pollution
in runoff (Woods Ballard et al., 2007) and also reduce the volume of water conveyed down
the train and, therefore, entering the receiving watercourse (Figure 5.4). It conveys runoff
down the train from one device to another where it is incrementally treated as it makes its
way to the outflow (Bastien et al., 2010). Apart from water quality improvements, extra
flood resilience is provided as more devices are used, resulting in greater volumes of water
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Figure 5.4 SuDS management train (adapted from Charlesworth, 2010).
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Table 5.3

SuDS devices, their role in the management train, efficiency in reducing water quantity and potential

to be retrofitted (Woods Ballard et al., 2007).

Effectiveness at reducing  Potential for

Device Source Site Regional Conveyance water quality retrofit
Rainwater harvesting X X — — Low* Yes
Previous pavement systems X X — — High Yes
Filter strip X — — — Low/Medium Yes
Swale X X X Medium Limited
Pond — X X — Medium/High* Unlikely
Wetland — X X 0] Low/Medium Unlikely
Detention pond — X X — High* Yes
Soakaway X — — — Medium Yes
Infiltration trench X X (0} Medium/High Yes
Infiltration basin — X X — Medium* No
Bioretention device X X — — High Yes
Sand filter — X (0] — Low Yes
Green roof X — — — Medium/High Yes
*Depends on the size of the structure for water retention.

X=Most suitable O =Less suitable.
—=Not possible.

5.6.1

retained (Bastien et al., 2010). Additionally, it is not always feasible to utilise one large
device at a site, therefore a series of smaller linked devices in a management train can be
more practical and better integrated into the urban landscape (Charlesworth, 2010).

An initial component of a successful management train is source control (Figure 5.4),
SuDS that tackle water directly after precipitation, for example PPS (Zakaria et al., 2003).
Runoff is typically lost at this point into groundwater via infiltration, or into the overlying
atmosphere via evaporation, particularly if green infrastructure is used. The remaining
runoff is conveyed to a site control device, usually in a swale (Stovin and Swan, 2007).
Such systems deal with greater amounts of runoff from multiple source control devices,
and again runoff is lost via infiltration and evaporation (Kirby, 2005). What runoff remains
can then be conveyed to another site for regional control, which deals with high volumes
of water from a series of site control devices, representing the last element of the train. An
example of a regional control device is a detention pond (Bastien ef al., 2010). By this point
in the management train, much of the pollution should have been filtered out along with a
substantial volume of the excess runoff, although moderate levels of pollutant removal
does occur. After this step, water is either slowly released to a water body, infiltrated out of
the system or evaporated away (Kirby, 2005).

The following sections assess the potential for each element of the management train for
reducing water quantity, beginning with devices that provide source control. Table 5.3
gives examples of specific devices at each stage of the management train.

Source Control

Table 5.3 gives several examples of devices that can provide source control, including PPS,
which both Kirby (2005) and Woods Ballard et al. (2007) suggest is ‘highly effective’ at
dealing with runoff. PPS is most suited to either car parks or pedestrian areas due to its low
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Figure 5.5 Cross-section through a typical PPS with block paver surface layer.

load capabilities (Scholz and Grabiowiecki, 2007), and it infiltrates water through the
permeable surface layer, as shown in Figure 5.5 to sub-surface storage where the water is
slowly transported to a water body (Woods Ballard et al., 2007). Water moves through
different layers of sub-base and geotextile, improving water quality (Scholz and
Grabiowiecki, 2007; Charlesworth et al., 2014).

Based on 150 different storm scenarios, Viavattene et al. (2010) calculated that PPS has
the potential to reduce runoff flows by up to 75%, but this is dependent on the specific
environment, that is to what extent infiltration is possible, the size of the PPS, its depth and
the local topography.

Bioretention ponds (Figure 5.6) also fall under Woods Ballard et al. (2007)’s ‘highly
effective’ category in terms of reducing water quantity using green infrastructure. These
systems are also engineered to improve water quality at the outflow by utilising a combina-
tion of geotextiles and fine gravels to reduce pollutants (Woods Ballard et al., 2007).
Research by Debusk and Wynn (2011), on a system 4.6 m long, 7.6 m wide and 1.8 m deep,
suggested that it was capable of dealing with all runoff, with no outflow, for events with
an inflow rate up to 12.51/s. Also, the system only permitted infiltration into the topsoil;
subsoil infiltration was restricted, showing the potential of installing bioretention devices
into a management train.

Green roofs are categorised as having ‘medium/high’ effectiveness at reducing water
quantity (Table 5.3). However, one of their primary benefits in terms of installation in the
urban environment is that no additional land-take is required beyond the building foot-
print (Stovin, 2009). Based on the same 150 storm scenarios used to model the benefits of
PPS (see Section 5.6.1), it was calculated that a green roof has the potential to reduce run-
off by 45-60% (Viavattene et al., 2010) depending on the storm. Green roofs slow down
the time rainfall takes to reach the outflow through interception by the vegetation
(Figure 5.7) (Fioretti et al., 2010). Dependent on storm intensity, rainfall that has not been
evaporated is then infiltrated into the substrate and either attenuated or conveyed out of
the system (Stovin, 2009). However, if the storm intensity exceeds the infiltration rate,
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Figure 5.6 Bioretention system, installed in a central reservation, Emeryville, California, USA (freely

available).
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Figure 5.7 Schematic diagram of flow of water through a green roof (after Stovin, 2009).

overland flow will occur, reducing the impact of the green roof. Similarly, if the slope of the
green roof is too steep, retention capacity is reduced, further promoting runoff (van Woert
et al., 2005). There is also a point at which the green roof becomes saturated, particularly
in the case of low intensity, long duration rainfall, or repeated storms in fairly short order.
However, while runoff from the roof does eventually occur, nonetheless, it slows its appearance
and reduces the overall volume.
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Site Control

Table 5.3 shows three SuDS devices capable being both source and site control devices:
bioretention devices, infiltration trenches and swales, depending on their size (Woods
Ballard et al., 2007). Other highly effective devices for reducing runoff at the site scale are
dry detention ponds and wet or retention ponds (van der Sterren, 2009), as they can store
large amounts of water and encourage groundwater recharge through infiltration (Datry
et al.,2004). Strecker et al. (1999) estimated that retention and detention ponds were capable
of reducing runoff by up to 30% based on ‘significant storm events’, but more detail of the
nature of the modelled events is not provided. It should be noted, however, that their deten-
tion capabilities are relative to their size and the infiltration rate of the underlying soil type
and lithology (Scholz, 2004).

Regional Control

As regional control devices are required to retain larger amounts of water, there are fewer
devices at this scale, as is evident from Table 5.3. Detention ponds are most efficient for
regional control, as van der Sterren (2009) suggests they reduce runoff to a ‘high’ standard.
Retention ponds are also useful devices for storing water and ultimately reducing runoff
levels but, as with detention ponds, their capability is dependent on size (Scholz, 2004).

Conveyance

Viavattene et al. (2010) suggest that swales are most suitable for conveyance, and this is
shown in Table 5.3, which also shows their ‘medium’ ability at reducing flood flows. They
mimic natural drainage by utilising vegetated channels for transporting water (Figure 5.8)
(Kirby, 2005) and Table 5.4 details the design criteria for a swale, as given by Escarameia
et al. (2006), in order for it to achieve optimum performance. Strecker et al. (1999) calcu-
lated that swales reduced peak flows by approximately 10%, on a storm-by-storm basis,
but similar to detention ponds, the details of the modelled storm scenarios were not pro-
vided. It does, however, suggest that swales are not the most successful at reducing peak
flows; their primary role is to transport runoff around the site. Other devices that could be
considered in a conveyance role include infiltration trenches, wetlands and RwH, but this
would not be their primary role, unlike swales (Woods Ballard et al., 2007).
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Figure 5.8 Schematic diagram of a swale (after Woods Ballard et al., 2007).
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Table 5.4 Swale design criteria (Escarameia et al., 2006).

Height of Design storm Hydraulic Minimum
Long slope Total depth grass event Velocity residence time  length
<1:50 Vertical: ~ 300-500mm  100-200mm  5year/24 hour <0.25msec”’  8-10mins 60m
horizontal But check for:
10year/24 hour

Although some studies have been carried out to examine the storm attenuation capa-
bilities of various individual SuDS devices (e.g. Strecker et al., 1999; Ellis et al., 2004;
Kirby, 2005; Duchemin and Hogue, 2009; Viavattene ef al., 2010), there has been minimal
attention given to management trains. However, MacDonald and Jefferies (2003) monitored
the six ponds, wetland and associated upstream detention basins and swales of the Scottish
SuDS train at DEX (Dunfermline Eastern Expansion) and found that the system provided
significant lag times, and in a study of the EA demonstration SuDS trains at Hopwood
MSA (see Section 5.5 for further details) Malcom et al. (2003) reported significant peak
flow reductions in all but the largest events. However, as stated by Charlesworth and
Warwick (2012), 80% of the dwellings required by 2040 in the UK are already in existence
and if the flooding of these buildings is to be addressed, then thought needs to be given to
retrofitting SuDS.

5.7 Retrofit

Retrofit into existing developments involves disconnecting the traditional drainage system
and routing the stormwater into a SuDS device (Stovin and Swan, 2007). The process
forms a tool for mitigating flooding in the built environment (Moore et al., 2012). As pluvial
flooding is increasingly becoming an issue in urban settings (Sharples and Young, 2008;
Priest et al., 2011), devices are required to reduce the risk (Environment Agency, 2007).
Approximately 5.2 million houses are currently at risk of flooding in the UK (Committee
on Climate Change, 2012) with new build contributing 1% of all buildings. Consequently,
a combined strategy for dealing with both new and old buildings is essential to manage
flooding (Environment Agency, 2007). Table 5.5 illustrates the potential for implementa-
tion of various retrofit devices across the UK.

Balmforth et al. (2006) have shown how integrating retrofit SuDS into the urban envi-
ronment can prove troublesome, with the restraints of existing buildings, paths and roads
limiting the space available for development. However, Stovin and Swan (2007) calculated
that reductions of costs in terms of construction and over the whole life of the system
would be experienced by retrofitting SuDS.

There are limited examples of SuDS retrofit across the UK, with Stovin and Swan (2007)
suggesting that this is largely due to the complexity and disturbance associated with retro-
fitting SuDS. However, there is no reason why SuDS and conventional drainage should not
be integrated as necessary, particularly in terms of retrofit. This perception of retrofit is not
limited to the UK, with Shaver et al. (2007) suggesting that a lack of space in the urban
environment as well as high land values make it expensive in the USA. Consequently, there
are a limited number of examples where SuDS have been retrofitted to manage runoff from
existing urban areas (Hyder Consulting, 2004; SNIFFER, 2006; White and Alarcon, 2009),
although, where implemented, successful retrofit installations have solved issues of both
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Table 5.5 Potential for a variety of retrofit SuDS devices (adapted from Environment Agency, 2007).

Technique Coverage potential (conservative estimates)

PPS 50% of all off road hard surfaces

Rainwater harvesting 75% of commercial/industrial properties
50% of public buildings

Water butts 90% semi-detached and detached houses
40% terraced houses

Swales or infiltration ditches; filter drains 20% of roads in rural areas

4% of roads in urban areas

water quality, such as at the Houston Industrial Estate in Livingston, West Lothian,
Scotland (RCEP, 2007), and flooding at two schools in Worcestershire, UK (Atkins, 2004;
SNIFFER, 2006). Successful retrofits have often been driven by a single organisation with
the authority to implement solutions (Stovin et al., 2007).

There are some international examples of retrofit projects including the design of a
large-scale 15km? SuDS retrofit project in Copenhagen, Denmark by Backhaus and Fryd
(2012), the design methodology for which could be utilised elsewhere. They also highlight
a series of challenges to retrofitting SuDS, which includes the complexity of designing a
project at a range of scales to ensure that the solution is achievable and effective. Worldwide,
cities such as Malmo (Sweden), Portland (Oregon), Seattle (Washington) and Tokyo (Japan)
have demonstrated the viability and effectiveness of retrofitting SuDS (DTI, 2006;
SNIFFER, 2006; Stahre, 2008).

In the UK, Stovin et al. (2013) provided an assessment of the potential for retrofitting a
SuDS train in the Thames Tideway Catchment in order to reduce the cost of modifying the
existing conventional drainage plan. A model is presented, but the research identified a
number of challenges:

= the lack of pilot sites to determine challenges to implementation
= the large size of the study area resulting in significant disruption to residents
= 3 continued need to utilise conventional drainage alongside the SuDS system

From the point of view of those devices that are most suitable for retrofit installation,
Table 6.5 shows that, apart from infiltration basins, all have the potential to be incorpo-
rated in a retrofit design; however, swales, ponds and wetlands are less so, being limited
due to their size (Woods Ballard et al., 2007).

5.8 New Build

Using SuDS in the design of new developments will ensure that a further increase of imper-
meable surfaces does not result in increased flood risk. This was acknowledged by the
Government (Kellagher, 2013), in their response to Pitt (2008), in that flood mitigation
needs to be in place for new developments that does not negatively impact greenfield
runoff rates (Charlesworth, 2010; Charlesworth and Warwick, 2012; see Section 5.4).
When integrating SuDS into new build developments, source and site control devices
should largely be sufficient to deal with storm return periods up to 1 in 30 year return rate
(Bastien et al., 2010). Once this is exceeded, larger attenuating devices such as ponds are
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required to ensure that the site deals with the extra runoff. However, ponds, wetlands etc
reduce the space available for houses, which is typically an issue for developers, as houses
provide the profit for the site; legislation and guidance are therefore needed to ensure that
sufficient SuDS are included and this was covered in Chapter 3 .

Defra (2015) stipulates controlling runoff from both developed and ‘previously developed’
sites to greenfield runoff. If this is likely to be exceeded, then some means of throttling this
back must be employed, therefore the use of flow control devices is encouraged.

5.9 Flow Control

Flow control devices are used to regulate runoff and outflow through the drainage system
(Environment Agency, 2007). They aim to limit flow through a predetermined point, to a
certain extent, causing water to back up through the system (Environment Agency, 2007),
so provision must be made to deal with this (Woods Ballard et al., 2007). There are a
variety of devices that can be used to control flow rates throughout a SuDS management
train and some of these are introduced in the following sections.

5.9.1 Hydro-brake®

Hydro-brake® controls flow by utilising an upstream hydraulic head through a vertical
chamber to create a vortex which limits flow through the device (Hydro-International, 2006;
Catano-Lopera et al., 2010). They are the most commonly used stormwater attenuation and
flow control device (O’Sullivan et al., 2012). In terms of site benefits, they have the ability to
reduce the need for stormwater storage by up to 30% and due to the vertical vortex and size
of the outlet, they reduce the chance of blockages (Hydro-International, 2011).

5.9.2 Weir

Weirs are overflow structures that are built perpendicular or parallel to a channel and are
designed to limit flow through a certain point, reducing the risk of downstream flooding
(Figure 5.9) (Zahiri et al., 2013; Tullis and Neilson, 2008). They are widely used to regulate
flood flow, but their role remains mainly associated with river channels, although adoption
in a SuDS management train is also viable (Graham et al., 2012). Semadeni-Davies et al.
(2008) show how the potential implementation of SuDS in Helsingborg, Sweden could
limit the impact of increased rainfall generated by climate change, suggesting a design that
uses a network of weirs to regulate and control flow throughout the site.

5.10 Conclusions

In summary, the advantages of SuDS compared to conventional drainage methods include
(National SuDS Working Group, 2004; Jones and Macdonald, 2007; MacMullan and
Reich, 2007):

= decreased overall load on conventional drainage systems
= control of peak flows to prevent capacity overload and downstream flooding
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Figure 5.9 Weir at the SuDS management train in Hamilton, Leicester, UK.
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SuDS can improve flood control, reduce the costs of upgrading conventional sewerage
infrastructure to cope with greater demands and provide further hydrological benefits by
preventing pollution reaching watercourses and retaining water in local groundwater
stores, contributing to a reduction in water transportation requirements. There is a require-
ment for SuDS devices in new developments and retrofit in cities worldwide, but much of
the research has been done on the abilities of individual devices, whereas a SuDS manage-
ment train can provide a site with added resilience and coping capacity to deal with large
storm events (Kirby, 2005).
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Urban Water and Sediment Quality
Lian Lundy

6.1 Introduction

Urban growth and development, through the construction of buildings, roads and other
impermeable surfaces, alters the natural hydrological cycle, changing peak flow characteris-
tics and the volume and quality of runoff (Revitt e al., 2014). As it travels over impermeable
surfaces, the urban stormwater flows can mobilise and transport both dissolved and particu-
late pollutants deposited by a range of land-use activities during the antecedent dry period.
On entering a watercourse, the quality and quantity of urban runoff can negatively impact
the ecological, physico-chemical and hydro-geomorphological characteristics of the receiving
water (Martinez-Santos et al., 2015). It is within this context that this chapter outlines:

sources, transport and behaviour of pollutants mobilised by urban runoff
impacts of urban runoff on receiving water quality and sediment quality
mitigation of urban runoff using SuDS

the quality of sediments in SUDS

6.2 Sources of Pollutants Mobilised by Urban Runoff

Urban stormwater discharges are generated by runoff from impervious areas such as roads
and roofs during rainfall and snowmelt events, as well as overland flows from compacted
or saturated open spaces, parks, gardens, road verges and construction sites (Lundy et al.,
2011). Depending on land use characteristics (e.g. motorway, residential, industrial, parkland,
etc.), surface runoff can mobilise and carry a range of pollutants including metals,
hydrocarbons, particulate matter and litter. Figure 6.1 identifies the primary sources of
pollutants within an urban catchment, together with an overview of the types of pollutants
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Figure 6.1 Principal stormwater pollutant sources and types (adapted from Revitt et al., 2014).

these sources release. These include metals, organics and nutrients coming from a mix of
vehicular wear and traffic emissions, roofing, highway activities, construction materials,
commercial activities, litter and plant/leaf debris, spillages and animal/bird excreta in addi-
tion to atmospheric deposition. Building misconnections and in-sewer pollutant transfor-
mation can add to the ‘cocktail’ of pollutants discharging to the receiving waterbody via
surface water drainage outfalls.

Figure 6.1 also illustrates some the key pathways along which pollutants can be trans-
ferred, indicating that initial receptors (e.g. road gullies) can subsequently also act as
sources. The time taken for pollutants to move from such pollutant ‘sources’ to ‘sinks’ can
vary on an event-by-event basis, with the potential for delays in transfer leading to oppor-
tunities for extensive pollutant transformation processes to occur. Under these conditions
it can be difficult to track and identify sources of pollution, with the final composition of
flow discharging to a receiving water body more closely representing the flow characteris-
tics of a particular event and drainage system as opposed to those of the contributing
sources (Lundy et al., 2011).

Quality of Urban Runoff Originating from a Range of Land Use Types

Table 6.1 identifies the key sources of a range of organic and inorganic pollutants frequently
reported to be present in urban runoff, event-mean concentrations reported on a land use
by land use basis and loadings data (where available). While urban runoff pollutants may
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Table 6.1 Pollutant concentrations and loadings determined in runoff from a variety of urban surfaces (taken
from Revitt et al., 2014).

Pollutant type

Source

Event mean concentrations

Loadings (kg/ha/yr)

Metals (ug/)*
Pb
Ccd
Zn
Ni
Cu

Total suspended
solids (mg/I)

Hydrocarbons
(ng/l)

Nutrients (mg/I)

E. coli
(MPN/100 ml)

Motorways and major roads

Urban distributor roads
Suburban roads
Commercial estates
Residential

Roofs

Gully Liquors

Residential

High density

Low density

Motorways and major roads
Urban roads

Roadside gully chambers
Industrial

Commercial

Roofs

Misconnections

Residential

High density

Low density

Motorways and major roads

Urban roads
Commercial
Industrial
Misconnections
Residential
Motorways and roads
Commercial
Industrial

Roofs

Gully Liquors
Misconnection

Roofs, roads and parks

Pb: 3-2410; Zn: 53-3550;
Ni:4-70; Cd: 0.3-13
Pb:10-150; Zn: 410; Cd:0.2-0.5
Pb:10-440; Zn: 300

Ni: 2-493

Cd: 0-5; Zn: 150; Pb: 0-140
Pb:1-30

Pb:100-850

55-1568

10-290

110-5700
11-5400

15-840

50-2582

12-270

12.3-216

300-511

Total HC:0.67-25.0
Total HC: 0.89-4.5

Total HC:7.5-400; PAH:0.03-6

Total HC: 2.8-31; PAH: 1-3.5
Total HC:3.3-22; PAH:0.35-0.6
Total HC:1.7-20

Total P:39; NH,:5

Total N:0-6; NH,:0.4-3.8
Total N:0-4

NH,:0.2-4.6

NH,:0.2-1.1

NH,: 0.4-3.8

Total N:0.7-1.39

103100

40-10°

Pb:1.1-13

Pb:0.17-1.9; Zn:1.15
Pb:0.01-1.91; Zn:1.15

Pb: 0.001-0.03
130-840
50-183
815-6289

409-1700
620-2340

PAH: 0.002
Total HC:1.8

Total HC: 0.01-43.3;
PAH:140

PAH:0.01-0.35
PAH:0.07

NH,:7.2-25.1

1-4%x 108

*Key:=metalled roofs not included; HC=hydrocarbons; PAH=polyaromatic hydrocarbons; Total P =total phosphorous;
Total N=total nitrogen.

be present in the dissolved or particulate phase, the majority of urban pollutants are
reported to be associated with the particulate phase (Bjorkland, 2011; Selbig et al., 2013).

Sources of particulate matter can include wear and tear of vehicles and road materials
(e.g. abrasion of car bodies, engines, brakes and tyres), exhaust emissions, friction-assisted
break-up of paving and road materials and degradation of street furniture, emissions from
building materials (e.g. roof runoff), industrial emissions, street litter and soil erosion via
both direct and indirect deposition routes (e.g. short- and long-distance aerial transport
and re-suspension of previously settled particles) (Lundy and Wade, 2013). While the
impacts of urban diffuse pollution on groundwater are not well understood in terms of
processes, the fact that urban areas negatively impact on groundwater is well established
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(Lerner and Harris, 2009). At locations heavily influenced by traffic, this source can be a
more important source of key urban diffuse pollutants than industrial emissions in
association with both direct deposition and subsequent re-suspension processes.

Quality and Behaviour of Sediment in Urban Receiving Water Bodies

The majority of urban rivers and watercourses routinely receive inputs from a wide variety
of sources such as stormwater runoff from urban, highway and agricultural areas and
combined surface water outfalls (CSOs), as well as receiving inputs originating from more
episodic sources such as accidental spills and pollution incidents. Many of these inputs are
known to carry significant loads of suspended solids, particularly during storm events
(Martinez-Santos et al., 2015). On entering a receiving watercourse, the transported
particulate matter progressively settles out, as a function of both time and the hydrological
conditions in the river system. This process can result in the build-up of substantial quantities
of sediment, to such an extent that bed substrates may effectively disappear under an ever
increasing sediment load.

This deposited sediment thus becomes a key environmental compartment of the urban
river ecosystem, both in situ as a habitat for microorganisms, macro invertebrates and
vegetation, and with regard to the future environmental quality of the aquatic ecosystem,
because fine sediment can be a significant source of particulate matter and in-stream
turbidity following a re-suspension event. However, although sediment-derived turbidity
may be an issue with regard to the environmental status of a river, of much greater
environmental concern is the association between particulate matter and a wide range of
pollutants (Martinez-Santos et al., 2015). Most of the pollutant load is reported to be
transported by sediments, particularly metals (Coulthard and Macklin, 2003), and toxic
effects have been reported in association with urban sediments (Selbig et al., 2013) and
runoff samples (Marsalek et al., 1999). Table 6.2 gives an overview of metal concentra-
tions reported in a range of urban water environments.

Table6.2 Minimum and maximum total concentrations of metals measured in a selection of urban stream and river
sediments (ug/g dry weight) (after Scholes et al., 2008a).

n Cd Cr Cu Ni Pb Zn
Scholes et al,, 1999 45 3.0-10 3-169 17-178 22-187 33-332 21-1035
Rhoads and Cahill, 1999 41 9-328 6-55 8-244 10-225 29-528
Wilson and Clarke, 2002 9 440.6 80.9 407.0
Filgueiras et al,, 2004’ 33 0.37-0.41 78-139 30.5-55.9 32.5-60.7 43.6-91.1
Tejeda et al., 2006 32 9-165 12-64 38-1467
Thevenot et al., 20072 1.70 47 31 43 140
Samecka-Cymerman 21 0.20-0.58 4.9-28.5 2.1-10.6 7.5-15.2 15-57 6.8-458
and Kempers (2007) 24 0.24-1.72 17-85.2  9.5-43.7 14.5-39.0 17-97 229-174
Walling et al., 20033 51 8-17 33-92 689-1471 775-1850

52 21-181 118-198 90-237 274-580

17 65-313 141-235 199-343 397-907
Carpentier et al., 2002 50° <0.8-6 4-78 <5-172 <5-30 <5-278 39-563

Key: n=number of samples; values in bold exceed 1 or more of the guideline values presented in Table 3; '=range
of values across 11 sites; 2= estimated average metal contents over the time period 1995-2000 of dredged
sediments; 3*=range of values reflect average concentrations at multiple sampling points on three different rivers
sampled approximately bimonthly over 12 month period; rivers located close to metal.
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Once in association with the sediment, the pollutant may be subject to a range of further
processes as the physico-chemical conditions in the sediment can differ significantly from
those in the water column. The pollutant may therefore not remain in its initial form but
be transformed through a variety of physical, chemical or biological processes, and
become associated with a different sediment phase. It is now appreciated that knowledge
of the pollutant load of sediments, in terms of the total concentrations of the various
pollutants present, is insufficient with regard to determining their full impact on receiving
aquatic ecosystems (Stead-Dexter and Ward, 2004). Factors such as humic acid content,
ionic strength, alkalinity, ammonia concentration and pH are only a few of the many
factors reported to play a role in determining the mobility and bioavailability of metals
(Shafie et al., 2014).

Furthermore, urban watercourses are characteristically highly flashy in nature, so that
deposited sediments are highly susceptible to further re-suspension processes (Old et al.,
2004). Sediments may be mobilised by dredging and/or by river processes (e.g. storm
events, flooding, influx from groundwater and bioturbation) which can cause contami-
nants to be rereleased into the overlying water column and subsequently relocated many
miles downstream from the original sources (Turner ef al. 2008). Under such dynamic
conditions, the change in physico-chemical conditions may result in the rerelease of previ-
ously bound pollutants into the water column. Thus, not only have elevated concentrations
of a wide range of substances — including metals, hydrocarbons and faecal coliforms — been
reported in urban streams and rivers (Chen et al., 2004; Gasperi et al., 2008; Martinez-
Santos et al., 2015), but the concentrations of these contaminants in deposited sedimentary
structures also tend to be highly variable on both spatial and temporal scales (Faulkner
et al., 2000). Hence, sediments act as a sink and source for many substances and the inter-
actions between water and sediment have major implications for compliance with the EU
Water Framework Directive (EU WFD, 2000). Although under current EU WFD imple-
mentation plans sediment quality plays a relatively minor role, Article 3 of the EU
Environmental Quality Standards Directive (2008) states that standards may be developed
for sediment (in addition to water and biota). It calls for the long-term monitoring of prior-
ity substances that tend to accumulate in sediment, demonstrating awareness at a policy
level that polluted sediments can be a problem for water quality across Europe. However,
sediment Environmental Quality Standards (EQSs) have yet to be developed by any
individual Members State.

6.5 Treatment of Urban Runoff Using SuDS

The continued and rapid growth of urban areas across Europe places increasing impor-
tance on the control of urban stormwater runoff. However, the criteria defining what
constitutes effective stormwater management are themselves undergoing change.
Comprehensive stormwater management plans in both new and existing urban areas
should not only address stormwater quantity and quality but also need to consider
sustainable development requirements (Revitt et al., 2003). Furthermore, it is anticipated
that the requirements for the control of stormwater, particularly with regard to the
protection of receiving waters, are likely to become much more stringent through the
implementation of the EU WFD. In order to meet these changing requirements a new
approach to stormwater management is needed, which has led to increasing interest in the
use of sustainable (urban) drainage systems (SuDS) (also known as stormwater best man-
agement practices or BMPs). SuDS encompass a wide range of solutions, which enable the



84 Sus

Table 6.3

tainable Surface Water Management

Performance efficiency of a range of types of SuDS (after Revitt et al., 2003). ND=no data; TSS =total

suspended solids; TN =total nitrogen; HC=hydrocarbons; TM =total metals.

% removal efficiency

Individual SuDS device TSS TN Bacteria HC ™

Filter drain 60-90 20-30 20-40 70-90 70-90
Infiltration basin 60-90 20-50 70-80 70-90 70-90
Swales 10-40 10-35 30-60 60-75 70-90
Sedimentation lagoon 50-85 10-20 45-80 60-90 60-90
Detention basin 60-80 20-40 20-40 ND 40-55
Detention basin (extended) 30-60 5-20 10-35 30-50 20-50
Retention basin 80-90 20-40 40-60 30-40 35-50
Wetland 70-95 30-50 75-95 50-85 40-75

planning, design and management of stormwater to be tackled equally from hydrological,
environmental and public amenity perspectives (see Chapters 5, 7 and 8).

Table 6.3 provides an overview of the ranges of pollutant removal percentages that
have been reported from various UK SuDS studies in urban areas. While total solids
removal is generally good for most types of SuDS, there is considerable variation for
other pollutant parameters with some showing rather poor removal capabilities.
The efficiency performance data, being based on the average difference between inflow
and outflow storm event concentrations, may be misleading, especially when inflow
concentrations are low. For example, a retention basin experiencing 500 mg/l TSS in the
inflow and 100 mg/l in the outflow would yield equivalent pollutant removal efficiency
to a constructed wetland having 100 mg/l and 20 mg/l in the inflow and outflow respec-
tively. Yet the final water quality for the latter SuDS device is clearly superior and
provides more effective and efficient protection of the receiving waterbody (Revitt et al.,
2003). The use of a percentage removal term is probably only really appropriate for
sites and SuDS facilities subject to high pollutant input concentrations. The US EPA
National Stormwater Best Management Practices Database recommends the use of a
normal probability plot of the inflow and outflow pollutant event mean concentrations
(EMCs), with the EMC distribution matched against set (or target) receiving water
quality standards (or against any discharge consent conditions). This would enable per-
formance to be described in terms of exceedance probability of target standards for
different flow conditions and/or return periods. This statistical methodology would also
enable anomalous results (such as apparent negative efficiencies) to be identified, as
well as determining whether a small number of large storms are biasing the resulting
overall efficiency value.

It is clear that a comparative assessment of the performance of structural SuDS options
is currently limited by a lack of data and the uncertainties associated with the simplified
methodology used to calculate percentage performance efficiency. In addition, for most
wetland/retention systems, given the dynamic nature of flow into and out of wet basins
having a permanent pool, the recorded inflow and outflow concentrations are not nor-
mally contemporaneous, that is, they may not be generated by the same storm event. It is
not yet feasible to provide definitive SuDS designs to meet specified and consistent perfor-
mance requirements for given storm and catchment characteristics or to meet specific
receiving water standards and storm return periods.
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6.6 Pollutant Removal Processes that Occur in SuDS

The primary biological, chemical and physical pollutant removal mechanisms which result in
the removal of pollutants from the water column and their transfer to the sediment in SuDS
are identified as settling, adsorption to substrate, microbial degradation, filtration, volatilisa-
tion, photolysis and plant uptake (Scholes et al., 2008b; Figure 6.2). The potential for these
processes to occur in various types of SuDS varies on a system-by-system basis in relation to
a broad range of factors from system design and age to operation and maintenance regime,

Fundamental
processes
Physico-
Physical chemical Biological
* Settling « Adsorption * Uptake by plant and algae
o Filtration « Flocculation * Microbial degradation
* Volatilisation ¢ Precipitation
* lon exchange
¢ Photolysis
[
Influencing SuDS characteristics Pollutant behaviour
¢ Dry and wet areas/volumes Susceptibility of a
* Retention and drain down times particular pollutant to
» Surface exposure times the processes identified
¢ Hydraulics/flow attenuation above
* vegetative, algal and microbial components
* Presence of sorption sites/nature and pore
sizes of substrate
* Potential for infiltration
» Existence of aerobic/anaerobic conditions

Potential pollutant
removal efficiency in a
specific SuDS

Figure6.2 Fundamental unit processes in relation to SuDS characteristics and pollutant behaviour (after
Scholes et al., 2008b).
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hydraulic retention and drain down times, type/level of vegetation and microbial consortia,
surface exposure times, potential for infiltration and the existence of aerobic/anaerobic
conditions.

Adsorption to substrate refers to the physico-chemical adherence of pollutants to an
artificial substrate (e.g. the gravel matrix of a filter drain), a natural substrate (e.g. vegetation
in a swale) or an introduced substrate (e.g. the deposited benthal sediment in a detention
pond). It is an important removal process in SuDS such as filter drains, porous paving,
sub-surface flow (SSF) constructed wetlands, infiltration basins, soakaways and infiltration
trenches due to the close contact achieved between stormwater and substrate surface
during the infiltration of an effluent through the relevant permeable material. The hydrau-
lic pathways taken by stormwater in swales, filter strips, surface flow (SF) constructed
wetlands, detention basins and extended detention basins will characteristically result in
relatively lower direct contact times with the available substrate and therefore less poten-
tial for adsorption. Settling is the vertical movement of discrete or agglomerating suspended
sediment particles to the base of a water column (Ellis et al., 2004) and is highly dependent
on the retention of a quiescent water volume in a SuD system. Hence, it is an important
mechanism in retention ponds, infiltration basins and extended detention basins. Although
the presence of macrophytes in both types of constructed wetland contributes to the for-
mation of quiescent conditions, the presence of dense stands of vegetation also effectively
lowers the stationary water column volume, through which settling can occur. Filtration
occurs by the same mechanisms as those present in conventional water treatment plant
sand filtration units where physical sieving removes particulate pollutants as they pass
through a porous substrate or hydraulic barrier (Ellis et al., 2004). Hence, the potential for
filtration to occur is considered to be most effective in porous paving and porous asphalt
due to surface filtration (Revitt, 2004). Infiltration trenches, infiltration basins, soakaways
and SSF constructed wetlands involve the passage of stormwater through a sub-surface
substrate, but filtration is relatively less efficient due to the greater void sizes in gravel,
which is typically used as the substrate. Similar processes are possible in filter strips but
shorter contact times between stormwater and the grassed surface result in a relatively
lower potential for filtration.

Microbial degradation is facilitated by the availability of attachment sites and nutrients
in a SuD system; both aerobic and anaerobic processes are enhanced by the occurrence of
high contact ratios between stormwater and substrate material. Microbial degradation is
therefore strongly encouraged in SuDS such as SSF constructed wetlands (Ellis ez al., 2003)
and infiltration basins. In contrast, the opportunity for prolonged contact of stormwater
with an established microbial population is less feasible for detention basins (non-perma-
nent water body), filter strips and swales (low retention times). The presence of terrestrial
or aquatic vegetation provides the potential for plant uptake to occur, and is considered to
be highest in SSF constructed wetlands due to the increased contact between stormwater
and the elaborate root systems of aquatic macrophytes, followed by SSF wetlands, swales
and filter strips (permanently vegetated structures).

Both volatilisation and photolysis processes are strongly dependent on surface exposure,
but whereas photolysis requires direct exposure to sunlight, volatilisation can occur from
the open spaces in a SuDS structure. Photolytic degradation is considered to be of negligi-
ble importance in SuDS, such as filter drains, porous paving, soakaways and infiltration
trenches, due to the rapid incorporation of stormwater into the SuDS structure. The oppor-
tunity for photolysis to occur will be relatively highest in filter strips, swales, infiltration
basins, retention ponds, detention basins and extended detention basins due to a combina-
tion of enhanced surface areas and increased exposure times. The degree of volatilisation
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is considered to be greatest in extended detention basins, detention basins, retention ponds,
infiltration basins, SSF constructed wetlands and swales, where stormwater exposure times
and surface area exposure to wind/ambient pressure differentials are optimised.

Quality and Behaviour of Sediment in SuDS

As noted earlier, the majority of the urban pollutant load is reported to be transported by
sediments (Martinez-Santos et al., 2015). Traffic and its associated infrastructure (road
materials and street furniture) are frequently identified as major source of metal contami-
nants due to their presence in vehicle parts, tyres, brakes and road materials, and biocides
are commonly used in roadside verges, parks as well as in a range of building materials
(Donner et al., 2010). The quiescent conditions associated with many types of SuDS facilitate
the settlement of particles and associated pollutants, effectively leading to the accumula-
tion or concentration of sediments with elevated levels of pollution at a single location.
The quality of sediments in SuD systems can and does vary in relation to a range of factors
including SuDS type, design, age and operation and maintenance regime. A further impor-
tant influencing parameter is the type of land-use activities taking place in the surrounding
catchment. For example, SuDS installed on industrial sites may contain relatively high
levels of chemicals handled and stored on-site, while SuDS at airports or other transport
facilities may have relatively high contents of hydrocarbons, detergents, de-icing chemicals,
etc. in their sediments (Donner et al., 2010).

Table 6.4 gives an overview of the maximum concentrations of a range of metals deter-
mined in 565 sediment samples collected from a range of SuDS located in the USA and the
UK (WERF, 2005). Also included in Table 6.4 are the EU and US threshold values for the
definition of hazardous waste. It is clear that, with respect to the metals identified, all sam-
ples (with the exception of one canal sediment sample from Scotland) fell well below both
sets of guideline limits and thus did not need to be classified as hazardous waste. In the UK,
this means that the dredged sediment can be disposed of on the banks surrounding the
SuDS structure, which has the benefit of being a relatively low cost option.

Table 6.4 Maximum concentrations of metals in sediments from various SuDS sites (WERF, 2005).

Maximum concentration (mg/kg)

Site structure As Cd Cu Pb Zn Ni Hg
Biofiltration strips (US) 2.9 1.2 60 144 337 13 0.05
Oil water separator (US) 5.0 1.7 106 189 702 27 0.07
Sand filter (US) 0.76 0.3 1 1 70 3.4 0.04
Sand filter (US) 1.2 0.3 8 25 61 3.1 0.04
Compost filter (US) 1.7 5.0 120 110 670 18 0.5
Pond (UK) 7.0 18 80 399 3718 175 2.0
Balancing pond (UK) 4.6 3.5 73 983 92

Balancing pond (UK) 0.1 0.1 2.3 16 1.3

Canal (Scotland) 98 21 451 8,275 6,671 114 2.7
Industrial stream 18 0.3 32 51 160 40

Oil industry stream 4.6 13 441 81 407 81

EU threshold values for hazardous waste 30,000 2500 2500 1000 2500

EU threshold values for hazardous waste 5000 1000 25,000 5000 250,000 20,000
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As metals are not biodegradable, their removal from the water column in SuDS does not
involve any biodegradation processes (e.g. aerobic or anaerobic digestion) although there is
potential for metals to be indirectly immobilised by microbial consortia as a result of
processes such as biosorption and bioaccumulation (Valls and de Lorenzo, 2002). Metal
removal in SuDS is understood to be primarily associated with adsorption, followed by sedi-
mentation. Analysis of metal contents in pond sediments sampled by Marsalek et al. (1997),
Fdarm (2002), Heal ez al. (2006), and others has shown the deposition of metal-contaminated
sediment over time and that sediment quality can be highly variable even within an individual
SuDS. For example, Heal et al. (2006) showed that concentrations of metals tended to be
higher near the pond inlet. While SuDS sediment quality data is much more limited than
water quality, a review by Donner at al., (2010) reported that in most cases it was the rate of
sediment infilling and subsequent reduction in the retention time for stormwater that
determines the timing of sediment removal for SuDS maintenance, rather than the build-up
of contaminants in SuDS sediments to unacceptable levels (Donner ef al., 2010).
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Sustainable Drainage Systems: Delivering
Multiple Benefits for People and Wildlife

Andy Graham

7.1 Introduction

For too long rainwater has been perceived as a waste product, hastened into a pipe,
discharged into watercourses and then down to the sea as quickly as possible, with often
disastrous implications for people and wildlife. With more widespread use of sustainable
drainage systems (SuDS), there is an opportunity to change society’s relationship with
rainfall, particularly in urban areas, and to see it as a precious resource capable of trans-
forming the environment and improving lives.

Increasing urbanisation and reduced opportunities for rainfall to infiltrate into the
ground means that conventional drainage systems can struggle to cope with sudden, intense
cloudbursts. Drains can be quickly overwhelmed, leading to floods and polluted streams
and rivers. Thus, the impacts of conventional drainage systems on the chemistry, hydrology,
biology and ecology of receiving watercourses and associated habitats are wide-ranging
and severe. Species richness declines, those sensitive to pollutants decline or become locally
absent, and streams and rivers lose their amenity value. Conversely, because aquifers
beneath urban areas receive less rainfall through infiltration, rivers and streams are also
adversely affected due to low flows, while high nitrate and phosphate levels cause
algal blooms.

Conventional drainage systems cannot deliver the full range of benefits that a natural
catchment or SuDS can offer. In general, a pipe cannot create wildlife habitats, protect
water quality in streams and ponds, promote pollination, support climate change adapta-
tion, reduce energy use, create attractive open spaces for people or contribute to a healthier,
more cohesive community — a well designed and managed SuDS can do all of these things.

The drivers for changing the way rainfall is managed are clear; the challenge is to do so
in a way that uses limited resources to manage surface water to alleviate flooding and
protect water quality but also to capture more of the ecosystem services outlined above,

Sustainable Surface Water Management: A Handbook for SuDS, First Edition.
Edited by Susanne M. Charlesworth and Colin A. Booth.
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delivering more broadly for people and for wildlife. Intelligent, multi-functional use of
urban spaces with high quality design that supports and enhances the environment is the
requirement, and SuDS can help meet this challenge. They provide an opportunity to bring
urban wetlands and other wildlife-friendly spaces into towns and cities, and to link these
with existing habitats, creating blue and green corridors where people and wildlife can
thrive. Designed and located appropriately, SuDS will protect downstream waters (particu-
larly relevant here is their ability to support the delivery of the Water Framework Directive
(WFD) objectives) and provide additional high quality habitat as well as meeting many
other objectives.

While there are many good examples of SuDS, which blend creative thinking, high quality
urban design and community benefits alongside flood attenuation and water quality
protection (see Section 7.7), there is still a long way to go before SuDS fulfil their potential
to transform living spaces and environment. Many early SuDS schemes focused on manag-
ing large volumes of surface water in a single, deep feature, at the expense of adopting
measures to improve water quality and amenity. These drainage systems can seem more
like bomb craters and are frequently ringed with security fences and keep out signs — a
clear indication that amenity and wildlife value are not top priorities.

7.2 Getting Better SuDS

7.2.1 Delivering Policy and Strategy Objectives with SuDS

Using SuDS to bring wide-ranging benefits for people and wildlife is supported by
national and international policy and legislation. Undoubtedly, these instruments will
change and develop over time but central to them are arguments for the intelligent,
multi-functional use of space; SuDS are a key means of delivering these objectives. For
example, the National Planning Policy Framework (2012) (NPPF) makes it clear that
local authority plans should seek to protect and enhance the natural environment and
should adopt policies that recognise the wider benefits of ecosystem services, capturing
the multiple benefits from land use including for wildlife, recreation, mitigation of flood
risk and carbon storage; clearly, SuDS have a central role to play in delivering these
multiple benefits.

SuDS will benefit a range of habitats and species, such as those which are targeted for
specific conservation action in the UK (and elsewhere), for example, reed-beds and water
voles along with many more species associated with wetlands and other habitats. They will
be able to contribute to meeting many of the objectives for priority habitats and species
contained in each of the four national biodiversity strategies (UK post 2012 Biodiversity
Framework at http://jncc.defra.gov.uk/). Specifically, ‘Biodiversity 2020: a strategy for
England’s wildlife and ecosystem services’ aims to halt overall biodiversity loss, support
healthy, well-functioning ecosystems and establish coherent ecological networks with more
and better places for nature for the benefit of wildlife and people. Again, SuDS in urban
areas will deliver these objectives.

The WFD is a key driver in promoting sustainable water management and aims to
improve the chemical and ecological status of water bodies throughout the EU. In the UK,
SuDS are identified as one of the key measures needed to achieve this grand objective. In
river basin management planning, SuDS are seen as valuable tools in achieving compliance
with WFD objectives.


http://jncc.defra.gov.uk
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Sustainable Development and Liveability - Supporting Quality
of Life and Wellbeing Through Well Designed SuDS

The contribution of biodiversity to sustainable development is fully recognised in national,
regional and local policies and programmes dealing with urban areas and development,
including the NPPF and the localism agenda. The Localism Act introduced Neighbourhood
Development Plans, a new and voluntary planning process as well as a Local Green Space
designation. These new tools can drive the use of SuDS to create wildlife-rich developments.

Natural England’s ‘Nature Nearby’ Accessible Natural Greenspace Guidance (2010)
specifically identifies SuDS as an opportunity for creating new green space in urban areas
and states that when incorporated into site master plans alongside new footpaths, green-
ways and woodlands, they deliver a range of benefits to people. These can include provi-
sion of places for recreation and relaxation, play areas for children, urban regeneration,
education and improved health. For more details on how green space, including SuDS, can
bring health benefits in England see http://www.naturalengland.org.uk/ourwork/enjoying/
linkingpeople/health/default.aspx, and see http://www.snh.gov.uk/docs/A265734.pdf for
information about the experience in Scotland.

Green Infrastructure (Gl) and Blue Corridors

SuDS should not be seen as isolated features in the urban environment and care should be
taken at the design stage to locate them in existing or future networks of habitats. They can
act as linking habitats, stepping stones, or as part of a corridor. They are particularly useful
in urban areas, allowing wildlife to move through and out into rural environments, as well
as being urban habitats in their own right. They will help maintain and build ecological
function in urban areas, particularly as part of a network of such sites. Integrating surface
water management into Green Infrastructure strategies ((http://www.greeninfrastructurenw.
co.uk/) at the local scale brings enormous benefits to local people. Similarly, Defra’s (2001)
‘blue corridors’ (http://randd.defra.gov.uk/) scoping study shows how, with creative think-
ing and good planning, SuDS can play a significant part in delivering better places to live.

SuDS and How They Support Biodiversity

SuDS seek to manage rainfall in ways that mimic natural processes by using the landscape
to control the flow and volume of surface water, to prevent or reduce pollution down-
stream of development and to promote recharging of groundwater resources. By keeping
water at the surface and slowing its progress to the nearest watercourse there is the oppor-
tunity to use it creatively to produce a range of habitats, including wetlands (Figure 7.1).
These habitats support biodiversity but also link existing habitats in towns and cities, and
between urban and rural areas, permitting migration of species, and with it, exchange of
genetic resources. They can be retrofitted to existing buildings and open spaces, and
should always be part of any new development. There are few situations where wildlife-
rich SuDS cannot be created and they are easily incorporated into buildings, open spaces
both private and public, such as parks, gardens, road traffic islands, allotments, farms,
designated nature reserves, existing blue/green spaces, orchards, canals, rivers, streams,
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Figure7.1 Wetland and swale in a housing estate, N. Hamilton Leicestershire, UK.

lakes, transport networks and, in fact, anywhere where surface water can be conveyed and
stored safely in the built and rural environment.

Specifically, using SuDS will achieve the following:

Reduce pollution — Surface water runoff is often polluted with silt, oil and other con-

taminants that, when discharged into rivers, can harm wildlife and contaminate
drinking water sources. Combined sewer overflows also discharge during periods of
heavy rainfall when sewers are surcharged. SuDS can trap, store and treat these
pollutants through natural processes and produce a supply of cleaner water for
downstream use.

Attenuate flooding — Traditional piped drainage networks convey water far more quickly

than natural processes. Rivers respond quickly and violently to rainfall, exacerbating
downstream flooding. Flooding also occurs where housing and other urban develop-
ment, such as the paving of gardens and the building of extensions (a process often
referred to as ‘urban creep’), increase the volume of surface water entering drains. SuDS
contain water safely at the surface and slow its flow downstream into receiving drains
and watercourses, thus attenuating flooding.

Support low flows in streams and rivers — Piped drainage prevents natural percolation of

rainfall into groundwater that can support rivers and wetland flows, but keeping water
on the surface in features that mimic natural wetland processes allows rainfall to
recharge aquifers and supports flows in streams and rivers.
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7.3.1 Wildlife Benefits

Many benefits are derived from SuDS, which manage water at the surface, but the greatest
opportunities for habitat creation are by also allowing the discharge of rainwater into the
ground, which supports aquifer recharge and thus existing rivers and wetlands. This should
be an important consideration in design. Most SuDS features will permit some infiltration
into the ground, which is desirable, but water should also be kept at the surface to generate
wetland habitats and provide direct biodiversity benefits.

Not all SuDS features are permanently wet; some storage capacity needs to be available
to safely store water after heavy rainfall. The need to include dry habitats that become
inundated after rain brings additional opportunities for habitat development. SuDS,
which feature a mix of habitats from permanently wet to only occasionally inundated,
will offer the most opportunities for wildlife to colonise. Wet woodland, reed-beds, marsh,
unimproved wet and dry grassland, scrub and open water are all valuable in terms of
SuDS function and habitat provision. However, the value of individual features or habi-
tats depends to an extent on their position in the system (e.g. a pond at the top of the
system receives more polluted influent and is likely to be less biodiverse than a pond or
other wetland downstream). SuDS features included as part of a management train
improve water quality incrementally as it progresses downstream.

SuDS habitats, as outlined above, will benefit plants, invertebrates, reptiles, amphibians,
mammals (e.g. bats and water voles), both in the devices themselves and also indirectly in
receiving watercourses through improvements to water quality and by controlled discharge
of surface water. Realising these benefits depends on adherence to some simple design
principles, covered later in this chapter.

7.4 Involving People

Working with local authorities and other stakeholders will greatly assist in identifying the
habitats and species most in need of conservation action, and this means that SuDS can
be designed with the local context in mind, to maximise biodiversity benefits. This needs to
be done at the design stage or earlier, at the masterplanning stage. It is strongly recom-
mended that appropriate ecological advice be sought to inform the design and to secure a
positive outcome for wildlife. This will help enhance awareness of the value and impor-
tance of the natural environment in local communities where SuDS exist.

7.4.1 Community Involvement and Participation

There are many ways in which those responsible for developing and managing SuDS
can involve local communities. In fact, community SuDS management is likely to be
one of the most straightforward ways of getting people involved in their local environ-
ment. With good design and an effective participation strategy, as well as expert eco-
logical guidance, SuDS can readily become a focus for community life, where people
are willing to get involved with local activities; for example, the retrofitting and crea-
tion of rain gardens (www.raingardens.info), seeding of community meadows or plant-
ing of wetlands.


http://www.raingardens.info
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Appropriate management of SuDS can provide many opportunities for learning, informal
recreation, supported play and other community programmes. This has many social and
health benefits and gives people a sense of pride, responsibility and ownership of their
environment. Active interpretation, volunteering opportunities, guided walks and other
forms of engagement provide ways in which people can become involved in decision-making
and management of SuDS. This in turn can engender public support for SuDS, leading to
increased awareness of wetlands and the natural environment.

Key principles include:

= involve local communities in ‘masterplanning’ their SuDS environment at the earliest
stage
involve them in the detailed design and management of SuDS

= establish amenity and biodiversity as high priorities in all SuDS, both new and retrofit
schemes

= allocate adequate resources for design and long-term management; develop a SuDS
management plan with the local community

= consider establishing community management of SuDS and related wildlife habitats.

Designing SuDS for People and Wildlife

7.5.1 The SuDS Management Train

The SuDS management train is the fundamental principle underpinning all SuDS design.
It comprises a series of stages in a journey starting when rain falls onto a roof or other hard
surface and then flows to its destination, normally a wetland, stream, river or aquifer. SuDS
seek to mimic natural hydrological processes in order to incrementally reduce pollution,
flow rates and volumes.

As rainfall flows from hard surfaces, it carries with it silt-size particles, organic debris
and pollution. The most important component of this runoff is the silt, to which pollutants
adhere. The management train aims to use enough treatment stages to clean runoff and
improve water quality as it moves downstream. SuDS features, such as green roofs and
permeable paving, trap polluted material at the beginning of the sequence, allowing natural
biological and chemical processes in water, plants and soil to deal with it, a process called
bioremediation. Water is therefore cleaned, ready for discharge to the receiving water-
course and able to support wildlife.

7.5.2 Designing for People and Wildlife

SuDS are constructed features designed to deal with polluted water, and so careful consid-
eration of how to maintain a ready supply of high quality water is essential. Adhering to
some basic principles will allow the creation of a functioning system containing a network
of habitats linked to the wider ecological context that benefits people and wildlife. It
should also be borne in mind that depending on geographical location, soils and design,
SuDS will exhibit a range of hydrological conditions that will impact on planting plans and
choices. Some SuDS features will be dry most of the time and only inundated during and
immediately after rainfall (e.g. rain gardens, swales).
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7.5.2.1 Design Principles

= Sufficient treatment stages are included, appropriate to the strength and volume of the
influent; this is essential if SuDS are to generate sufficient high quality water for amen-
ity and ecological uses.

= Existing biodiversity or other designations are understood and taken into account in
the design.
Appropriate biological surveys are undertaken to support the design process.
Existing habitats are retained, such as hedgerows and ponds, and incorporated into
landscape planning and management.

= Natural re-colonisation of locally occurring native species is encouraged by locating
new SuDS close to semi-natural habitats, wherever possible.

= A mosaic of habitats is created with a variety of eco-hydrological conditions (e.g. create
a number of connected, smaller detention basins that vary in depth and design) rather
than fewer, larger features.

= Shallow(-sided) temporarily inundated habitats can be richer in wildlife than perma-
nent ponds; a mix of temporary and permanently wet habitats will maximise habitat
provision.

= Aquatic habitats, include areas of wet grassland and wet scrub/woodland (a scarce
habitat), as well as drier habitats (such as wildflower meadows) where space allows.

= Use design and planting plans to ensure a diversity of light and shade around pools.
Consideration should be given to how the site can be managed sustainably; small areas
may be managed by local authority personnel, or even a local community group, and
larger sites may even be grazed, which can often be more cost-effective and certainly
will produce a more natural outcome.

= SuDS must slow and contain surface water flows, to facilitate gradual infiltration into
the soil, allow bioremediation of pollutants and provide safe storage in extreme rainfall
events.

= A controlled flow of clean water is critical for the development of SuDS with high wild-
life and amenity value; poor water quality seriously reduces the likelihood of creating
valuable wildlife habitats.

= Maximising the benefits of SuDS for wildlife and people will require expert input from
ecologists, planners and landscape architects to generate an appropriate design; profes-
sional advice should be sought.

= Stay legal — legally protected species may be present in SuDS habitats, so expert advice
should be sought.

= A management plan should be created for the site, which protects and enhances all
wildlife including legally protected species (e.g. bats, birds in the breeding season, water
voles, great crested newts) and integrates the views and needs of local people.

7.5.2.2 Other Key Points to Remember

= SuDS should be designed to facilitate easy maintenance and include features to contain
and manage accidental spillages of contaminants.

= Direct pipe connections should be avoided beyond the first treatment stage wherever
possible.

= Management plans are essential for the delivery of wildlife and people benefits.
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= Training and supervision of contractors and other practical staff involved in SuDS
management is essential.

= Where a supply of clean water is not guaranteed, existing wetlands should not be incor-
porated into SuDS. For example, while it might be desirable to channel clean roof water
into a wildlife pond without prior treatment, using untreated road runoff would not be
appropriate.

7.5.2.3 Planting Recommendations/Principles

= Designs and planting plans for new SuDS should meet local and national biodiversity
conservation objectives.

= Ensure that plants are native and of local provenance and suited to local soils and
hydrology.

= Never introduce invasive non-native species, such as water fern (Azolla filiculoides) or
floating pennywort (Hydrocotyle ranunculoides).

= Seek expert advice if required.

SuDS Management Trains and Their Wildlife Benefits

7.6.1 Source Control

Managing rainfall at source (the point at which it reaches the ground or a building) is a
fundamental SuDS concept. It reduces the chances of silt and contaminants entering the
system and controls the flow and quality of water for use further downstream. A supply
of clean water is the first requirement for generating wildlife and people benefits, and
all SuDS should provide this; containing the water at — or close to — the source will
provide this.

Green roofs need suitable roofs to be readily available to host them, but these roofs can
be critically important in urban areas where wildlife habitat is limited (they are a valuable
stepping stone habitat. They intercept rainfall and are particularly effective in short dura-
tion, intense summer downpours. Water is held in the soil and taken up by plants and so
runoff rates are reduced. They trap air-borne pollutants and provide high quality inverte-
brate habitat and foraging areas for birds (Figure 7.2).

Rain gardens are shallow, free-draining depressions, located in the private or public
realm, receive rainfall via downpipes or impermeable areas (although not car parks). They
should be planted with species that tolerate brief inundation but have high wildlife value.
They provide invertebrate habitat and foraging for birds (Figure 7.3).

Filter strips are broad, flat or gently sloping areas of vegetated land that directly inter-
cept rainfall or receive it from an adjacent impermeable area (e.g. car park), normally as
overland sheet flow. They intercept silt and other pollutants, passing on a cleaner supply of
water for downstream features. Although these features may be turfed with amenity grasses
they can be used to create wildflower-rich meadows of great value to invertebrates, reptiles
and amphibians. Tussocky grasslands or even scrub add wildlife value, while maintaining
SuDS functions.

Bioretention areas are formal or informal landscaped shallow depressions that receive
polluted runoff from roads and car parks (Figure 7.4). Plants and soils bioremediate these
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Figure 7.2  Green roof at Coventry University.

Figure 7.3 Plantings in the Northampton rain gardens (John Brewington STW).
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Figure7.4 Formal engineered bioretention area, N. Hamilton, Leicestershire.

pollutants allowing water to infiltrate to ground, evapotranspire and/or move downstream.
They provide invertebrate habitat, as well as foraging for birds, and can be used as traf-
fic-calming measure to improve the local street scene.

7.6.2 Site Control

Site control describes SuDS features in or at the edge of developments, which provide a
second or third treatment stage, including storage for runoff that has been conveyed from
source control structures, such as from a green roof through a water butt to a rain garden).
They are located downstream of source control features.

Detention basins are vegetated depressions that only hold water temporarily, allowing it
to flow slowly downstream to another SuDS feature and/or permitting infiltration to the
ground (Figure 7.5). Detaining flows also allows removal of pollutants through bioreme-
diation. Where water quality is good and habitat is diverse (wildflower grasslands, temporary
pools, scrub, wet woodland) these features can benefit invertebrates, amphibians and birds.
These areas are of great amenity benefit and are often multi-functional, providing informal
or formal recreational opportunities.

7.6.3 Regional Control

This provides the final water treatment stage before discharge to a receiving watercourse
and into the wider catchment. When storage of runoff cannot easily be accommodated
within the development, it may be possible to convey these excess volumes out of the devel-
opment itself into public open space. Here, there is great potential for maximising both
wildlife and amenity benefits.

Regional control features are detention basins (using natural or created shallow basins
to temporarily store large volumes of clean water — Figure 7.5), permanent open water
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Figure 7.5 Detention basin, known as ‘The Dip; in Coventry, UK. Local children use it as a football field
and general play area.

(retention basins, including lakes) and associated other wetlands, including seasonally
flooded woodland and grassland habitats, wet fens, reed-beds and marshes. The extended
retention period constitutes a final ‘polishing’ of water quality before release into the wider
catchment. They link smaller SuDS features and existing areas of habitat with the wider
landscape. Regional controls are generally larger and feature a mix of habitats, including
permanent water; these can therefore benefit a greater number of species, including plants,
invertebrates, reptiles, amphibians, fish, bats and other mammals. Conservation objectives
should address local and regional species and habitats of concern.

Conveyance Features

Swales are the most common vegetated conveyance features used in SuDS and bring
ecological and amenity benefits to a site. Water may also be conveyed in a number of other
interesting ways using hard landscape features (Figure 7.6), which in turn may also be
enhanced with appropriate planting.

They are wide shallow grassed features that slow down runoff, trap sediments and allow
some infiltration. They may also contain small check dams to hold water back in a series
of shallow pools, offering potential for wetland plants to colonise (Figure 7.7). They can be
under-drained where a dry surface is needed, providing additional filtering in the under-
drain, or become permanently wet to create a linear wetland habitat rich in plants and
invertebrates (although care should be taken that the conveyance function is not jeopard-
ised, as surface flows must be able to pass downstream at a controlled rate).
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Figure 7.6 (left) Engineered feature leading down to (right) small wetland area, swale and filter strips, N. Hamilton,
Leicestershire, UK.

Figure 7.7 (left) Swale with leaky stone dam creating downstream wetland area, Oxfordshire, UK. (right) Wood and
metal dam across a swale, N. Hamilton, Leicestershire.
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Urban design uses many forms of architectural channels, cascades, rills and canals to
convey water in the landscape. Where silt and major pollutant loads have been removed,
they provide visual interest, are easily understood by observers and are easily maintained
features. Although somewhat architectural in nature, there are still many opportunities to
provide valuable urban wildlife habitat.

Community Managed and Wildlife-Rich SuDS - a Case Study

of Springhill Cohousing, Stroud, Gloucestershire

Overview

A cohousing company developed the site to provide environmentally friendly housing in a
supported community, centred on a community house and shared social space. The SuDS
were developed with local community stakeholders participating fully with landscape
designers, ecologists and planners in the design of the system. They also manage the system
themselves and to date there have been no instances of flooding in the SuDS catchment.
Anecdotal evidence suggests that flooding of the community downstream has been reduced.
Wildlife value is high with SuDS habitats throughout the development bringing people
closer to wildlife at every stage. Further details of this development are hosted on
the Susdrain website at: http://tinyurl.com/h9yywer or the designer’s website at: http://
robertbrayassociates.co.uk/projects/springhill-cohousing/(see also The Architecture Centre,
2010 and Graham et al., 2012).

SuDS Design
Surface SuDS features used on site include:

permeable pavement

short under-drained swale

surface cascade

planted grass swales

open channels and rills (in residents’ front gardens)

raised ornamental pool (rich in wildlife, and a communal meeting place)
grassed detention basin (also used as a children’s play area).

Flows run overland from the upper terrace, down to the lower level and along the pedes-
trian street to an outfall, where a natural spring emerges at the SE corner of the site.
The access and car parking court was identified as a primary pollution risk. Permeable
paving collects and stores runoff underneath in a tank. Water leaving the tank is joined by
un-attenuated roof runoff that flows to the lower level down a tile-hung cascade on the
retaining wall. A swale allows most of the cleaned runoff to soak into the ground with
excess flows conveyed to a pool in front of the community house. Runoff from the tarmac
road surface and adjacent roofs flow to the rill that follows most of the lower side of the
pedestrian street. Additional overflows from the rill and the pond are directed to a deten-
tion ‘play basin’, which is used for recreation and play most of the time but has contained
up to 300mm depth of stormwater during and immediately after heavy rainfall.
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7.7.3 Management

To facilitate better care and maintenance, wherever possible, SuDS features should deal
with water on the surface. The community maintain all surface features and there have
been no reports of system failure. Indeed, when major flooding occurred nearby, no impacts
were felt at this site with approximately 150mm of water stored safely in the final
detention/‘play’ basin.

7.7.4 Amenity Value and Use

Use of permeable paving and integrated underground storage demonstrates full use of the
space to collect, clean, store and release controlled flows of clean water for amenity and
biodiversity. The surface flow of water through the site begins with a T-piece terracotta
pipe inlet to a tile-hung cascade — a cost-effective and visually spectacular alternative to the
traditional drop manhole. A short, planted swale and channel links to a raised pool in front
of the community building, contributing visually to the social space. The rill system
provides both a collection and flow route for water, and separates private and public space.
Each householder understands how it works and takes responsibility for managing their
section. The community understands that occasionally the play/detention basin will hold
water after heavy rainfall but that it will again be available as a public play area within a
short period.

7.7.5 Biodiversity Value

Clean water is the essential ingredient for aquatic biodiversity, and this is assured at
Springhill by source control treatment of the main risk areas, including a permeable pave-
ment in the upper car court, and a clear management train. The vegetated swales, rill and
channels provide connectivity of habitats for wildlife, and the pond is of significant value,
as well as being a great feature of interest. The community is careful to enhance biodiver-
sity and maintain the SuDS in a relaxed way to allow maximum opportunities for wildlife
on this relatively dense urban development. Species found in the SuDS include frogs, newts,
dragonflies, damselflies, other aquatic invertebrates and a range of native wetland plants

and birds.
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Amenity: Delivering Value for Society
Stella Apostolaki and Alison Duffy

‘A thing is right when it tends to preserve the integrity, stability and beauty of the
biotic community. It is wrong when it tends otherwise.’
Aldo Leopold, A Sand County Almanac, 1968

8.1 Emergence of the Amenity Concept

Today’s landscape architecture, a contemporary art according to many (e.g. Rendell, 2006),
embraces various trends, bringing together current ideas of design, development and infra-
structure. When new landscapes are designed, several functional societal needs have to be
met, namely ecological, historical, emotional and visual. Open urban spaces have a role in
transforming the aesthetics of a culture by establishing strong links between ecology,
beauty, culture, geography and local topography. Designers now include materials that
express the natural landscape of the region and try to restore natural function to the envi-
ronment. With water being one of the fundamental elements and values for life, rainwater
management is evolving and moving towards the replacement of traditional forms of engi-
neering in drainage, with innovative stormwater management systems, SuDS, that clearly
address the amenity element.

Current trends and efforts, aimed at utilising natural functions and promoting the
amenity value of developments, are also at the heart of the sustainability concept with the
replacement of damaging technologies by more beneficial ones (Johnson, 1997). Such
landscape design and planning also seeks to reduce the impacts of industrialisation, thus
minimising energy consumption and the depletion of natural resources (Laurie, 1997).

Amenity in contemporary thinking and design is closely associated with services pro-
vided, aesthetics, nature and biodiversity preservation, recreation, leisure and pleasure
and attractiveness. Having to recreate natural and sustainable environments is synonymous

Sustainable Surface Water Management: A Handbook for SuDS, First Edition.
Edited by Susanne M. Charlesworth and Colin A. Booth.
© 2017 John Wiley & Sons, Ltd. Published 2017 by John Wiley & Sons, Ltd.
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with creating an aesthetic that brings beauty to a city. In the natural environment the call
for conservation and natural function is a call for aesthetics (Ministry for the Environment
of New Zealand, 1991). Even though natural landscapes are not always as clean and tidy
as they could be, designers have to find ways of making them beautiful so that people will
value and protect them. This ensures that the public will not only accept sustainable solu-
tions in their cities but will also realise their importance and seek to include them in urban
design.

For an area to be considered an area of high amenity value, a sense of balance and inter-
action between people and nature is vital (Taylor, 1998). Sustainable design has to build a
strong relationship between nature and urban dwellers. Although highly anthropocentric
landscapes continue to exist, the creation of landscapes that promote stewardship for the
environment and support environmental consciousness should be encouraged. A way to
achieve this goal is to promote local community participation in landscape creation and
maintenance (Dalton, 1994).

One of the main issues with amenity landscapes is to produce a living and liveable envi-
ronment that people like and accept (Taylor, 1998). Perceptions of amenity and ideas of
landscape, however, differ based on personal interests and aesthetics, cultural heritage and
contemporary trends. To many, wild landscapes have the highest amenity value, while
others prefer landscapes to be more controlled and organised. For the latter constructed
landscape scenario, often a complete change of perception is required in order to see the
beauty of nature in its pure form and with the least possible human intervention. On the
other hand, wilderness supporters reject any kind of constructed landscapes as worthless,
including ornamental gardens or exotic species introduced into the area, which for many
years were used successfully in the quest for nature in urban areas (Jamieson, 2001). The
idea of wilderness in support of the preservation of nature and its aesthetics can be consid-
ered, to some extent, to be embedded in the idea of amenity. According to the Wilderness
Act (1964), an area of wilderness is an area untouched by society and its works, an area
retaining its primeval character, affected only by the forces of nature where there is no
noticeable human impact. The idea of wilderness can involve anything ‘natural’ or resem-
bling ‘natural’ features such as those that have survived as primeval memories in people’s
minds ever since land was discovered and mapped. Nowadays, the idea of ‘natural’ is,
however, more a matter of what is perceived as natural rather than what really is untouched
by society. People are influenced by their cultural, educational and ideological background.
Nature, while often fragile in practice, is durable in the imagination. The social construc-
tiveness of the term ‘natural’ is clearly depicted in the example of Niagara Falls which,
under the influence of the ‘Romantic’ movement and since the 1860s, has been repeatedly
reconstructed to restore the natural wonder lost by the water diversions used for power
and industry (Cronon, 1995) and to regain the element of amenity. Although it is known
that Niagara Falls have undergone many changes in order to preserve the notion of wilder-
ness and to attract visitors, for many it has become the epitome of wilderness, a powerful
force of nature with a high amenity value. For others, it is a historic landmark, and a source
of energy generation (Cronon, 1995).

The Romanticism movement, which clearly depicts a movement towards a respect for
nature (Jamieson, 2001) and the prioritisation of amenity as an important component of
nature preservation in urban landscapes, inspired the planners and architects of urban open
spaces in the 19th century. The preference towards ornamental gardens in Britain and the
‘garden city movement’ are two distinct examples of this trend (Parsons and Schuyler, 2004).

The garden city movement was based on the ideas of Ebenezer Howard (see TCPA
(2011) for further details) and reflected a new form of ‘townscape’, which was intended to
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bring together the economic and cultural advantages of both city and country living, with
land ownership vested in the community, while at the same time discouraging metropoli-
tan sprawl and industrial centralisation. ‘Garden cities’ were built in a circular fashion
around a central park with a prominent presence of water, while green areas would be
integrated into residential neighbourhoods (Hall and Ward, 1998). Howard’s ideas had a
phenomenal impact on British planning doctrine with its most impressive application
being the plan for Greater London in 1944 and the creation of a ring of new towns, the
London Greenbelt, following the passing of the New Towns Act, 1946. Loch Katrine in
Glasgow, Scotland, is another example of a 19th century public works initiative, which has
gradually been developed into an amenity feature for nature lovers and romantics. The
water supply works at the Loch have always prioritised nature preservation and amenity
value by gradually restoring natural woodlands through tree planting and the introduction
of embankments to minimise noise and visual impact (Water Technology Net, 2006;
Scottish Water, 2008).

8.2.1

Amenity, Recreation and Biodiversity in the Built Environment

Need for Public Open Spaces in Cities

Modern urban landscapes are capable of addressing natural processes, and at the same
time are able to provide wildlife habitat, stormwater retention benefits and water quality
improvements (Bradshaw and Chadwick, 1980). This approach can create beautiful and
liveable environments in urban centres, places that possess a sense of pride, place, history,
safety, good housing, friendly parks and open spaces. Urban landscapes can therefore be a
collective of expectations, responses and remembrances (Johnson, 1997).

In recent years, ideas of green networks, protecting or enhancing natural resources, and
creating open urban spaces of high recreational value are gaining ground in architectural
design. Urban forestry and community forests — for example the Chicago Urban Forest
Initiative (Nowak et al., 2009) — as well as providing improvements to urban landscapes
are becoming more common in urban development and are making significant contribu-
tions to the practical application of sustainable development (Blowers, 1993). Current
concerns regarding environmental degradation has influenced this perception of urban
design. Planning for sustainable development includes land use that enhances landscapes
and protects natural environments and wildlife habitats. It is therefore necessary to view
environmental planning as an integrated process moving around the idea of sustainability.
A great number of people are drawn to parks and open green spaces due to an interest in
sustaining ecosystem integrity and also to admire beautiful landscapes.

Currently, landscape architectural practices and ecological protection are promoted and
safeguarded in ‘urban green spaces’, while ecological restoration has a central role in urban
landscape design. In that context, the development of the ‘new model village’, a popular
architectural trend among planners, recognises the need for urban citizens to live closer to
nature, resulting in planners’ trending towards the development of ‘sustainable communi-
ties’ (Kim and Kaplan, 2004). The new model village is usually placed in suburban areas
and attempts to recreate rural scenarios, with the inclusion of small ponds (often associ-
ated with SuDS) or streams with rich tree and flower vegetation; this can be linked to the
garden city movement of the 19th century (Parsons and Daniel, 2002). Such developments
can serve the practical needs of a community, such as drainage and provision of space for
recreation.
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Urban Open Space Design

The new approach to city design, which incorporates green open spaces in the urban
environment, proposes an ethic of nature that pays special attention to moral concepts
such as respect, sympathy, care, concern, compassion, gratitude, friendship and responsibil-
ity (Van De Veer, 1998; Jamieson, 2001). Based on these ideas, the city provides the source
of energy for the world around it, with people facilitating the change from natural resources
to fabricated product. Traditional and contemporary ethical theories could also be extended
to include animals, plants and inanimate natural features (Gunn and Vesilind, 1986). The
modern citizen shops for ‘natural products’ in the artificially ‘natural-looking’ shopping
mall or open market, while walking in ‘nature’ is synonymous with urban or suburban
parks, with ponds, streams or rivers, and existing vegetation and wildlife, which are often
alien to the area and could by no means be considered as ‘natural’ (Van De Veer, 1998).

To enhance public acceptability of new artificial open water features, including different
types of drainage devices, such as ponds or swales in the urban environment, an attempt to
make them resemble natural landscapes is vital. The concept of sustainability can include
these features as amenity lakes with great importance for wildlife. For SuDS approaches,
including the ‘daylighting’ or opening up of urban rivers, the presence of vegetation to
support wildlife is fundamental, although there is a balance to be made between function-
ality and amenity. The modification of water bodies according to topographical variation
and characteristics of the area is recommended as well as the creation of islands in these
features, and the support of natural treatment processes for biodegradation. The introduc-
tion of plant species, for example in association with reed-beds, can biodegrade organic
matter, utilise hydrocarbons as a nutrient source, and trap polluted particulates, thus
providing biological water treatment (see Chapter 9 of this volume; Heal, 2014).

Wetland vegetation and wildlife are crucial for urban water body design and establish-
ment in urban areas. The notion that native plants encourage wildlife and are more easily
established than exotic ones is shared by most landscape architects (Watkins and
Charlesworth, 2014). However, the focus should be on places where human control over
ecosystems is minimal and where plants and wildlife (both native and exotic), once
introduced, are free to interact.

The human impact on urban landscapes is overwhelming, a fact that results in the for-
mation of specific plant and animal communities. The majority of the plant and animal
species present in urban landscapes are alien, and are often ignored or undervalued by
many ecologists and landscape architects. In fact, it has been estimated that 60-70% of
urban vegetation has been deliberately introduced, with landscape styles varying from
semi-natural to exotic (Fitzgerald, 2003; Forbes and Kendle, 2013). However unnatural
the urban flora and fauna may be, it is usually welcomed by local residents, who lack the
prejudices of professional ecologists, and are open and often enthusiastic in accepting
colourful exotic plants and attractive wildlife species in their residential area. The climatic
and geologic conditions of the site play very important roles in the establishment and sup-
port of alien or ‘exotic’ species in urban open spaces.

Forbes and Kendle (2013) describe the characteristics of naturalistic or ecological styles
of landscape design as: low-cost and sustainable; of high intrinsic value for the area; in
contrast to ornamental design style; requiring minimum maintenance; having high conser-
vation, educational and recreational value.

A very sensitive point for naturalistic landscape architecture is the fact that most artificial
urban landscapes are modelled on relatively immature communities, whereas landscape
development should be considered in terms of good long-term management: SuDS in new



8.2.3

Amenity: Delivering Value for Society 109

housing developments and/or river restoration schemes. One of the main advantages of
such artificial landscapes, in comparison to natural ones, is that the possibilities and oppor-
tunities for enhancing human contact with nature can be maximised through proper design
and appropriate locations where there is easy public access and social interaction. It is
generally known that people prefer to access countryside close to where they live for
recreation and wish such ‘beauty spots’ to be protected (Cullingworth and Nadin, 2006).
However, public attitudes towards landscapes and green open space design differ between
countries. For example, in Britain people appreciate landscapes of panoramic view, hills,
woods, lakes, while in Japan people take pleasure in noticing the details of trees and flow-
ers (Anderson and Meaton, 2000).

Multi-Functionality of Urban Open Space and SuDS

A general attitude towards public landscapes is that people from various cultures prefer
natural to built environments or those where the human impact is very obvious. The stress-
releasing ability of natural landscapes supports evolutionary theories on landscape prefer-
ences (Ulrich, 1993) which are influenced by several parameters such as age (Balling and
Falk, 1982; Lyons, 1983; Zube et al., 1983), educational level and occupational interests
(Yu, 1995).

The reasons why people express a preference for specific landscapes and wish to protect
them varies; landscapes can serve human needs and can also have high ecosystem value. In
combination, these two factors can urge people to protect the landscape or can influence
their preference towards those that are more natural-looking (Kaltenborn and Bjerke, 2002).

The regeneration of ecologically degraded urban landscapes into more natural-looking
areas also serves a number of functions:

= conceptual — establishes a link between urbanism and nature
cultural — heritage plays a very important role in landscape design and in the way
people value places

= ecological - reintroduces nature into the urban landscapes
social — promotes social interaction, with urban parks being the places where democ-
racy is worked out ‘on the ground’

= psychological — improves quality of life and provides a relaxed environment with a
direct and positive impact on people’s wellbeing

= aesthetic — creates pleasant and beautiful environments that are highly valued by the
public (Tress et al., 2001).

The psychological function served by contact with nature and amenity features in an
urban setting is underlined by Wells and Evans (2003), whereby symptoms of psychologi-
cal distress were significantly reduced in children with higher exposure to amenity features.
Groenewegen et al. (2006) referred to this access to green space having a positive effect on
human wellbeing such as stress reduction, as well as better mental and physical health as
being the effects of ‘vitamin G’.

There has been an extensive debate between ‘scenic’ and ‘ecological’ aesthetics in land-
scape design, with ecological aesthetics becoming more and more important for landscape
planners. According to ecological aesthetics, ecosystem principles such as biodiversity and
sustainability are the main values that have to be taken into account when designing new
urban landscapes. In the case of scenic aesthetics, the main importance is given to aesthetic
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Figure 8.1 Conceptual overlaps between the three value areas: ecology, community, delight (after
Thompson, 2002); and quality, quantity, amenity of SuDS (after Charlesworth, 2010).

preferences undermining the importance of ecological benefits, which for many results in
the creation of superficial landscapes with no concern for wildlife. For the advocates of
ecological aesthetics, scenic aesthetics are morally inferior (Parsons and Daniel, 2002).

The notion of ecological landscapes, however, is not just influenced by aesthetics and the
senses but also by indirect knowledge of ecosystem health and sustainability. The conflict
between scenic romantic landscapes and ecologically raw and unrestrained ones has always
been an issue for human society (Appleton, 1975).

There is a congruent split between ‘urbanists’ and ‘ruralists’, but then aesthetic and
amenity issues tend to be overshadowed by larger environmental concerns. Beauty and use
are now linked to the idea of sustainability. The ecological approach that became popular
in the 1970s and 1980s and claims that humans would benefit in psychological and social
terms from contact with naturalistic landscapes of rich biodiversity, is becoming increas-
ingly popular, especially in the concept of sustainability. This trend is clearly depicted in
Figure 8.1, which demonstrates the interrelationship between environmental, social and
aesthetic values, and is in accordance with the SuDS triangle interlinking the three sustain-
ability components of: quality (environmental component, e.g. pollution control), quantity
(economic component, e.g. flood mitigation) and amenity (social component, e.g. leisure
and wildlife benefits) of sustainable water features.

This association clearly underlines the multi-functional role of SuDS in providing:

1. environmental benefits through vegetation supported in and around them

2. the attraction of wildlife

3. community benefits such as the provision of areas for gathering, socialisation and
recreational use of the surrounding area

4. aesthetic benefits for the area and the local residents through the provision of natu-
ral-looking environments, which are generally highly appreciated by the public.

8.3 SuDS Amenity and Sustainable Development

Sustainable development aims to provide a holistic approach for all interrelated sectors of
life and wellbeing. It pursues certain goals including protection of natural resources, a
sustainable built environment, social equity between locations and generations and politi-
cal participation to change values, attitudes and behaviours (Blowers, 1993).
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Along the lines of sustainability, greening of policy is essential to reflect public attitudes
and the public need for information and participation. Public education and community
involvement are essential ingredients in any environmental strategy. For example, SuDS
ponds and river restoration are both potentially sustainable, as they provide obvious envi-
ronmental and social benefits, while their high self-maintenance ability is a component of
economic efficiency. Although there is a big debate over the sustainability element of SuDS
(e.g. Heal et al., 2004), there is general agreement that the application of SuDS, even though
it may not be entirely sustainable, is still a more ‘sustainable’ approach, an approach that
encompasses the concept and elements of sustainable development more than traditional
drainage. SuDS are considered as beneficial for the environment and society, while at the
same time they are cost efficient, with construction costs comparable to or less than those
of traditional drainage, reduced operational costs and with minimal cost of maintenance
(Gordon-Walker et al., 2007; Bray, 2015).

SuDS provide stormwater management to attenuate flows and thereby reduce the risk of
flooding, while at the same time they serve the environmental, biodiversity and amenity
needs of the city and urban citizens. SuDS are often considered for drainage solutions in
new developments and represent part of a new trend in landscape architecture and urban
design (Watkins and Charlesworth, 2014).

Reviewing the Public Perception of the Concept of Amenity and SuDS

In considering amenity, the major difficulty in its study is how it can be measured. Amenity
encompasses ideas related to greening urban landscapes, returning to nature, providing
useful or pleasant services to the public, encouraging leisure activities, social interaction
and democracy (Woods Ballard et al., 2015). However, their assessment is problematic; the
main difficulty is in the classification of individual green spaces or SuDS device in terms of
the ‘quality’ of their amenity value. One way to assess amenity is via regular inspections to
identify the performance of SuDS in matters of maintenance, aesthetics, biodiversity
present and use by the public. The results of these types of inspections, however, are not
objective as they are often subject to individual bias, the budget available for maintenance
and the effort made by the authority in charge. Another way to identify the amenity of
SuDS is by collecting and analysing public views, rendering assessment of amenity more
qualitative rather than quantitative.

Public perception surveys of SuDS ponds and wetlands in the UK (Apostolaki et al.,
2001, 2002) identified the need for the design of urban water bodies in the landscape to
have amenity in mind. It was further found that where open water schemes and natural-
looking sites were designed to enhance recreation and leisure, their presence in the land-
scape was highly appreciated by public and professionals alike. Specifically, participants in
these surveys indicated their preference for SuDS of high aesthetic value that attracted
biodiversity. They linked amenity of aesthetically pleasing SuDS with naturalness and
attractiveness of the site, provision of recreation and leisure services and improvement in
terms of everyday life via flood protection. In accordance with a survey conducted in
Athens (Greece), the term ‘amenity’ seemed to include ideas such as visual and habitat
enhancement; wildlife and biodiversity benefits; provision of an urban park environment
for recreation, relaxation and leisure; stress relieving service and other social services;
educational benefits; and high aesthetic value. In well-designed ponds that incorporated
amenity, even safety concerns, which are frequently associated with open water bodies
located in urban environments, were reduced. On the contrary, safety concerns seemed to
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be higher in sites of reduced perceived amenity value (Apostolaki and Jefferies, 2009).
A follow-up survey, which took place in the Dunfermline Eastern Expansion, found similar
results, but it demonstrated slightly reduced safety concerns as the SuDS ponds were better
established and their perceived amenity value was higher (Shan Quek, 2010). Perceptions
of SuDS seem to depend on where the balance of the argument is, flood prevention, amenity
or water quality improvements. Design of SuDS is therefore seen as a key component when
influencing attitudes towards amenity. This can be explained by the idea that amenity in
landscape design is often perceived by the public to reduce the impacts of urbanisation in
the city, introducing sustainable design, replacing damaging technologies with more benefi-
cial and sustainable ones. In this way, it is possible to minimise the consumption of natural
resources and maximise environmental conservation (Johnson, 1997; Laurie, 1997).

8.5 Conclusions

The transformation of SuDS sites into amenity and recreational features is increasingly
important for local communities. The current trend is towards ‘new model villages’ or
‘sustainable communities’ and housing developments that are located around a pond or
close to other types of watercourses which have high amenity value.

The need for preservation of the amenity value of SuDS, which is also closely linked to
biodiversity benefits, is highly valued by the public. Amenity, associated with sustainability,
encompasses societal and environmental benefits, while schemes of high amenity value can
reduce the loss of natural functions in new construction, and improve urban design.

One concern that arises when referring to the design of SuDS is how amenity itself can
be better designed. The public perception surveys and research undertaken identified
several improvements for SuDS in this regard. Most of them are related to improvement of
aesthetics and naturalness of the systems including: increased vegetation, introduction and
support of existing wildlife, introduction of natural barriers as safety measures, introduc-
tion of features for leisure pursuits such as benches, picnic tables, children playgrounds,
walkways and pathways that could link the SuDS features, introduction of green roofs and
gardens on buildings, designing for safety, designing for social integrity and the promotion
of municipal awareness raising and education. Most importantly it should not be forgotten
that designing for amenity is designing for humans.
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Biodegradation in Green Infrastructure

Alan P. Newman and Stephen J. Coupe

9.1 Introduction

There is a general expectation that a sustainable drainage device will be capable of producing
an effluent where, for key pollutants, the quality of that discharged is better than the
stormwater entering it. While this is not always the case, if sustainable drainage systems
(SuDS) are to fulfil their planned lifetimes and continue to achieve the pollution reduction
benefits that are expected, there is the regularly posed question of whether the pollutants
in question will accumulate over time. The concern is that they will saturate the system,
leading to unacceptable pollutant losses later in the life of the asset, clogging the system
(leading to hydraulic failure) or producing conditions in the device that detract from amen-
ity, ecological value or both. For organic pollutants the generally held belief is that the
pollutants biodegrade in the system, but in many SuDS systems the role of biodegradation
has, to some extent, been assumed rather than studied.

It is perhaps an artificial division to classify SuDS into ‘green SuDS’ and ‘hard SuDS’ not
least because the best approach to the issue of environmentally sound drainage is to
develop a treatment train, where the effluent from one device feeds into another to offer
several levels of treatment. In such situations, hard SuDS, such as pervious pavements or
filter drains, feed green SuDS such as swales, which together provide initial stormwater
treatment, and thus offer some protection to a downstream device such as a wetland or a
(normally dry) infiltration basin. This is the principle of source control, treating the bulk of
the pollutant as close to the source as possible. Biodegradation occurs both in most green
SuDS (balancing ponds, swales, rain gardens etc) and also in some hard SuDS (particularly
pervious pavements). While the underlying microbiology and chemistry of biodegradation
are essentially identical in green and hard SuDS, there is often a greater opportunity in the
latter for the designer to attempt to optimise the biodegradation processes. Hard SuDS are
covered in more detail in Chapter 10 of this volume.

Sustainable Surface Water Management: A Handbook for SuDS, First Edition.
Edited by Susanne M. Charlesworth and Colin A. Booth.
© 2017 John Wiley & Sons, Ltd. Published 2017 by John Wiley & Sons, Ltd.
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This chapter starts with an introduction to biodegradation processes in general and
SuDS in particular. It will conclude with a discussion on the role of biodegradation and
nutrient dynamics in green SuDS, the research efforts that have been made in this area
and the particular issues that have made the research into biodegradation in green SuDS
more challenging than in the more easily controlled hard SuDS environment. Some
methodological developments that may be new and innovative when applied to SuDS are
discussed, and suggestions made as to how to integrate new research methods into SuDS as
a discipline and how to provide further multi-disciplinary links to a research field that is
still emerging and developing.

While there is little doubt that most SuDS will contribute to the biodegradation of
organic pollutants to some extent, it has been shown that there can be sufficient build-up
of petroleum derived hydrocarbons in sediments in the components of SuDS treatment
trains, to make the disposal of sludge removed during maintenance problematic (e.g.
Durand et al., 2004). This does not mean that biodegradation is not taking place, but it
does imply that it is not fast enough to prevent an unacceptable accumulation of pollut-
ants, either during the design life, or within the required maintenance intervals of the
system. The extent of this issue varies with the pollutant, the device and the surrounding
environment. Some SuDS devices provide conditions that are very amenable to biodegra-
dation. Some have been applied to surface water drainage after initially being developed
and validated as important components for tertiary stages of wastewater treatment.
The best examples are constructed wetlands that may have the superficial appearance of
natural ecosystems but are just as much a product of engineering and design as hard
surfaced devices.

Environmental Conditions and Requirements for Biodegradation

Biodegradation results in the biologically mediated breakdown of pollutants, to simpler
materials, and if biodegradation is considered to be complete and irreversible, then the
final product should include a gaseous component of a nutrient cycle. Thus, if the pollutant
is an organic compound, the aim should ideally be that the products should include carbon
dioxide and water. The only other type of pollutant where this process leads to a gaseous
by-product is in the transformation of organic or inorganic nitrogen compounds, which
can, ultimately, be removed from the system as N,, but almost always includes less
desirable oxides of nitrogen, particularly N,O, a highly potent greenhouse gas (Richardson
et al., 2009). For the purposes of this chapter, such processes are included in the definition
of biodegradation. Among these processes, filtration is identified as occurring on the plant
stems and leaves in vegetated systems such as swales and grass filter strips, adsorption onto
the solid surfaces of the biofilms coating filter media and also precipitation processes.
These may involve biologically mediated chemical changes that do not result in elimination
of the pollutant via the gas phase. The conditions that are necessary to bring about these
changes are often influenced by the environment in the SuDS device, and occur as a result
of the biological degradation process taking place in the system. For example, in engi-
neered wetlands, the precipitation of metals as sulphides relies on anaerobic conditions
produced by the biodegradation of either trapped organic matter, which might originally
be part of the influent pollution load, or consist of dead plant material generated in the
wetland. While biodegradation itself must be aimed at degradable substances, these other
processes can help remove both inorganic pollutants and organic materials that are not
readily amenable to biodegradation. In the latter case, either the biodegradation process
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leaves behind so-called ‘dead end metabolites’ (e.g. Andersson and Henrysson, 1996) or,
where the pollutant is a mixture of related compounds (e.g. hydrocarbon fractions), persis-
tence of the compounds that are most difficult to degrade.

As mentioned previously, SuDS devices are often organised into a treatment train where
the downstream device adds to the effectiveness of the overall pollution attenuation pro-
cess, but downstream devices often depend on retention upstream to ensure that their,
often more delicate, ecological systems are not overloaded. The same can often be applied
to single devices which have multiple layers of treatment where entrapment in the upstream
parts of the system is used to protect the more biologically active downstream parts. Good
examples are the trash filters and oil separators often integrated into the design of storm-
water sand filters (USEPA, 2014).

The pollutants in stormwater that challenge the biodegradation capabilities of SuDS
systems, range from highly complex compounds and mixtures (e.g. PAHs, lubricating oils
and fuels) to some very simple compounds such as methanol and glycol. The contaminants
might also include nitrogen-containing compounds ranging from proteins and nucleic
acids, through to simple organic compounds, such as urea and uric acid, to ammonia and
nitrate or nitrite.

The main requirements for biodegradation are commonly listed as:

microorganisms (suitably adapted for both the target material and the environment)
a source of carbon and energy (which may or may not be the target material)
inorganic nutrients (and sometimes organic micronutrients)

suitable water relations

a suitable environment with respect to oxygen (or another electron acceptor).

In studies of biodegradation (Coupe et al., 2003), a suitable substrate, or platform, upon
which the microorganisms can grow and make contact with the target materials, is often
included. However, a factor that is rarely highlighted sufficiently in the SuDS literature is
the need for sufficient contact time between the target material and the microorganisms.
This implies that for successful biodegradation, the pollutants themselves will need to be
retained in preference to the water. This is easier to achieve where the pollutants form a
separate phase and rapid physical processes can form the first step in a biodegradation
process, but less so when contaminants are in solution. For example, hydrocarbons arising
from motor vehicles, such as fuels and lubricating oils, when present as a separate phase,
generally biodegrade quite slowly (having half lives of months rather than days) mainly
because of their low availability through limited solubility, but also because of the toxicity
of some of the components. This slow degradation rate is often compounded by the
fact that the temperature or water availability may severely limit biodegradation for parts
of the year.

A biodegrading SuDS system must be capable of accumulating the pollutants through-
out the year and, at times, when conditions are optimal, biodegrading the pollutant suffi-
ciently quickly that, within the design life of the system, it does not become overloaded.
The fact that ‘real-time’ biodegradation is less important than the entrapment, storage and
biodegradation model for many organic pollutants in SuDS, also points to the need to take
into account remobilisation when conditions change. For example, Ellis et al. (2003) stress
strongly that in constructed wetlands, negative removal efficiencies, including organic
pollutants, could turn the wetlands into pollution sources when sediment-associated con-
taminants are flushed out during periods of intense flow or after prolonged dry periods.
This implies that in such systems, the biodegradation rate does not exceed the accumulation
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rate and that eventually the maintenance that will be required to deal with inorganic
deposits, such as silts, will be complicated by the accumulation of undegraded organic
pollutants. Designers and operators of all SuDS should take this into account. It must be
recognised that biodegradation is often aiming to extend the lifespan of the asset, or the
interval between maintenance activities for a SuDS system, rather than allowing complete
degradation of the pollutant.

9.3 Biofilms: What They Are, What They Do and How They Work

One of the most important aspects of both biodegradation and detention of pollutants in
a green SuDS system is the formation of a biofilm (Figure 9.1). Biofilms are assemblages of
either single species or numerous types of microbial population that are attached to sur-
faces through secretions known as extracellular polymeric substances (EPS). In biodegrad-
ing environments there is often a mixture of bacteria, fungi, protozoa (Charlesworth ez al.,
2012) and, where light can penetrate sufficiently, algae (Singh et al., 2006). The role of the
predators of the bacteria and fungi that perform biodegradation, including multi-cellular
organisms, either as part of a biofilm or free-living in the system, should not be ignored.
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Figure 9.1 Biofilm development: (a) the surface of a geotextile fibre showing the pits in which biofilm begins to
grow (b) vertical geotextile fibres with interwoven biofilm (c) a single geotextile fibre with microorgansims attached
(d) sheet of geotextile with biofilm growing on the surface.
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The grazing eukaryotes (including protozoa) play an important role in maintaining
and controlling the biofilm, keeping water passages open and in recycling processes
(Griffiths, 1995).

Singh et al. (2006) state that surface-attached biofilm cells express their genes differently
from those in the planktonic stages of the same organism, and that this switch in gene
expression is required for the regulation of biofilm formation and development. Biofilms
have been described as ‘cities built by micro-organisms’ (Lewandowski, 2000) and it is well
known that a biofilm works faster to biologically transform materials than the equivalent
number of planktonic organisms (de Beer et al., 1993). Bioremediation is also facilitated by
enhanced gene transfer among biofilm organisms and by the increased bioavailability of
pollutants for degradation as a result of chemotaxis (Singh e al., 2006). The major
components of the EPS include polysaccharides, proteins and in some cases lipids, with
minor amounts of nucleic acids and other biopolymers (Flemming and Wingender, 2001).
Flemming and Wingender (2001) went as far as to state that biofilm organisms can
establish stable arrangements and function multi-cellularly as synergistic microconsortia.
The matrix facilitates the retention and recycling of many complex substances cells invest
greatly in forming, including exoenzymes, cellular debris and genetic material. The EPS
also encourages materials, which are in short supply, to be recycled and would otherwise
be lost from the system. Importantly, Flemming and Wingender (2001) point out that
the ESP sequesters materials from solution and this is key in the detention of dissolved
phase pollutants in a flow through system.

In the absence of surfaces on which to form, biofilm organisms often form flocs, or
planktonic clumps of biofilm (Giide, 1982). The formation of flocs in this way is the next
best thing to forming an attached biofilm, and indicates that for most organisms, life as a
biofilm is the norm and the planktonic phase is simply the mode of growth that organisms
are forced into when a biofilm cannot be achieved. While this can be advantageous to the
organisms, it may have negative consequences for the performance of the SuDS device, due
to the blockages and water flow restrictions that may result. Thus, in the design of SuDS,
where biodegradation is to be encouraged, conditions should be provided in which attached
biofilm development is encouraged and where materials for degradation are concentrated
where the biofilm is most easily maintained.

9.4 Biodegradation in Green SuDS

Unlike hard SuDS, green SuDS do not lend themselves readily to studies of the degradation
of individual compounds or related groups of compounds using laboratory-based
microcosms. Compared with hard SuDS, such as pervious pavements, there are greater dif-
ficulties — although not unsurmountable ones - in creating the systems in the laboratory
that sufficiently reflect the field situation. In part, this is a matter of scale, since they are
often extensive, which plays a major role in their function.

Maintenance of the ecosystem in laboratory models of green SuDS involves providing
light and a suitable diurnal rhythm as well as a means of removing any heat that builds up.
However, the greatest problem is that it is not possible to study the biodegradation of a
specific organic pollutant by ensuring that it is, essentially, the sole source of energy and
carbon. Green SuDS inevitably contain a lot of potentially degradable carbon, making
study of their activity by simply monitoring carbon dioxide production much more com-
plicated, particularly in the establishment of a ‘baseline” activity level. Photosynthesis adds
complications as significant oxidation of non-target material, either previously generated
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by photosynthesis or naturally present in the growth medium, will release a high back-
ground of carbon dioxide. Studying biodegradation in green SuDS, in both field and labo-
ratory conditions, has involved indirect methods, such as identification and quantification
of species of microorganisms known to degrade the target compounds of interest (Kampfer
et al., 1993; Zarda et al., 1998). Also useful are molecular methods to identify specific
genes (Rakoczy et al., 2011). Green SuDS have also been the subject of much study in terms
of the overall balance between the input and output of pollutants (including volatilisation),
but the most successful have been recent investigations using isotopes.

Constructed Wetlands

Among the most widely studied green SuDS elements are constructed wetlands. Scholz
(2010) gives a useful introduction to their role in controlling urban runoff. Studies of the
degradation of specific compounds in constructed wetlands have rarely been associated
with a SuDS treatment train but have been more targeted at those in wastewater and
groundwater treatment systems (e.g. Wallace and Davis, 2009). Some studies targeted
systems operated in such a way that they would be unlikely to be included in a treatment
train; for instance, where they are augmented by forced aeration (e.g. Wallace and Kadlec,
2005). Thus, while these studies can provide useful information, care must be exercised in
translating results from one situation to another.

Distinguishing between the removal of pollutants by biodegradation, volatilisation and
other attenuation processes is often an important issue in wetland studies. Isotope-based
studies are relatively recent, but more traditional approaches that seek to balance inputs,
outputs and accumulation have been more widely used. For example, Eke and Scholz
(2008) used benzene as a model to study the removal of low molecular weight petroleum
components in vertical-flow experimental wetlands (six indoors and six outdoors), con-
structed using different layered structures. Findings indicated that removal efficiencies
were higher for the indoor rigs (controlled environment) than those outdoors. Outside rigs
achieved mean removal efficiencies for benzene of 85% and chemical oxygen demand
(COD) of 70%, with indoors rigs at 95% and 80%, respectively. However, from a separate
experiment it was found that benzene removal was predominantly due to volatilisation.
This conclusion contrasts with the work by Rakoczy et al. (2011) who used a combination
of isotope studies and molecular techniques (aimed at detecting functional genes) to study
the biodegradation of benzene in a model constructed wetland over a period of 370 days.
They found that, despite low measured dissolved oxygen in the aqueous system, aerobic
conditions seemed to dominate in the system, citing the complete oxidation of ammonium
to nitrate and ferrous iron as evidence of efficient oxygen transfer into the sediment by
plants, with benzene removal highly efficient after day 231 (>98% removal). Compound
specific isotope analysis was used to study in-situ benzene degradation, revealing that it
was degraded aerobically, mainly via the monohydroxylation pathway. This was addition-
ally supported by the detection of the BTEX mono-oxygenase gene tmoA in sediment and
root samples. They were able to calculate the extent of biodegradation from isotope signa-
tures and demonstrated that at least 85% of benzene was degraded in this way, and thus
only a small fraction was removed without microbiological involvement. The difference
between their conclusions and those of Eke and Scholtz (2008) may be due to the extended
period that the system was given to develop before any attempt was made to determine the
extent of biodegradation taking place; this is certainly something to bear in mind. A similar
isotopic approach is underway by Watzinger et al. (2014) in Austria, focusing on the
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degradation of diesel hydrocarbons, in this case contaminated groundwater. However,
from the minimal information to date it appears that isotopic studies have been confined
to very small scale microcosms.

Within the microbial communities of constructed wetlands, the relationships between
microorganisms, substrates and plants is highly complex; their contribution to the conduc-
tion of oxygen into the root zone is neither universally supported nor well understood.
Faulwetter et al. (2009) reviewed microbial processes influencing the performance of treat-
ment wetlands, finding that there were questionable assumptions made about the influence
of microbial processes, based primarily on inferences from known processes in wastewater
treatment systems and natural wetlands. Circumstantial evidence was used to corroborate
these basic assumptions, based on changes in water chemistry with the underlying biologi-
cal processes being poorly understood.

Until recently, there was a lack of direct evidence of specific microbial consortia at work,
but molecular methods have been used to study processes in constructed wetlands, improv-
ing the quality of evidence significantly. Faulwetter et al. (2009) and Truu et al. (2009) both
gave overviews of the methods available to study microbial biomass, its activity and
community composition in constructed wetlands. These included biochemical measures of
diversity based on fatty acid methyl esters (FAMES) extracted from organisms in wetland
communities (Weavera et al., 2012) and molecular fingerprinting techniques. The molecu-
lar methods have included ‘terminal restriction fragment length polymorphism’ (TRF)
(Sleytr et al., 2009) and denaturing gradient gel electrophoresis (DGGE). These techniques
have commonly been followed by cloning, to produce bacterial libraries, which can be
studied in more detail by techniques such as amplified ribosomal DNA restriction analysis
(ARDRA), for example Ibekwe et al. (2007), who investigated the relationship between
plant cover and diversity. It was concluded by Ibekwe et al. (2007) that there were consist-
ently higher microbial diversity indices in samples with 50% plant cover than those with
100% cover and that the bacteria in the dominant group of their clone library belonged to
unclassified taxa.

Using microbial diversity to study biodegradation in constructed wetlands has not trans-
lated into the study of wetlands used to treat urban surface waters. However, Ancion et al.
(2014) did investigate the efficacy of a stormwater treatment train, which included rain
gardens, grassy swales, a stormwater filter and a wetland, by monitoring changes in the
composition of the biofilm bacterial community at multiple locations throughout the sys-
tem. These changes were assessed by automated ribosomal intergenic spacer analysis
(ARISA), which detected significant differences in bacterial community composition as it
gradually changed to that similar to the receiving stream; the discharge of treated storm-
water appeared to have minimal effect on communities found in the receiving stream.

Biodegradation in Other SuDS Devices

Biodegradation studies in other green SuDS are less common and have not used isotopic
methods. However, Charlesworth et al. (2012) investigated the use of compost to enhance,
among other things, the oil retention and biodegradation performance of swales. Insights
into improved swale design and more optimised materials to be used in the construction of
the swales, particularly the necessary characteristics of the compost (added to the swales as
organic matter to provide pollutant treatment and biological seeding), were key outcomes
from the study. As part of this investigation the more traditional techniques of culturing,
isolation, microscopy/staining and biochemical/physiological testing were used to study
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the diversity and numbers of microorganisms, including oil-degrading bacteria and fungi.
Only species capable of growing in aerobic conditions were considered. The limitation of
traditional approaches is that they only identify contributions to microbial diversity of
organisms that are culturable under laboratory conditions. Appropriate use of a molecular
biology approach can overcome this difficulty. For example, LeFevre ez al. (2012) studied
both the microbiology (using molecular methods) and the total petroleum hydrocarbon
content of 58 rain gardens of differing ages and catchments, concluding that oil degrading
microbial populations were higher in raingardens planted with deep rooting species than
those planted with turf grass. In a separate study of raingarden soils LeFevre et al., 2012
showed that initial degradation rates of naphthalene could be correlated with the number
of copies of bacterial 16S rRNA genes present.

9.5 Nitrogen in Green SuDS

Nitrogen can enter SuDS in a variety of forms, including both reduced (NH,*), oxidised
inorganic nitrogen (NO,~ and NO,") and both dissolved and particulate organic N. The
relative importance of inorganic versus organic forms can vary as a function of land use
(Collins et al., 2010). Flint and Davis (2007) proposed that organic N can be abundant in
the first flush of stormwater runoff from highly urbanised areas. As previously stated,
organic nitrogen can exist in the form of complex macromolecules, such as proteins or
nucleic acids, but also as simpler compounds including urea, uric acids and simple amines.

In an aerobic environment, NH,* can be nitrified to NO,~ in a two-step microbial pro-
cess, and organic N can also undergo ammonification to NH,* and nitrification to NO,~.
These microbial processes transform N, but unless the pH is very high, they do not remove
it, leading to the loss of ammonia to the atmosphere, an undesirable outcome, associated
as it is with local and global environmental problems. Thus, as stormwater runoff passes
through SuDS, nitrogen can be removed via uptake by plants and microorganisms, by
adsorption and microbiologically mediated denitrification. Nitrogen uptake and adsorp-
tion only temporarily remove N and are therefore not biodegradation processes but, since
microbial denitrification results in the permanent removal of nitrate from the system in
gaseous forms, such as N,O or N,, they can fit the definition of biodegradation previously
discussed. In the final step of denitrification, microorganisms use nitrate as a substitute
for oxygen as the final electron acceptor, and thus require relatively anoxic conditions.
The ammonium must be oxidised to provide the nitrate used in the denitrification step and
thus an aerobic phase must be present either in the SuDS device itself (separated either in
time or space from the anaerobic step) or upstream in the treatment train.

Research has shown that changes to the design of green SuDS can sometimes improve N
removal, but hydrologic residence time has to be taken into account as it can be a critical
step in denitrification (Kaushal ez al., 2008; Klocker et al., 2009). Collins et al. (2010) cau-
tion against any possible negative consequences of these changes, which may produce loss
of amenity or ecological value. For example, to achieve the anoxic stage, changes can
include water retention, slowing of infiltration and drainage times, all of which require
additional storage to allow the system to cope volumetrically, either in the device or at
upstream points in the treatment train. If the proposed change includes electron donor
amendments, such as to organic matter and elemental sulphur (Sutton-Grier et al., 2011),
there is the potential for reduction in other environmental aims such as biological oxygen
demand removal and even release of methane, a highly potent greenhouse gas. There can
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even be other unexpected consequences, such as release of phosphorus and heavy metals.
Another important factor is the extent to which the system favours nitrogen release as N,
rather than the very potent greenhouse gas N,O.

In research into nitrogen removal in SuDS, it is critical to distinguish between denitrifica-
tion and immobilisation, as mechanisms for N removal, since denitrification is the only
process representing the permanent removal of N from the system. In the cases of both
plant uptake and immobilisation by microorganisms, N is still present in the organism, and
has the potential to be exported from the system in the future in a variety of organic and
inorganic forms. To address these concerns, research must go beyond the approach of ana-
lysing N inputs and outputs to quantifying N cycling and removal processes in SuDS, and
to do so across several seasons and types of installation. There are established methods for
quantifying N mineralisation and nitrification in terrestrial systems (e.g. Hart et al., 1994;
Robertson et al., 1999). Denitrification is more complicated because, as pointed out by
Groffman et al. (2005), accurate methods for quantifying denitrification in terrestrial sys-
tems, which fluctuate between aerobic and anaerobic conditions, are not fully established,
and all methods have significant disadvantages at different times and locations and with
different conditions.

Measuring the denitrification potential of green SuDS has been approached by examin-
ing specific denitrification enzyme activity (Bettez and Groffman, 2012). They compared
potential denitrification in this way in five types of SuDS system (wet ponds, dry detention
ponds, dry extended detention, infiltration basin and filtering systems) and forested and
herbaceous riparian areas in Baltimore, Maryland, USA. Denitrification activity was found
to be about three times higher in the SuDS than in the riparian areas.

Stable isotope techniques will probably become the method of choice to quantify both
denitrification and assimilation. One way forward, as carried out by Payne et al. (2014),
was to use column-type microcosms to study the partitioning of “*NO, between biotic
assimilation and denitrification. They found that, contrary to expectations, assimilation
was the dominant means of NO,~ removal under typical stormwater concentrations
(1-2mgN/l), contributing an average 89-99% of NO, turnover in columns containing
the most effective plant species, while only 0-3% was denitrified and 0-8% remained in
the pore water. Denitrification played a greater role for columns containing less effective
species, processing up to 8% of "NO,-, and increased with nitrate loading. Payne et al.,
(2014) pointed out that their results required validation under field conditions with exten-
sion by tracing nitrogen fate over longer periods. Seasonal effects, particularly in temperate
zones, would also be an important subject for future research. Nevertheless, the findings
form an initial step in identifying and quantifying nitrogen processes in green SuDS and,
thus, ‘represent an important advance on the predominantly black-box approach of studies
to date’ Payne et al., (2014).

9.6 Conclusions

Recent research into nutrient relations in green SuDS takes its place alongside parallel
efforts to improve the understanding of nutrient and pollutant dynamics in natural soils
and water. Better environmental protection principles through the use of green SuDS will
only be achieved by determination of the attenuation and release of compounds of interest
over appropriate time lengths, in field and laboratory trials. The combination of newly
applied methods to SuDS, such as molecular techniques and stable isotopes, are shedding
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new light on the organisms implicated in transformation processes and the resulting
partitioning of nutrients in water, plants, microbes and soil.

An opportunity has been presented for both SuDS laboratory and field trials to contribute
knowledge to some of the most important questions in soil processes and environmental
pollution. This is because it is possible to generate new, specifically designed experimental
SuDS systems as part of a drainage scheme, to control the inputs in terms of flow rates and
volumes, to rapidly observe and record pollution episodes and to install monitoring
equipment in the drainage device. Additional advantages of using SuDS devices to answer
fundamental research questions are that the ownership of such systems is relatively simple
to establish, and gaining permission to monitor a site can be relatively straightforward. As
stated in this chapter, care must be taken when assuming equivalence in the comparison of
processes and overall effectiveness between, for example, natural and constructed wetlands,
but many of the underlying scientific principles are similar, and SuDS devices should not be
automatically assumed to be non-representative of the wider environment.

The detailed analysis of biological processes in the soils and water of green SuDS are
prime candidates for further study, particularly given the known link between plants, soil
microbes (bacteria, protozoa and metazoa such as nematodes) and soil nutrient flow.
As stated, the tendency of microbes to associate in biofilms, the abundance of microbes in
the rhizosphere and the association between plants and soil aeration, nutrient uptake, the
partitioning and cycling of compounds are all mechanisms that contribute vast amounts to
the effectiveness of green SuDS. These must be understood more fully, as links in a chain of
processes and part of a functioning whole, in order to achieve the difficult goal of under-
standing such complex dynamic systems and to be able to unlock the black box.
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Hydrocarbon Biodegradation in Hard Infrastructure

Stephen J. Coupe, Alan P. Newman and Luis Angel Sanudo Fontaneda

10.1 Introduction

This chapter considers ‘hard’ SuDS infrastructure, as opposed to vegetated, green or
‘soft’; the structure and function of the latter and the associated biofilm are covered in
the previous chapter. Biodegradation is an important function of sustainable drainage
devices, and the designer has an opportunity to optimise the system for enhancing this
process. Essentially, hard devices are located in the subsurface and have one or more lay-
ers upon which a biofilm can form, and which include such structures as filter drains,
pervious pavement systems (PPS) and similar devices. Filter drains run parallel with
major roads and highways in the UK and in Europe and, as their name suggests, they
drain excess surface water from impermeable pavements and also filter the water through
their structure before conveying it to the receiving watercourse. They have an important
role in the safety of road users in flood prevention and also protection of the pavement
by removal of stormwater. PPS also remove excess water by means of infiltration, but are
normally installed in lightly trafficked areas, or used for car parking and pedestrianised
areas. More details of the structure and function of PPS can be found in Charlesworth
et al. (2014).

The pollutants considered in this chapter will be confined to hydrocarbon fractions
including fuels and lubricating oils, since these are utilised as a source of the nutrients by
the microorganisms living in the biofilm. It has long been known that such hydrocarbon
pollutants are common in the urban environment (Whipple and Hunter, 1979) and are
associated with increased urbanisation, traffic and industrialisation.

Sustainable Surface Water Management: A Handbook for SuDS, First Edition.
Edited by Susanne M. Charlesworth and Colin A. Booth.
© 2017 John Wiley & Sons, Ltd. Published 2017 by John Wiley & Sons, Ltd.
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Hard SuDS Structure, Design and Related Technologies

Compared with green SuDS it is relatively easy to construct a laboratory scale model of a
PPS or filter drain, which can include the determination of respiration rates, and hence
biofilm activity, by the monitoring of carbon dioxide production. There are no macro-
phytes that require light in hard SuDS and it is reasonably straightforward to provide a
hydrocarbon pollutant as the only significant carbon source. This ‘black box’ approach is,
thus, more reasonable for laboratory experiments than would be the case for green SuDS,
but for fully-sized outdoor models and studies on live installations the problems of meas-
uring carbon dioxide flux would be considerable. These difficulties would be particularly
great if a mass balance was used to determine the ratio of pollutant attenuation by
biodegradation relative to attenuation mechanisms that are simply entrapment based. In
a live situation, there is also the problem of measuring the pollution input onto the sur-
face. The authors are not aware of research involving the use of stable isotopes in hard
SuDS that has proven to be as successful as research on constructed wetlands, as dis-
cussed in Chapter 9.

It is worthwhile here to counter a popular misconception. The type of PPS with a stone
sub-base is commonly compared with the trickling filter used in sewage treatment, par-
ticularly by manufacturers and trade bodies. While the trade bodies and commercial
organisations are trying to simplify the story for communication purposes, the same mis-
conception can also be found in the research community. While there is a similarity
between the PPS and a trickling filter, particularly with respect to hydrocarbon degrada-
tion, this is purely superficial. Unlike a trickling filter, the PPS is only intermittently sup-
plied with both water and the hydrocarbon pollutant. Thus, unless the system is designed
to retain the hydrocarbon for a long period, there would be less opportunity for an oil-
degrading biofilm to develop. Also unlike a trickling filter, the conditions with respect to
temperature and pollutant loading are highly variable. Then, a trickling filter receives
settled sewage, whereas hard SuDS are relatively low in nitrogen and phosphorus
(although their nutrient removal capability is often considered an issue). Equally signifi-
cant is the fact that the greatest mass of hydrocarbons enters a PPS in the form of a sepa-
rate phase. This is normally as a thin iridescent film but it can, during catastrophic events,
be in the form of virtually neat fuel or lubricating oil. In a wastewater treatment plant the
operator will make every effort to exclude floatables, including free phase oil and grease,
which will be separated effectively in primary sedimentation (or before). Finally, unlike a
trickling filter, where the water inflow rate is controlled to ensure that the system does not
flood uncontrollably, the void spaces of a PPS are designed as a means of storage, such
that variable amounts of water saturation will be achieved for most significant rain
events. Full water saturation, up to the base of the laying course, might be expected dur-
ing the pavement’s maximum design storm, and flooding to the surface may be seen if the
design storm is exceeded; this is very different from the conditions in a trickling filter
where every effort is made to maintain a very thin layer of liquid in intimate contact with
the granular medium. Thus the environment in a PPS is very different, and the idea that
significant biodegradation takes place as the water trickles through the stone bed during
a rain event must be in doubt for any but the most readily biodegradable compounds.
Physical entrapment and sorption, followed by subsequent biodegradation between rain
events must be the dominant mechanism. An important factor in the performance of the
PPS is the ability of the biofilm to reduce the concentration of dissolved phase hydrocarbons
in the water trapped in the pavement between rain events, thus reducing the tendency to
release dissolved phase hydrocarbons during a first flush. The importance of this becomes
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Figure 10.1 The layers in an idealised pervious pavement system. The overall depth would typically be 450 mm.

insignificant however, if free product release is occurring, and this will be critically
dependent on the design of the PPS.

The cross-section of the most popular pervious pavement design is shown (Figure 10.1)
and deserves closer inspection to identify where the conditions are most amenable to
biodegradation. While the surface course of concrete blocks readily absorbs oil, they will
dry too quickly for significant biodegradation for much of the time and, in the heat of the
sun, the high surface temperatures can be sufficiently high to kill microorganisms. This
means that any oil-degrading biofilm at the block surface would need to re-establish each
time the conditions are right, meaning that the degree of biodegradation here is less impor-
tant than in other parts of the system. However, photodegradation and evaporation may
play important roles in pollutant removal and induce changes to the chemistry of the
trapped pollutants. Also important is storage of oil on or in the material of the blocks for
release, at a rate that does not overcome the biodegradation capacity of the lower layers.
Figure 10.2 shows oil staining the blocks of an experimental car park several months after
loading with oil at a rate of 10ml.m=2. The infiltration gaps between the blocks can form
very good sites for biodegradation. The lower reaches of the infiltration channels remain
relatively damp for long periods, as does the gravel laying course.

The tendency of the infiltration channels and grit-filled gaps between the blocks to
support weed growth indicates that water relations can be very good and that the accu-
mulation of finer particulates can aid in the retention of inorganic nutrients entering
from the surface. However, it has been shown that where a suitable geotextile overlays a
10mm laying course, the geotextile can provide the highest contribution to the initial
detention of oil (Bond, 1999). The role of geotextiles in PPS is covered in more detail in
Chapter 11.

While biodegradation certainly occurs in the sub-base, the majority of separate phase oil
is trapped higher up in the structure, and the relatively large void ratio would provide less
of a barrier to oil moving through the system as a sheen than would the 10 mm laying
course. This would be particularly relevant in heavy rain events. However, the stone
surfaces do stay damp for long periods, and generally aerobic conditions have been shown
to be maintained (Pratt et al., 1999). It is highly likely that this is the zone where the oil-
degrading microorganisms survive longest during long-term drought periods, and the
sub-base may form a reservoir of organisms capable of recolonising areas that have been
killed by drought.
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Figure 10.2 A contaminated field car park showing oil staining on permeable blocks and on the gravel bedding
layer (reproduced by permission of Tim Puehmeier).

Evidence of Biodegradation in Hard SuDS

Although the potential for biodegradation in porous pavements was proposed as early as
the 1970s by Thelen and Howe (1978) in their work on porous asphalt, this appears to be
largely based on assumptions. The first controlled laboratory study on the retention and
biodegradation of realistic regular additions of oil in pervious pavement models (simulat-
ing something close to reasonable non-catastrophic inputs) was carried out by Bond
(1999). The oil-loading rate used was estimated at about ten times the normal daily loading
rate onto a UK car park. Model rigs were inoculated with a commercially available mix-
ture of microorganisms and artificially applied inorganic nutrients, on the basis that in a
laboratory situation the inputs of these nutrients from the environment would be zero.
Thus, Osmocote slow release fertiliser granules were applied, and it was shown (Pratt et
al., 1999) that elevated carbon dioxide levels could be maintained for over 400 days with-
out any further additions of the slow release nutrients (Figure 10.3).

Smaller test rigs were used to produce an approximate mass balance, study the kinetics
of the system and to demonstrate that the degradation of the one-off application of oil
appeared to be following first-order kinetics. It was found that the degradation rates were
not particularly high but appreciable, with the best half-lives achieved being around six
months. In the context of a low-tech, low-input, long-term solution to water management
and pollution (Bond, 1999) was an encouraging development in the establishment of hard
SuDS as a multiple benefit technology.

Newman et al. (2002a) reported that the system continued to perform well, despite oil
application for a further four years, and while the nutrient and water conditions were
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Figure 10.3 Carbon dioxide evolution and oxygen consumption in a model PPS over 750 days (Source: Bond, 1999).

maintained, biodegradation continued to occur. The model was also subjected to stress by
gradually allowing nutrients to reduce for 200 days; this produced a decline in respiration
rate, but was quickly reversed within 48 hours, once fresh inorganic nutrients were applied,
and a similarly quick recovery was seen after a 75-day period of imposed drought.

After establishing the long-term capability of the PPS to maintain an oil-degrading
biofilm, one of the important questions that needed to be answered was whether the
biodegradation process required initiation by the addition of an oil-degrading microbial
population at the outset, or whether microorganisms could, in a short timeframe, be
recruited either from the pavement materials themselves or from external environmental
inputs. It was also not known whether the commercial mixtures previously used by Bond
(1999), were optimal for the PPS environment (Newman et al., 2002b). In order to inves-
tigate this, denaturing gradient gel electrophoresis (DGGE) was used in conjunction with
polymerase chain reaction (PCR) to target part of the 16S ribosomal RNA genes from cells
collected from test rig effluent and the original inoculum (for more details of these tech-
niques see Chapter 9). This showed that organisms extracted from the long-term PPS
model and from the initial inoculum produced significantly different banding patterns,
which confirmed that over time the population in the porous pavement changes and the
initial inoculum appears to be out-competed by organisms from the environment (Newman
et al., 2002b).

A parallel study by Coupe (2004) monitoring the microbial activity in rig effluent as
indicated by the rate of hydrolysis of fluorescein diacetate (Lundgren, 1981; Schnurer and
Rosswall, 1982) showed that after about 20 weeks the inoculated and un-inoculated rigs
displayed the same activity (Figure 10.4).

The effluent’s viable bacterial count was around 10*ml~! in both inoculated and un-
inoculated systems at the end of the study, with a similar amount of oil retained on the rig
materials. Mineral oil was the only carbon source in the system, and in both treatments a
diverse and abundant protozoan and metazoan community had been established. From
Figure 10.4, it is notable that initially the activity in the inoculated rig was almost double
that of the un-inoculated one, illustrating the potential benefit of a suitable inoculum early
in the life of the PPS, advantageous for rapidly establishing a biofilm in studies where there
are time limitations. There was later evidence, however, of increased numbers of protist
predators in response to the inoculation of adapted assemblages, particularly large suspen-
sion feeding ciliates. This partly explains the disappearance of inoculum organisms in
DGGE results, which could also be involved in initial differences in FDA activity patterns.
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Figure 10.4 Results from a fluorescein diacetate assay (FDA) to determine PPS system activity, comparing inocu-
lated and non-inoculated models (modified from Coupe, 2004).

10.4 Hard SuDS Microbiology and Biofilms

Hydrocarbon degrading organisms have been studied for many years, largely in relation to
significant oil spills in both marine and terrestrial environments. Before the 1950s over 100
species of hydrocarbon degrading bacteria, yeasts and moulds had been discovered
(Puehmeier 2009). Since then many other species have been reported. The most commonly
isolated bacteria are, in decreasing order, members of the genera Pseudomonas,
Achromobacter, Flavobacterium, Nocardia, Rhodococcus, Arthrobacter, Corynebacterium,
Acienebacter, Bacillus, Micrococcous, Brevibacterium, Mycobacterium, Alcaligenes and
Aeromonas (Atlas, 1978, 1981, 1995; Leahy and Colwell, 1990; Kampfer et al., 1991;
Atlas and Bartha, 1992; Riser-Roberts, 1992, 1998; Arino et al., 1996; Singh and Ward,
2004). Many of the previously documented species have been detected in oil contaminated
PPS, and numerous DNA sequences have been detected for other unnamed organisms pre-
viously identified at contaminated sites (Puehmeier, 2009).

Hydrocarbon-degrading fungi (e.g. Aspergillus, Penicillium, Trichoderma) have also
been regularly found and reported (Leahy and Colwell, 1990; Riser-Roberts, 1992, 1998;
Andersson and Henrysson, 1996), although their relative contributions vary. Song et al.
(1986) reported that 82% of n-hexadecane mineralisation in sandy loam soil was attrib-
uted to bacteria while only 13% was attributed to fungi, but this is likely to vary from
system to system. Certainly fungal hyphae and fruiting bodies are regularly observed in
oil-degrading pervious pavements and can be detected by both molecular methods
(Puehmeier, 2009) and biochemical markers (phospholipid fatty acids), but they seem to be
absent under some conditions, the reasons for which have not really been established. One
theory for the absence of fungi in some oil-degrading systems could simply be time: fungi
typically take a much longer time to grow significant colonies than bacteria, which can
form biofilms covering surfaces in a matter of days. Also, fungi are less readily discharged



Hydrocarbon Biodegradation in Hard Infrastructure 133

(b)

LN

10KV x8,000 2pm

Figure 10.5 (a) SEM biofilm (b) TEM bacteria from effluent (c) cilliate of genus Colpoda (d) testate amoeba genus
Euglypha (e) rotifer (reproduced from Newman, A.P, Pratt, C.J., Coupe, S.J. and Cresswell, N. (2002) Oil bio-degradation
in permeable pavements by microbial communities Water Science & Technology 45: 7. 51-56, with permission from
the copyright holders, IWA Publishing).

and eluted from flow systems than other microbial groups which may explain their lower
numbers on some sampling occasions. For a general introduction to the mechanisms of
hydrocarbon biodegradation, Singh and Ward (2004) is recommended.

Developing an understanding of the structure and arrangement of the oil-degrading bio-
film in PPS was also important, and both optical and electron microscopy have been used
to monitor biofilm development.

Figure 10.5a shows an image of a biofilm using scanning electron microscopy (SEM)
and Figure 10.5b is a transmission electron micrograph (TEM) image of a bacterium from
a heavily oiled PPS geotextile. Clearly visible is the presence of oil droplets in enlarged cell
vacuoles, which were similar to structures observed by Cameotra and Singh (2009) in an
oil-exposed Pseudomonas species. They found that cells were connected to each other by
means of numerous fibrous projections concentrated in areas of the network formed by an
extracellular secretion. All these structures were absent when they were grown on glucose
as the carbon source. It was suggested that the fibre-like network could be a form of alkane
and surfactant complex, and the complex could be a way by which hydrocarbon is
transported to the cell surface for uptake.

While the protozoa and other non-oil-degrading eukaryotes (Figure 10.5¢,d,e) are
considered to be very important to the health of the oil-degrading ecosystem, they are
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not oil-degrading in themselves but depend on grazing the microorganisms which utilise
the oil as their source of carbon and energy. It is believed that the regulating effect of
predators on the bacterial and fungal biofilm is particularly important. Protozoa are also
important in keeping water flow paths open in granular systems (Mattison and
Harayama, 2002). It is possible that, where the protozoan and metazoan communities
form a dense, species-rich population, they may stimulate the biodegradation process. It
has been shown (Coupe et al., 2003) that biodegradation is facilitated to a similar degree
by bacteria or fungi, as demonstrated by inhibition with appropriate antibiotics while a
full microbial community which included protozoa, but without inhibition by antibiot-
ics, degraded the greatest mass of oil. It was suggested that recycling of inorganic nutri-
ents by protozoan predation was an important factor, as indicated earlier by Kahlert and
Baunsgaard (1999).

Design and Diversification from Standard Hard SuDS

In PPS based on plastic sub-base replacement units rather than stone, the available surface
area for biofilm formation and for mechanical retention of the oil by smearing on surfaces
is much less than in a stone sub-base system. In an attempt to compensate for this, a float-
ing mat device, which provided a surface upon which oil could be absorbed and upon
which the microorganisms could grow was designed by Puehmeier et al. (2005). In the
prototype, floatation was originally provided by attaching geotextile to a grid made from
polypropylene, incorporating a blowing agent to produce bubbles in the structure. A later
development incorporated the buoyancy element directly into the geotextile. Electron
microscopy showed that a very dense and highly structured biofilm had formed on the
geotextile layer (Figure 10.6).

Initial experiments were carried out in small-scale chambers (Puehmeier et al., 2005)
with considerable differences found in both the structure and density of the biofilm grow-
ing on the mats when high and low nutrient conditions were compared. In the low nutrient
condition, without the addition of inorganic fertiliser, an almost continuous biofilm still
resulted, which could only be obtaining energy from the degradation of oil. Carbon dioxide

Figure 10.6 Scanning electron micrographs of bacterial biofilm growing on floating mats with oil contamina-
tion in PPS.
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Figure 10.7 A section through a macro-pervious pavement showing interception, storage and treatment areas
(reproduced by permission of SEL Environmental).

measurements in the headspace above the water indicated that, under low nutrient condi-
tions, the oil-degradation rate was enhanced on the floating mat in comparison with oil
floating free on the water body (Puehmeier ef al., 2005). Molecular methods (DGGE)
were applied to a study of the biofilm populations, which showed a more diverse bacte-
rial community in the low nutrient-floating mat chambers compared to all other cham-
bers. Under high nutrient conditions the species present on the floating biofilm were very
similar to those in the water body, while under low nutrient conditions there was a sig-
nificant difference.

These floating mats were also applied to macro-pervious pavements which have
discrete oil-separating infiltration points to direct the stormwater into underground per-
vious sub-bases (Newman et al., 2013) close to the point where water enters the structure
(Figure 10.7).

In these devices, surfaces for biofilm formation were available on the floating mats,
the vertical geotextile filter and the stone sub-base, but the majority of hydrocarbons
were retained in the channel collector, which was found to contain hydrocarbons at
concentrations thousands of times greater than that found in the effluent (Newman
etal.,2013).

10.6 Other Hard SuDS Biodegradation Studies

In Spain, Bayon et al. (2005) used electron microscopy to study biofilm on the geotextile,
and were able to show that a novel geotextile designed to reduce evaporation from the
sub-base was as good at maintaining an oil-degrading biofilm as the two most commonly
used at the time (Gomez-Ullate et al., 2010). They later extended their work to field stud-
ies on PPS car parks in the north of Spain where they were able to detect biodegradation
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by means of increased carbon dioxide in the sub-base atmosphere (Safiudo-Fontaneda
et al.,2014).

Scholz and Grabiowiecki (2009) and Grabiowiecki (2010) proposed the use of PPS to
recover energy using ground source heat pumps and have demonstrated that, using gully
pot liquor as a source of an organic pollutant load (presumably containing some mineral
oils), it was possible to detect biodegradation in the system despite the pavement being
used as a heat exchanger. Tota-Maharaj et al. (2010) also applied DGGE and other molec-
ular methods to their studies.

Design Optimisation for Catastrophic Pollution Events

For biodegradation to be successful in PPS, there are two important aspects needing to
be optimised: improving retention under very heavy oil loading and providing inor-
ganic nutrients. It had been shown that horticultural slow release fertiliser was an effec-
tive substance for long-term provision of the inorganic nutrients required (Bond, 1999;
Pratt et al., 1999). However concerns relating to excess nutrient release have subse-
quently been confirmed by Nnadi et al. (2013) who showed the potential for eutrophi-
cation to be caused to receiving water bodies. Some work has been done on
incorporating slow-release nutrient additives into geotextile fibres located where the
microorganisms need it (Spicer ef al., 2006; Newman et al., 2011). However, there is,
as yet, no commercial uptake of these geotextiles and the supply of inorganic nutrients
over the life of the PPS remains an area where great improvements could be made to
biodegradation rates.

However, the most important factor associated with enhancing biodegradation in PPS,
as has been discussed here, is retaining the oil in the system long enough for biodegradation
to provide an effective remedy, particularly after catastrophic losses. While Bond (1999)
was the first to study biodegradation in PPS systems subjected to regular small oil addi-
tions, Brownstein (1997) investigated levels of oil contamination simulating one-off
releases of oil from a simulated car sump failure. The retention of oil in the system was
significant (up to 90%) (Pratt et al., 1996), but Jones et al. (2008) found that percentage
retention of a pollutant in a SuDS device is of limited use if the output concentrations still
exceed acceptable environmental standards. In Brownstein’s (1997) experiment, losses of
oil were sufficient to produce measurable thicknesses of free product in the effluent. An
important lesson was learnt, in that once the various layers of material in the PPS were
contaminated with oil beyond their holding capacity, release of hydrocarbons from the
structure far exceeded the biodegradation rate.

The rapid loss of hydrocarbons from a PPS was further illustrated by a very dramatic
field experiment, in which Newman et al. (2004a) used an experimental car park to
simulate the total loss of oil from the sump of a large car, followed by two simulated
13 mm rain events. After about 22 hours, the concentration of oil in the effluent had
exceeded 8000 mg/l. Clearly, the oil retaining capabilities of the PPS had been over-
come and the case was clearly established for work on a means of retaining the oil that
could be released in a major pollution event. Two approaches to modify the structure
of the PPS itself have been utilised, the first of which was to incorporate additional
retentive capacity in the upper layers of the system by means of improved geotextiles
(Puehmeier and Newman 2008) or to incorporate natural materials such as compost
(Bentarzi et al. 2010, 2013) or artificial interception media such as open cell foam
(Lowe, 2006).
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Figure 10.8 Oil in PPS with sub-base replacements following high oil application and mobilisation of oil by deter-
gents (Wilson, S., Newman, A.P, Puehmeier, T. and Shuttleworth, A. (2003) Performance of an oil interceptor incorpo-
rated into a pervious pavement, ICE Proc: Engineering Sustainability, 156, (ES 1), pp. 51-58. Figure 7. ICE Publishing).

The second approach has been to deal with large hydrocarbon losses by means of shal-
low gravity separators incorporated into the pavement. These can be constructed using
traditional stone sub-bases or sub-base replacement units. The principle is that any free
product that passes the primary retention layer will be stilled by the low velocity of water
in the system and will float on the permanent pool of water. This system that was equipped
with a sub-base replacement is illustrated in Figure 10.8 (Wilson et al., 2003) and was able
to show that the system was limited when exposed to detergents used in the cleaning of
motor vehicles. This has important consequences for the management of these systems,
particularly following major oil releases. The ability of the system, when constructed with
sub-base replacement boxes, to allow the rapid evacuation of almost the entire liquid con-
tents with, for example, a gully sucker, following a major oil spill is an important advan-
tage. Such a process would then leave a manageable body of residual contamination to be
dealt with by biodegradation.

The microbiology of a laboratory PPS model was studied over a 4-month period, and the
numbers of oil-degrading bacteria were found to increase from 10* to 102 ml~" after add-
ing inorganic nutrients (Figure 10.9). Sequencing of amplified DNA from the bacterial
groups found in samples collected from the model was indicative of oil-degradation
(Newman et al., 2004b). As with traditional PPS, most of these groups had been isolated in
other studies from samples derived from sites contaminated by pollutants such as petro-
leum, coal tar and polycyclic aromatic hydrocarbons. Removing most of the separate phase
oil followed by blocking the outlet and raising the water level would deposit the small
amount of remaining residual free oil back onto the geotextile and granular laying course
where biodegradation would be favoured.
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Figure 10.9 The impact of acute oil contamination on bacterial numbers and CO, evolution in a field-based PPS
(redrawn from Newman et al., 2004b).

10.8 Conclusions

Hard SuDS have been shown, by many years of research, to be colonised extensively by
microoganisms recruited from the surrounding environment. The surfaces of the structures
provide an ideal platform for the deposition of pollutants, allowing the necessary time and
conditions for appreciable and maintenance-free biodegradation and decontamination of
water prior to discharge. The manipulation of the physical structure of hard SuDS, to meet
the specific needs of a site, allows the design to fit the required purpose and can trap and
treat chronic low level pollution and point source spills that may threaten to overwhelm
systems with a lower capacity for attenuation. The key therefore is the immobilisation of
pollution, to provide the necessary time for aerobic microbes to ultimately turn organic
pollution into glucose, carbon dioxide and water.

Pervious paving is an established technology for water management and pollution
prevention. In-depth study of environmental engineering, chemistry and biology has
increased the knowledge base on the performance and optimisation of hard SuDS for
environmental protection. Research should continue into the fundamental science under-
pinning the technology, particularly in the areas of biological treatment, resource protec-
tion (e.g. rainwater harvesting) and new and emerging pollutants. Hard SuDS are now a
feature in the urban landscape and are well placed to provide resilience against extreme
weather and to protect downstream environments in a future that is increasingly variable
and full of uncertainty.
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Use of Geosynthetics for Sustainable Drainage

Luis Angel Saiiudo Fontaneda, Elena Blanco-Fernandez, Stephen J.
Coupe, Jaime Carpio, Alan P. Newman and Daniel Castro-Fresno

Introduction to Geosynthetics

According to the international standard ISO 10318-1 (2006), a geosynthetic is a ‘Generic
term describing a product, at least one of whose components is made from a synthetic or
natural polymer, in the form of a sheet, a strip or a three-dimensional structure, used in
contact with soil and/or other materials in geotechnical and civil engineering’. This defini-
tion is so generic that it could include some construction materials that traditionally are
not considered as geosynthetics, such as roofing felts. However, the huge variety of prod-
ucts that have been developed in this area requires a wide description, not a very precise
definition. The term ‘geotextile’ (later modified to ‘geosynthetic’) was introduced by Giroud
(1977), at the International Conference on the Use of Fabrics in Geotechnics, the first
International Conference on Geosynthetics, and the foundation of the International
Geosynthetics Society, which has worked to expand the use of these materials, as well as to
educate engineers in their proper use.

Concerning their history, fibrous materials to reinforce the soil have been used for a long
time. For applications such as the hydraulic and/or physical separation of soils or for
drainage, the materials traditionally used were clays and gravel, respectively, and synthetic
materials were not used before the first half of the 20th century. Some key milestones in the
history of geosynthetics are, for example, the use of cotton fabrics to reinforce roads in
South Carolina (USA) in 1926 (Koerner, 2012) and the use of fabrics and plastics for
coastal protection in the Netherlands in the 1950s (Van Santvoort, 1994). Since then,
factors such as:

= good quality of the products, which are very well controlled in factories
= good design techniques
= well established technical standardisation
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= cost competitiveness and quick and relatively easy installation
= better environmental performance, due to lower use of natural resources and lower
carbon footprint

have promoted an explosion of geosynthetic use, and in 2012, despite the world economic
crisis, 3.4 billion m? of geosynthetic were used worldwide, suggesting more than $6 billion
of economic value. The material is expected to surpass a demand of § billion m? in 2017
(Geosynthetics Magazine, 2014).

Classifications, Functions and Applications of Geosynthetics

As explained, there is an enormous variety of geosynthetics on the market, and there are
various criteria to classify them. Figure 11.1 shows some examples of common types.
Geosynthetics are generally classified according to their permeability, thus dividing them
into permeable, non-permeable and geocomposite, as described in Table 11.1.
Other classification criteria, some of them only applicable to specific geosynthetic
groups, are (Koerner, 2012):

= polymeric material: this could be polyolefins, polyamides and polyesters, and in
geomembranes some kind of rubber is also important

= fibre length used to produce the geosynthetic: short, long or continuous

= fabric style: woven, non-woven or knitted.

However, more important than classifying according to shape is the classification accord-
ing to function, since it will define the final performance of each specific product under real

GEOTEXTILE
GEOSYNTHETIC

BARRIER

GEOGRID

Figure 11.1  Examples of geosynthetics.
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Table 11.1

Classification of geosynthetics according to permeability (1ISO, 2006).

Permeable Geotextiles: planar, permeable, polymeric (synthetic or natural) textile

material used in contact with soil and/or other materials in geotechnical and
civil engineering applications. They may be non-woven, knitted or woven.
Geotextile-related products: planar, permeable, polymeric (synthetic or
natural) material, which does not comply with the definition of a geotextile.
They can be geogrids, geonets, geomats, geostrips, geocells, etc.

Non-permeable (Geosynthetic Polymeric: factory-assembled structure of geosynthetic materials in the form

barriers)

of a sheet which acts as a barrier. The barrier function is created by a polymer.
They are usually known as geomembranes.

Clay barriers: factory-assembled structure of geosynthetic materials in

the form of a sheet which acts as a barrier. The barrier function is created

by clays.

Bituminous: factory-assembled structure of geosynthetic materials in the
form of a sheet which acts as a barrier. The barrier function is created by
bitumen.

Geocomposites Manufactured material using at least one geosynthetic product among the

components. The most well-known example is the drainage geocomposite,
composed of a geonet between two other geosynthetic, usually non-woven,
geotextiles. Its use is now almost an essential in SuDS.

conditions. Furthermore, depending on the function required of each product, a specific
design method is required. There are seven main functions recognised by the International
Geosynthetics Society (Geosynthetic Society, 2015) and also in the CE marking regulations
(European Commission, 1996):

separation of two soil materials with different granulometry
reinforcement of earth, soil or other granular materials

= erosion control: retention of soil particles, to avoid them washing away by water
runoff, rivers, waves, etc.

= protection of soils or other geosynthetics: a geotextile can protect a geomembrane from
puncturing by sharp aggregates in direct contact

= impermeable barriers: in order to avoid undesirable leakage
filtration: geotextiles, especially, can allow the water to permeate, retaining fine
aggregates

= drainage: redirecting the course of water, performing like a gravel layer or drainage pipe

In addition to these applications there are a number of specialist applications for geotex-
tiles, which include their use to transmit water by capillary action, known as ‘wicking
geotextiles’; and those with specific pollutant retention or degradation capabilities includ-
ing enhanced hydrocarbon detention and biodegradation. Degradation enhancement is
achieved by nutrient-loaded geotextiles and a buoyant device inserted into plastic void-
forming structures used as alternatives to crushed stone sub-bases (Newman et al., 2004;
Puchmeier et al., 2005).

In terms of application, geosynthetics are widely used in roads, railways, foundations,
retaining walls, slopes, tunnels, channels, reservoirs, landfills, and they are, of course, used
extensively in SuDS and in many kinds of drainage systems.
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11.3 Application of Geotextiles in SuDS

There are many applications for geotextiles in SuDS, and many accounts relating to their
use in pervious pavements systems (PPS) (Castro Fresno et al., 2005; Gomez-Ullate et al.,
2011a; Sanudo-Fontaneda et al., 2014c) and filter drains (FD) (Andrés-Valeri et al., 2014;
Coupe et al., 2015). The main aims of geotextiles in SuDS are to serve as a separation layer
between the base and sub-base aggregates, in the case of PPS, and as a filter layer for the
surface runoff for both PPS (Coupe et al., 2006; Gomez-Ullate et al., 2010; Castro-
Fresno et al., 2013; Safiudo-Fontaneda et al., 2013; Safudo-Fontaneda et al., 2014a) and
FD (Andrés-Valeri et al., 2013; Coupe et al., 2015). There is also a third objective of a
geotextile in SuDS, which consists of the reinforcement of the structural integrity of the
drainage system that they are placed in (Pratt, 2003; Castro Fresno et al., 20035).
Monitoring of the geotextile has therefore been carried out to include engineering aspects
such as hydraulic and structural performance. Sometimes the geotextile can be a wrap-
ping layer in the case of a filter drain (National SUDS Working Group, 2003; Newman
et al., 2015) or an impermeable layer to allow water storage in PPS (Gomez-Ullate et al.,
2010, 2011; Castro-Fresno et al., 2013; Safdudo-Fontaneda et al., 2013; Sanudo
Fontaneda, 2014).

11.3.1 The Role of Geotextiles in Improving Water Quality

In addition to the engineering properties explained above, geotextiles have an important
role as a pollutant removal layer (see Chapter 9). It has been widely shown by research
carried out across the world that the geotextile does make a difference in the water qual-
ity of the stored water in a PPS (Rodriguez et al., 2005; Coupe et al., 2006; Safiudo-
Fontaneda et al., 2014b). They have therefore been monitored for their water quality and
microbiological properties, both in the laboratory and in the field. However, the geotextile
layer has also been identified as the most likely layer to become clogged together with the
surface layer in a PPS which may be related to its pollutant retention function (Legret et
al., 1996; Rommel et al., 2001; Gomez-Ullate et al., 2011; Saiiudo-Fontaneda et al., 2013;
Saniudo Fontaneda, 2014; Safiudo-Fontaneda et al., 2014a).

There have been many studies at the laboratory scale, but few have been able to vali-
date these results in the field; an exception is the monitoring work at the Las Llamas car
park at the University of Cantabria, Santander (Spain) by Gomez-Ullate Fuente, 2010;
Gomez-Ullate et al., 2010; Sanudo-Fontaneda et al., 2014b. At 45 individual tanked car
park bays, it was thought to be the biggest fully monitored PPS car park in the world
when opened in 2006. The main aim of this project involved the study of the performance
of several types of PPS with different surfaces (grass reinforced with concrete cells, grass
reinforced with plastic cells, porous asphalt, porous concrete, and impervious concrete
blocks with permeable joints) with and without a geotextile layer and the influence of
different kinds of geotextiles when used in the PPS structure (Inbitex, One-Way, Composite,
Polyfelt TS30 and Danofelt PY150). The project also included the development of tai-
lored, optimised geotextile materials for biofilm growth, their impact on chemical and
biological water quality of the infiltrating water and also their water harvesting potential
at the field scale (Gomez-Ullate, 2010). The influence of a geotextile as a layer to support
the biofilm that degrades hydrocarbons in the structure of the PPS was also studied,
including evaporation performance (Gomez-Ullate Fuente, 2010; Gomez-Ullate et al.,
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2010; Gomez-Ullate et al., 2011a; Castro-Fresno et al., 2013; Saiiudo-Fontaneda et al.,
2014Db). The main conclusions of this work are summarised as follows:

= Runoff pollution treatment: the PPS surfaces can be grouped into three main groups
with similar properties: open, closed and green surfaces (Gomez-Ullate et al., 2011a;
Castro-Fresno et al., 2013).

= Infiltration capacity: the influence of the type of surface was more significant than
the type of geotextile, and the PPS demonstrated a high capacity to store water in the
sub-base (Gomez-Ullate et al., 2011Db).

= Rainwater reuse : Gomez-Ullate et al. (2011b) demonstrated that after a year of
storage, the water retained in the sub-base of the PPS had high enough quality, under
the Spanish laws (Espafa (Spain), 2007), to be reused in irrigation of green areas and/
or road cleaning.

Castro-Fresno et al. (2013) and Andrés-Valeri et al. (2014) carried out a study compar-
ing the water quality performance of conventional drainage (a concrete ditch) with two
sustainable linear drainage systems, a swale and a filter drain. Both of the sustainable linear
systems had a geotextile in their profiles, acting as separation, filtration and treatment lay-
ers (Andrés-Valeri et al., 2014). In order to complete this research, three stretches of 20m
length each were designed and constructed in a roadside car park outside the hotel El
Castillo de La Zoreda near to the city of Oviedo (Asturias, Spain). After the analyses of the
outflow water quality of each drainage system, Andrés-Valeri et al. (2014) concluded that
the quality of the water from the two sustainable linear drainage systems was substantially
better than the one from the conventional drainage system (concrete ditch). Of the two
sustainable drainage systems, the filter drain presented the better performance in reducing
TSS and turbidity (Andrés-Valeri ef al., 2014), enabling the effluent water to be reused in
certain applications such as irrigation under the Spanish Royal Decree 1620/2007 (Espafia
(Spain), 2007).

Ferndndez Barrera (2009) explored a different approach in the application of a geotex-
tile layer for the treatment of runoff pollutants from impervious surfaces. The concept of
the system for catchment, pre-treatment and treatment (SCPT) was developed success-
fully and widely published in Castro-Fresno et al. (2009), Ferndndez-Barrera et al.
(2010), Rodriguez-Herndndez et al. (2010) and Fernandez-Barrera et al. (2011). Also,
Fernandez Barrera (2009) established the operational behaviour of the SCPT in the long
term with respect to oil degradation and hydraulic conductivity in the geotextile filter
with biodegradation processes taking place inside the SCPT. The hydraulic conductivity
of the geotextile decreased slowly with successive rainfall events (Ferniandez-Barrera
et al., 2011), while suspended solid and oil treatment efficiencies after 14 consecutive
simulated rain events were high, reducing solids by 80% and oils by 90% (Rodriguez-
Hernandez et al., 2010).

Later, a project ‘Development of catchment of stored rainwater systems, using porous
pavements in parking lots, for non-potable use with geothermal low-enthalpy energy’
funded by the Spanish Ministry of Science and Innovation (BIA2009-08272) led to
publications by Safiudo-Fontaneda et al. (2010, 2011 and 2012) and provided further
confirmation of the use of a geotextile as an important layer in PPS structures in Spain,
leading to the concept and philosophy of sustainable urban construction. It also addressed
energy harvesting, exploring the possibility of using the stored water in low-enthalpy
geothermal energy systems, and using the harvested rainwater for irrigation and cleaning
purposes. Safiudo Fontaneda (2014), then highlighted the benefits of the geotextile layer in
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reducing peak flow in heavy rainfall events, providing the basis for current research on the
hydraulic performance of SuDS structures with geotextile layers.

In the case of the use of geotextile as a hydrocarbon biodegrading layer, work by
Newman et al. (2011) suggested that the most important factors in its encouragements are:

= availability of oxygen and water
= a suitable surface on which oil can be trapped and microorganisms can grow
= availability of suitable microorganisms and inorganic nutrients.

The suitability of polymeric geotextiles as surfaces on which microorganisms can grow
is well illustrated by electron microscope studies carried out by Newman ez al. (2002).
This was later supported by Gomez-Ullate ef al. (2011), Safiudo-Fontaneda et al. (2014b)
and Bay6n et al. (2015), and Puehmeier and Newman. (2008) on treated polyester fabrics
complementing Newman ez al.’s (2010, 2011) work relating to self-fertilising, or nutrient
dosed geotextiles.

Coupe (2004) and Jenkins (2002) monitored an in-service car park in the UK, finding
that the amount of nitrogen passing through the system was adequate for biofilm forma-
tion but that phosphorus was the limiting nutrient. It was later proposed by Newman et al.
(2011) that animal excreta, leaf fall, materials brought in on car tyres and in the gas phase
as oxides of nitrogen from car exhausts, contributed to total nitrogen in the system.
Naturally-occurring nitrogen fixing bacteria (e.g. Rhizobium) could also have added to the
total nitrogen in the PPS. When Osmocote slow release fertiliser pellets were subsequently
applied by Jenkins (2002) to the outdoor car park, Newman ef al. (2011) found that the
amounts of inorganic nutrients released from the system were, worryingly, far higher than
those reported by Bond (1999), who had shown that they produced elevated biodegrada-
tion rates for more than 12 months following initial application. It was first suggested by
Jenkins (2002) that the pellets were crushed by traffic rocking the pervious blocks between
which they had been brushed, causing unacceptable release rates. Later work by Nnadi
(2009), however, clearly showed that this was incorrect, and probably simply an experi-
mental artefact (Newman et al., 2010). Thus, except in circumstances where the PPS efflu-
ent is be trapped and reused for irrigation, the use of slow release fertiliser pellets in PPS
applications should be discouraged.

More recent research by Mbanaso et al. (2013), Charlesworth et al. (2013) and Mbanaso
et al. (2014) has shown that application of herbicides onto PPS test rigs, such as those
containing glyphosate (GCH), have substantial impacts on the water quality improvement
benefits of the geotextile in PPS. It was found that the diversity of the microbial community
in the biofilm was reduced, and thus their function impaired. Some hydrocarbon was
released according to the concentration of GCH applied, and metals such as Pb, Cu and Zn
were released in higher concentrations in comparison with rigs without herbicide applica-
tion. In this way, fundamental long-term investigations of microbial diversity, taxonomy
and ecology were applied in a polluted urban context.

A floating mat device was developed by Newman et al. (2003) and Puehmeier et al.
(2005), whereby floatation was achieved by stitching the geotextile to a buoyant plastic
grid that had been laser cut to fit into the load-bearing void formers and would therefore
rise and fall due to incoming stormwater (Puehmeier et al., 2005). The aim was to interact
with any thin film of floating hydrocarbons and hold onto the film long enough for bio-
degradation to take place. It was originally designed to replace the large surface area avail-
able on a stone sub-base PPS when plastic void formers were used. In the commercially
produced version, the buoyant plastic grid was dispensed with in favour of a single layer
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11.3.2

of die-cut geotextile, which consisted of a polymer that was treated before spinning to
create buoyant bubbles in the fibre matrix. This system formed an integral part of a macro-
pervious pavement which was the subject of an extensive field trial between 2012 and
2013 (Newman et al., 2013). Retention of hydrocarbons well within acceptable ranges was
observed over the entire period.

Addition of Nutrients to Geotextiles

Spicer et al. (2006) reported on other field studies in which the inorganic nutrient needs of
oil-degrading microorganisms were satisfied by incorporating an additive directly into the
geotextile in the PPS by means of organic micro-beads. While the beads were successful in
providing the nutrients required, they were costly to implement and difficult to incorporate
due to poor fibre mechanical properties (Newman et al., 2010); subsequent work has devel-
oped a commercially available additive known as PM957 (AddMaster UK Ltd., Stafford, UK).

Figure 11.2 shows the results of an experiment reported by Newman et al. (2011) in
which biodegradation in sealed model microcosms was monitored at two-weekly intervals.
The models contained a 10 mm pea gravel laying course on top of a geotextile-supported
plastic void forming unit, one set of three with the additive in the geotextile and one set of
three without. Activity was measured using carbon dioxide production (replacing the
model atmospheres with clean air after each measurement and is presented in Figure 11.2,
as a time series with notable events highlighted as numbered points.

Both sets of models were inoculated with the effluent from another established pervious
pavement model. Figure 11.2 thus shows that ‘wild type’ PPS microbes (i.e. not pre-adapted
commercially available strains of bacteria and fungi) could be provided with inorganic
nutrients by deploying a dosed geotextile in a realistic simulation. Between point 1 on the
graph and point 2 (the discontinuation of the fortnightly 1.4 ml oil additions) the models
with the nutrient enriched textile showed enhanced oil degradation performance compared
with the untreated control. It would appear that the population of oil-degrading organisms
grew almost exponentially between points 1 and 2 on the treated textile but a much slower

m
cgfbon Regular First
dioxide ol ool oo
L large oil large oil
addition M ¢]
30000 stopped addition @ addition
25000 1@ l l ®
20000 Period of small,
4= regular oil =P
15000 additions :
10000
5000 L ’ - : o Treated
@ T ¢ N e Untreated

o =
14.10.09 3.12.09 22.1.10 13.3.10 2.5.10 21.6.10 10.8.10 29.9.10 18.11.10 7.1.11 26.2.11
Date of sampling event

Figure 11.2 Time series for carbon dioxide monitoring of the two sets of models from Newman
etal. (2011).
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trend in carbon dioxide output growth was seen in the control. This was interpreted by
Newman et al. (2011) as the growth of oil degraders being limited by the amount of
available P, with any P being provided largely by the added oil and to a lesser extent by
impurities in the simulated rainwater inputs.

After cessation of regular small oil inputs at point 2 until point 3 on the graph, there
was a continuous increase in CO, concentration in the treated textile models as the oil
degrading organisms continued to grow, using the oil remaining in the system. For the
control textile there was still plenty of oil available as the previous degradation rate had
been much lower than for the treated textile. Between points 3 and 4, the CO, output
from the treated textile fell off rapidly, due to the most easily degraded fraction of the
remaining oil being depleted and the organisms switching their metabolism to utilise the
heavier, less degradable fractions. After point 4 and up to the first large (14 ml) oil addi-
tion at point 5, the organisms in both sets of models seemed to be operating in a low
activity, semi-dormant state. After the 14ml oil addition, the CO, production rate
increased rapidly in the treated models with the control models also showing a similar
initial response. However, in the latter, this was not sustained for long and by point 6 had
fallen back considerably. Between points 6 and 7 the treated models demonstrated sig-
nificant enhancement in performance over the controls, followed by a gradual decline
due to the reduction in carbon as the oil was used up. The controls exhibited a more
extended period of activity as their oil utilisation rate was much lower. The response to
the second large pulse of oil at point 8 seemed to be following the same as for the earlier
addition at point 5.

In contrast to the untreated textiles, the biofilm on the treated textile was visible and
significantly populated by fungi. This was not previously observed to the same extent in
textiles fertilised with Osmocote pellets, although both Coupe (2004) (via fatty acid methyl
ester studies) and Puehmeier (2009) (via studies of microbial DNA) had previously reported
that fungi were confirmed components of the microbial assemblage in model systems.

Figure 11.3 shows an electron micrograph of fruiting bodies on one of the fungal hyphae
growing on the treated geotextile. This was put forward by Newman et al. (2011) as a
possible explanation for the rapid response of the treated models, following an application
of a large pulse of oil after starvation. It was suggested that the fungal spores would be
easily distributed in the models, even in areas not previously contaminated with oil. Fungal
spores were both relatively resistant to periods without the availability of a ready carbon
source and quick to respond once that carbon source was re-established. Newman er al.
(2011) also reports that for the models containing treated textiles, the fungal hyphae
bridged between the textiles and those areas of the gravel bed that were visibly contami-
nated with oil but not in direct contact with the ready source of P.

In the previous chapter, the need for long-term retention of hydrocarbons to give time
for biodegradation processes to take place was stressed. Obviously, the greater the reten-
tion capability the longer a pavement can be stressed with hydrocarbon contamination
without the risk of breakthrough. Puehmeier and Newman (2008) described a modified
geotextile which, under laboratory testing conditions, showed a hydrocarbon retention
capability many times greater than standard non-woven geotextiles. The modified system
was shown to be capable of holding back 600ml of oil per m? without exceeding 6 mg/l
hydrocarbons in the effluent when 50 mm/hour simulated rain events were applied, a great
improvement on standard geotextiles which were producing over 100 mg/l under identical
conditions. To date there has been no attempt to incorporate nutrient releasing capability
with enhanced oil retention, although it seems logical that this could be easily achieved in
a bilayer structure.
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Figure 11.3  Growth of fungi on phosphate treated geotextile.

11.4 Secondary Uses for Urban Water

Previous sections have shown that geotextiles are a versatile tool that can be integrated into
the SuDS approach and that can contribute to the environmental protection of downstream
environments. While the initial functions of geotextiles in PPS were very similar to those
required in geotechnical applications for separation, hydraulic control and the stabilisation
of granular material, it was realised that the geotextile may provide additional hydraulic
benefits such as the control of discharge rates, aiding evaporative losses where this was a site
requirement and provide a degree of water quality improvement (e.g. Pratt et al., 1995;
Andersen et al., 1999). It was found that, due to its hydrophobic properties, the geotextile
encouraged the development of a shallow but important temporary storage area on the
upper surface of the geotextile, establishing a hydraulic head, encouraging percolation and
the partitioning of contaminants from water (Brownstein, 1999; Bond, 1999). It was shown
that not only were geotextiles the prime site of hydrocarbon and sediment accumulation in
PPS (Pratt et al., 1999; Pratt, 2004) but that the stored material was immobilised in an
environment with high humidity (partly due to the hydraulic head and the location below
concrete blocks away from direct insolation) and with the potential for the addition of
nutrients to degrade the trapped hydrocarbons. The interior of the PPS and the position of
the geotextile were ideal conditions for aerobic biodegradation, and early studies by
Brownstein (1999) and Bond (1999) validated this function of the PPS against a wide
spectrum of simulated urban pollution events, explaining to what extent the geotextile
worked as a retention structure and bioreactor, what abiotic conditions helped or hindered
decontamination and how long the beneficial processes could be maintained. Using plant
growth experiments Nnadi (2009) demonstrated that if the water was stored, it could be
used for irrigation, instead of potable water, particularly appropriate in the developed world
where mains water is routinely used for garden watering. Additional benefits such as
growing fruits and vegetables in soil irrigated by stormwater without any risk of soil
salinisation, gives further credibility to the ‘trap and treat’ processes for pollutants,
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supported by geotextiles and increasing the overall sustainability of hard SuDS and turning
a waste into a valuable resource (Nnadi, 2009; Nnadi et al., 2014, 2015).

In applications where water stored in SuDS devices is to be used directly to provide
water to a granular substrate, whether the aim is to support plants, simply to evapotran-
spirate the water to reduce runoff (or a combination of both) or to keep the surface damp
for other reasons, the use of geotextiles with wicking capabilities can be advantageous.
Although not directly applied to SuDS, but dealing with applications that are very relevant,
Azevedo and Zornberg (2013) reported studies on a number of geotextiles with wicking
properties. Wicking geotextiles have been applied in SuDS most commonly in green roofs
where water is partially stored in plastic void-forming units below the substrate (Voeten,
2014; Voeten et al., 2016). In this case, the capillary action can be entirely provided by the
geotextile or achieved using a combination of the geotextile and fibre-based capillary cyl-
inders inserted into the hollow load-bearing columns of plastic void-forming units (Anon,
2014, 2015). An even more specialised application is where sports surfaces are integrated
with SuDS principles (e.g. Wilson et al., 2015). Of these applications, the most high profile
example is the equestrian surface used at Greenwich Park during the London 2012
Olympics (Pennington, 2014). Built on a temporary steel platform to protect the historic
park surface, the equestrian arena had to be designed with SuDS principles in mind and
able to deal with a 100-year storm event without discharge to existing sewers. The system
also had to deal with a limited available water supply. A combination of sub-platform
water harvesting system wicking geotextile played an important role in achieving the water
conservation aims.

1.5 Conclusions

Some of these developments in PPS work can be seen as a transition from asking if the
structures work (e.g. are PPS and components materially and structurally adequate for
geotechnical applications or can PPS and their components intercept and retain priority
pollutants to the required standard) to questions of how they work. These how questions
may include specific explanatory details of the movements of water through SuDS materi-
als, subject to varying input volumes, velocities and suspended loads, or investigation of
the microbiological biodiversity of PPS mesocosms and the detailed interactions between
taxa (decomposition, competition, consumers, predators) and the flow of energy-rich
decomposable material, such as hydrocarbon pollution, through a PPS.

It is important to note here that the distinction between ‘if* or ‘how’ questions is not
linked to specific disciplines or research fields, as it is entirely possible that microbiological
studies could be focused on compliance issues, for example the microbiological safety of
stored recycled rainwater if Legionnaires were suspected. Equally, a material design change
in the PPS, including the specification of the geotextile, would require an exploration of its
physical properties and performance, based on demonstrating the first principles underlying
the observed processes. Similarly, capabilities that had been developed over many years in
laboratory simulations of rainfall for SuDS and also chemical analyses of discharged efflu-
ent (Nnadi, 2009) were then taken further in determining the flood prevention properties
and infiltration rates of intense rainfall through hard SuDS (Nnadi ef al., 2012). Longer-
term holistic views of this kind of empirical research would suggest that emerging and chal-
lenging fields such as environmental and ecological engineering can comfortably entertain
fundamental and applied research questions simultaneously and so provide better answers.
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Natural Flood Risk Management and its Role
in Working with Natural Processes

Tom Lavers and Susanne M. Charlesworth

12.1 Introduction

This chapter considers the emerging research field of ‘Natural Flood Risk Management’
(NFRM), and the importance of developing and collating the existing evidence to meet
national and international policy agendas in adapting to the impacts of climate change by
working with natural processes. However, this innovative field is not without challenges
when it comes to practical application and meeting wider stakeholder and financial support
in a changing political and economic climate.

12.2 Defining NFRM

NFRM is defined here as the alteration, restoration or use of landscape features in order to
work closely with catchment-based natural processes so as to alleviate flood risk (adapted
from POST, 2011). The majority of research into NFRM has emerged in the past decade
across England, Wales, Scotland and continental Europe.

NFRM works with natural processes to alleviate current and future flood risk. The Pitt
(2008) report, which was undertaken after the UK flooding of the summer 2007, concluded
that flooding from a range of sources could no longer be managed by building ever higher,
lengthier and heavier defences in urban and rural areas. The review emphasised the need to
‘work with natural processes’ as part of integrated portfolios of responses to flooding and
coastal erosion, as highlighted through recommendation 27. NFRM capitalises on this,
principally by implementing measures in the rural environment, as part of the responses
required in current flood risk management (FRM) (Doak, 2008).

NFRM is a philosophy of FRM (Freitag et al., 2009), which considers catchment-wide
flow regimes, along with developing a wider flood resilient community, defined by Thieken
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Table 12.1 The two main approaches to natural flood risk management (WWF, 2007).
Broad methods Description
Restoration The process of returning the existing system to a more natural one (e.g. re-meandering,

restoration of disconnected floodplains, uplands grid blocking, restoration of native
catchment woodlands, reinstatement of riparian woodlands and coastal realignment).

Alteration (including s the improvement to, or enhancement of, an existing function for the purpose of flood risk

enhancem

ent) management, including partial restoration or natural processes and soft engineering, e.g.
enhancing the capacity for floodplains to store water (washlands), increasing channel
roughness.

et al. (2014) as a community aware of their current flood risk and enabled to adapt to
future implications of their changing flood risk. This is often predominately associated
with purely theoretical studies although with a growing body of support across relevant
agencies and organisations. As an approach, NFRM considers a wide range of methods
(Table 12.1) that are broadly associated with restoration and alteration (WWE, 2007).

While working with natural processes considers restoring or altering existing practice to
emulate natural processes, the Environment Agency Working Group’s response to the Pitt
Review (Defra, 2009), recognised that working with natural processes to manage flood risk
could involve considerable intervention and, as a result, be far from natural. However, NFRM
is supposed to be as natural as possible, with minimal intervention (Johnstonova, 2009).

Both methods of restoration and alteration are not unique to NFRM, and have been
included in the Environment Agency Rural SuDS Guidance and the Environment Agency
Guidance for Working with Natural Processes (Environment Agency, 2014; Avery, 2012).
Rural SuDS guidance (Avery, 2012) recognises the importance of ‘working with natural
hydrological and morphological processes’, as does NFRM, yet the key difference is the
method by which they are applied. NFRM’s approach is unique in that it can integrate
with rural SuDS as part of a holistic catchment-based approach to FRM. In order to
achieve flood resilience using these approaches, knowledge of the contributing hydrologi-
cal regimes is required, as is the likelihood of achieving two aims in terms of flood alle-
viation: ‘upstream thinking’ as well as ‘flow desynchronisation’ (delaying the flood peak)
(POST, 2014).

Flow desynchronisation refers to the interruption of flood peaks across a catchment
before they reach a settlement, while upstream thinking similarly considers FRM in the
higher reaches of the fluvial system. This develops the source-pathway-receptor relation-
ship discussed in the rural SuDS guidance (Avery, 2012) and information on runoff attenu-
ation features (RAFs), by addressing water quantity at the source as well as the importance
of measures that deal with all three elements on a much larger scale (Blanc et al., 2012).

It is recognised internationally that many populations who are vulnerable to flood risk
are located in the lower reaches of catchments; this will only worsen with further popula-
tion increases, combined with regional impacts of more intense rainfall and sea level rise
(Feyen et al., 2012). Mauch and Zeller (2009) recognised the significance that fluvial sys-
tems play in the history of settlement, with the fertility of low-lying floodplains attracting
early civilisations. Upland thinking therefore considers intercepting and retaining flows
with the potential to flood before they impact vulnerable low-lying communities across
catchments.

Upstream thinking, a term coined by the Westcountry Rivers Trust and Cornwall Wildlife
Trust (2015), was derived from a project that installed NFRM measures across Cornish
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river catchments, principally the Taw, with the primary aim of improving the ecological
water quality status of the catchment’s watercourses (Couldrick et al., 2014). A second
example is that of the Pontbren, Wales, where a group of farmers who were initially con-
cerned with improving land management practice for water retention found that measures
to improve agricultural land in upland catchments had flood alleviating potential down-
stream (Wheater et al., 2008). Most of the agricultural fields had been previously intensi-
fied, including the installation of subsurface drainage, and the area was largely used for
sheep farming (Ballard ez al., 2010). However, tree shelter belts and sensitive farming prac-
tices that have been adopted, including suitable locations for access to water for cattle, are
not directly for FRM benefits but, nonetheless, it was found that they provided flood
resilience to downstream communities (Wheater et al., 2008). While not all NFRM meas-
ures are designed for upstream reaches of the catchment, the ideology is still pertinent, in
that measures can provide multiple benefits in areas that were not previously considered to
provide any value in terms of land management change, especially where they were identi-
fied as contributing considerable runoff to flood generation (Morris and Wheater, 2006).

The role of flow desynchronisation develops this idea of addressing land-use contribution
to flood generation in terms of hydraulic conductivity across a catchment. On a localised
scale, hydraulic conductivity is the measure of how fast water will travel under a unit pres-
sure gradient, usually used in the context of soils or other porous media (Mclntyre and
Thorne, 2013). Emerging research has begun to identify that land-management practices in
the rural environment can impact hydraulic conductivity across sub-catchments. The Floods
and Agriculture Risk Matrix (FARM) (Wilkinson et al., 2013) accepts this contribution, and
developed a decision-support tool to assist farmers on a local level to realise their impacts
at the larger scale. Importantly, this process recognises the significance of successful engage-
ment with land managers, further discussed in Sections 12.3.2 and 12.3.3.4.

The NFRM approach therefore considers that alternatives to ‘hard engineering’ are a
more sustainable approach to FRM, in managing both the sources and pathways of flood-
waters. Werritty (2006) perceives this to be a ‘new paradigm’ in which adaptation to cli-
mate change can be addressed, particularly in the context of the isolation and long-term
displacement of rural communities when a large flood event does occur (Lane et al., 2006).
This was evident with the recent Cumbrian floods in the UK (December 2015), in which
abnormally large quantities of intense rainfall cut off major transport links across the Lake
District. While the existing defences proved effective to a certain level, it begged the ques-
tion of whether an integrated ‘catchment systems engineering’ approach could contribute
to climate change adaptation through flood alleviation (Wilkinson et al., 2014).

Emerging theoretical research into ecosystem services shows that these measures can also
provide wider benefits than just flood alleviation (e.g. Iacob et al., 2012). This includes ben-
efits to water quality, improving local recreational space and improvements in biodiversity.
Nonetheless, many studies (outlined in Table 12.2) have been predominantly theoretical with
limited evidence, based either on mapping and modelling research with limited monitoring of
the effectiveness of such measures. This is discussed further in the following section.

12.3 Examples of NFRM Studies

The pilot studies and limited research that have been conducted into NFRM have identified
the theoretical gains sought through changing land use practices in variable catchments,
through either alteration or enhancement (Table 12.2). While this chapter refers to this
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process as NFRM, and primarily discusses the flood risk potential in relation to NFRM
examples, there are other benefits with equal significance in meeting other agendas, includ-
ing reducing soil erosion, beneficial water quality, carbon storage and biodiversity. With
regard to flooding, CEP (2010) discussed a number of options for land use change that
may have local beneficial impacts on flood risk. Odoni (2014) found that measurable dif-
ferences are often more easily monitored and determined at the smaller catchment scale
(<50km?), primarily due to the increased complexity of upscaling the benefits to larger
catchment areas and accurately determining the benefits with a quantitative evidence base
(Blanc et al., 2012).

Table 12.2 shows that monitoring studies are often conducted at smaller scales, due to
the feasibility in data collection. However, POST (2011) states that the existing evidence
base can determine general relationships between NFRM features and their varied effec-
tiveness dependent on catchment specifics, as well as meeting the wider benefits of other
ecosystem-services. This variable relationship across a catchment is illustrated in
Figure 12.1. This includes land management and land-use change, which is most effective
upstream on a large scale (spatially diffuse), as opposed to, for example, wetlands that are
more suited in the lower reaches of a catchment.

While Figure 12.1 gives a broad overview, catchment specifics must be considered; gen-
eralisations bety een two catchments would be meaningless due to the variation in rainfall,
topography, soi: type, geology and land-use, all influencing the flow dynamics that NFRM
measures would need to address (SEPA 2016). These are reflected in the Flood Estimation
Handbook (FEH) catchment descriptors (CEH, 2009), which determine such values based
on the principles shown in Table 12.3.

While the relationship in Figure 12.1 may seem simple, catchments are complex interfaces
between rainfall and runoff. As the scale increases, so does the intricacy of both physical
and social elements. Firstly, the area that intercepts the rainfall event becomes larger, and

Land management Source

and land-use A
Runoff attenuation

features [RAFs] Upland _mire Increasing responce reliability
) . restoration
Managing hillslope
Afforestation in ~ connectivity
the wider
catchment Grass buffer strips Built water retention
Spatially ) and zones [ spatially
diffuse h o " | concentrated
Channel ::Illpzrl?qnand
maintenance oocpiain
afforestation

Channel re-meandering
Increasing evidence base
Washlands

v

Downstream

Figure 12.1 Catchment-scale classification of NFRM measures (adapted from Thorne et al. (2007) and POST (2011)).
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Table 12.3 FEH catchment descriptors (NRFA, 2015).

Catchment descriptor ~ Definition

Area (km?) The catchment or sub-catchment drainage area
Base flow index of This base flow index is a measure of catchment responsiveness, derived from the 29-class
hydrology of soil hydrology of soil types (HOST) classification as determined from Boorman et al. (1995)

types (BFIHOST)
Flood attenuation by Any reservoirs or lakes within a catchment are believed to have an effect on flood
reservoirs and lakes response, but it is those directly linked to the channel networks that are most likely to

(FARL)

influence flood attenuation. Values close to unity (1.0) indicate the absence of attenuation
due to lakes and reservoirs, whereas index values below 0.8 indicate a substantial
influence on flood response.

Standard average Average annual rainfall in the standard period (1961-1990) in millimetres.
annual rainfall (SAAR)

(mm)

Standard percentage Standard percentage runoff (%) associated with each HOST soil class. This can be used to
runoff of hydrology of  derive SPRHOST over a catchment. SPRHOST can be derived from channel flow data (if
soil types (SPRHOST) available).

12.3.1

therefore how the runoff responds has greater uncertainty. Larger catchments are also likely
to have more contributing sub-catchments, which make determining the influential flow
regimes more complex (Wainwright and Mulligan, 2004). Quinn et al. (2013) refer to this
ethos as ‘catchment systems engineering’, recognising that a flood event is indicative of the
storm event, illustrated through varied volumes and extents across the catchment.

The variable rainfall event itself also generates uncertainty, with no two storms identical,
and a larger catchment is likely to be more impacted by variance in storms (Shaw et al.,
2011). Current monitoring research (evident in Table 12.3), illustrates the limited scope in
data for analysis of how NFRM measures respond to great annual exceedance probability
(AEP) events. But it is recognised that the scale of alleviating benefits from NFRM is likely
to decrease with an increase in return interval annual exceedance probability (AEP) (Carter,
2014). However, long-term monitoring past a QMED return period event, termed the
index flood (Lambe et al., 2009), for a return period of every two years, would be needed
to obtain greater accuracy. The pedological, hydrogeological and land-use variation across
the catchment also influences the varied response at a larger scale, such as infiltration and
runoff rates, producing different hydrological regimes (O’Connell ez al., 2004).

NFRM Measures

NFRM can be broadly aligned into three categories within both restoration and alteration,
including:

1. upland afforestation, such as recognise riparian, floodplain and wider catchment
planting, for alleviating flood risk in upland areas of a catchment (Sharp, 2014)

2. upland drainage alteration, including changes through runoff attenuation features
and rural SuDS (Quinn et al., 2013)

3. wetlands and floodplain alteration (in the lower reaches of the catchment) based on
catchment-systems engineering and often supported by a combination of measures



Natural Flood Risk Management and its Role in Working with Natural Processes 165

(including 1 and 2), which are considered the most effective method of implementing
NFRM at a catchment scale (Spense and Sisson, 2015).

The following section describes NFRM examples from the above approaches and
explains their flood alleviation potential.

12.3.1.1 Upland Afforestation

Studies to date have shown that targeted afforestation outside the floodplain, in areas that
intercept runoff, is likely to have an impact on flood risk at a very local scale (Chisholm,
2014), with infiltration likely to increase, along with interception, to as much as 60 times
greater than areas of pastureland. Wheater et al. (2010) concluded that this kind of
approach has three main influences:

1. The water would be intercepted and evapo-transpired by the trees, although this is
unlikely to exceed 10% of the total volume during heavy rainfall events.

2. It would contribute to root system development, especially in mature trees, increas-
ing infiltration capacity (Armbruster et al., 2006).

3. Increasing the surface cover would increase Manning’s ‘n’ value for surface runoff,
reducing both discharge rates and suspended solids (hence, maintaining channel convey-
ance/capacity) and importantly desynchronising flood flows. This is highly dependent on
a good management/maintenance plan to ensure that canopy growth does not prevent
surface growth from developing. However, a lack of surface growth can be detrimental
to the determined value of Manning’s ‘n’ value for roughness and can decrease water
quality through topsoil loss and increased discharge rates (Nisbet and Thomas, 2008).

There is, however, a lack of physical monitoring of the systems efficiency in order to
quantify the benefits of addressing surface runoff from storm events (McIntyre and Thorne,
2013). Further, due to the complexity of larger catchments, modelling studies are pre-
dominately based on smaller ones (<50 km?). However, one exception was Broadmeadow
et al. (2013), who used spatial datasets to develop a tool to locate areas for planting new
woodland in the catchment to reduce rainfall runoff. This data encouraged the uptake of
afforestation as part of a ‘rural management train’, in accordance with SuDS guidance
(McBain et al., 2010; Avery, 2012).

12.3.1.2 Upland Drainage Alteration

Measures involving upland drainage are based on catchment classification, not only of the
characteristics, but also of an accurate understanding of base flow in order to know
whether desynchronising flows through measures, such as drain blocking, could generate
unwanted larger peaks elsewhere (JBA, 2007). Upland drainage is based on two principal
methods: on-line and off-line storage. On-line refers to in-channel conveyance that is
intercepted or stored by a particular NFRM measure; off-line is the diversion of water
from the in-channel conveyance system (Wilkinson et al., 2014).

An example of on-line storage includes large woody debris (LWD) dams, shown below
in Figure 12.2 from Stroud, Gloucestershire. LWDs are in-channel measures that directly
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Figure 12.2 LWDs near Stroud, Gloucestershire (TL), where the red arrow illustrates interruption of
high-flow pathways.

interrupt high-flow pathways with the potential to hold back water up to 0.2-0.5km
upstream (Nisbet et al., 2011). The term LWD can be applied to pieces of dead wood larger
than 0.1 m in diameter and 1.0 m length, as well as rooted riparian woodland systems that
accumulate flow pathways (Linstead and Gurnell, 1998; Thomas and Nisbet, 2012).

There are two methods of LWDs being introduced into flow pathways or fluvial systems:
continual or episodic inputs (Faustini and Jones, 2003). Continual mechanisms include the
regular introduction of wood as a result of natural tree mortality or gradual bank undercut-
ting (Figure 12.2). This tends to add small amounts of wood at frequent intervals. In contrast,
episodic inputs, such as severe flood events, occur more infrequently but can add large amounts
of debris to the channel network. In contrast, off-line storage intercepts flow pathways and
directs them out of the main in-channel conveyance systems, as shown in Figure 12.3 from
Honeydale Farm, Evenlode Valley (Wilkinson et al., 2014; Cotswolds Honeydale Farm, 2015).

These include measures such as off-line storage ponds that can be regulated to monitor
discharge levels and released through leaky dam structures in order to not synchronise
flood flows, alternatively known as ‘flood spilling’ (Wilkinson et al., 2014). However,
developing a quantitative evidence base for such measures is challenging because tradi-
tional modelling techniques are more suited to determining 1D in-channel conveyance
(Thomas and Nisbet, 2012). This is because features outside of the channel must be
assigned 2D values for Mannings ‘n’ roughness in order to represent frictional drag (Rose,
2011); this is further discussed in Section 12.3.3.2.

12.3.1.3 Wetlands and Floodplain Alteration

Wetlands and floodplains are often considered more appropriate downstream in catch-
ments (Figure 12.1), as opposed to the usual upstream application of the two previous
approaches (Hess et al., 2010). In terms of designing a management train, wetlands and
floodplain alteration measures are often located in association with large-scale regional
retention areas that are much larger in size than other NFRM measures (Avery, 2012).
Johnstonova (2007) acknowledged the significance of these areas for contributing to flood
alleviation at the catchment scale, noting the multiple benefits of the Insh Marshes, RSPB
nature reserve, Strathspey, Scotland, the largest and most naturally functioning floodplain
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Figure 12.3 Off-line storage pond, Honeydale Farm.

in the UK. This extends to 8 km in length, accommodating out of bank flow from the River
Spey as well as contributing surface flow and tributaries. Re-naturalising of this floodplain
increased habitat provision for migrating birds, including varieties of breeding waders
(over 1000 pairs), wildfowl (over 50% of the UK goldeneye population), spotted crakes,
populations of wintering whooper swans and hen harriers, as well as a rich diversity of
plants and invertebrates (Davies, 2004). Taken as an NFRM measure, during times of
snowmelt and heavy precipitation in winter and spring, it can regularly be covered in
floodwater up to 10km? (Doak, 2008). However, even though there is potential for these
measures to provide flood alleviation, as well as other benefits, there are barriers to their
uptake when it comes to practical application, as discussed in the following section.

Practical Application
In terms of seeing results of the implementation of NFRM measures, a rather limited

literature (Fitton et al.,2015; Holstead et al., 2015) has begun to investigate the significant
role that society, stakeholders and policy intervention can play in its uptake. It is seen that
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Financial and

political Social and environmental

Farm characteristics

Policy landscape

e.g. complementary incentives e.g. business structure, soil
type, cimate, existing practice

Support for funding Local networks

e.g paperwork, complexity e.g. views from neighbouring
and time farmers

Local economics
e.g. price of land lost, Farmer characteristics
maintenance from changing e.g. personal interests
land practice

Figure 12.4 Factors that influence farmer’s decisions on the implementation of NFRM features (adapted
from Holstead et al., 2015). This illustrates the balance of all factors for farmer engagement and support.

NFRM can support interconnectivity of ecosystem services, playing a role in ‘reconnecting
people with the landscape’ (Nicholson et al., 2012).

Holstead et al. (2015) found that the uptake of NFRM in the Scottish Borders was a
sensitive issue across a multitude of scales (Figure 12.4). This study primarily focused on
measures that impacted farmers, who are often the key decision-makers when it comes to
land alteration practice. Larger, catchment-scale implementation would thus require more
engagement with relevant partners, including landowners and farmers, to support delivery
mechanisms including Countryside Stewardship and Catchment Sensitive Farming grants,
as advised by Environment Agency guidance (Avery, 2012).

12.3.3 The Importance of the Study Approach

As Table 12.3 shows, methods and approaches that have either identified or analysed the
role of NFRM have used one or more of four elements: mapping, modelling and to a lesser
extent monitoring and engagement. All four approaches recognise the importance of
carefully considering NFRM locations in order to provide the greatest benefit. For a
completely ‘sustainable’ approach to flood-risk management, measures must be considered
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as a ‘no-regrets’ investment with a great deal of evidence (Werritty, 2006). The following
sections consider each of these approaches in the study of NFRM and their contribution to
a better understanding of their benefits.

12.3.3.1 Mapping

Mapping studies have utilised GIS techniques that consider ‘opportunities’ for implement-
ing measures. An example of this is the Forestry Research (The Research Agency of the
Forestry Commission) national opportunity mapping of areas for woodland planting and
attenuation features. Broadmeadow et al. (2013) initially focused on removing areas
unsuitable for NFRM measures, calling them areas of ‘constraints’. These included:

Ministry of Defence (MoD) Land
wash lands

= floodplain buffer around urban centres (often 500 m around towns and villages and
300 m along highways)
Ramsar sites

= areas of natural beauty (AONBs), sights of special scientific interest (SSSIs), special
protection areas (SPAs), special areas of conservation (SACs) and biodiversity action
plan (BAP) areas
national parks and battlefields

= Grade 1 agricultural land

Removing these constraint areas prevents any potential measure having detrimental
impacts on the existing landscape, therefore placing limitations on where such measures
are applicable. Other GIS techniques have been used to inform of suitable areas to install
NFRMs, such as the use of satellite imagery in the form of LiDAR, which enables surface
runoff pathways to be mapped (SNIFFER, 2011). These pathways are widely recognised to
significantly increase hydraulic conductivity across a catchment, causing increased magni-
tude and frequency of peaks over thresholds (POTs) (Wilkinson e# al., 2013). This is indi-
cated in Boorman et al’s (1995) hydrology of soil type (HOST) data classification, which
reflects the interaction between soil and water. A significant issue with this data is that,
while it is freely available, resolution can be poor, leading to substantial levels of uncer-
tainty when attempting to determine water quantity as well as specific catchment charac-
teristics.

Public bodies, including the UK Environment Agency, Natural England and local author-
ities, hold a wealth of data useful for understanding base flow. These include publications
such as updated flood maps for surface water (WuFMfSW) and current land use practice, and
agricultural land classification (ALC) data. The Forestry Research group of the Forestry
Commission (Broadmeadow ef al., 2013) has also published comprehensive data for
potential new woodland (PNW), either riparian, floodplain or wider catchment.

12.3.3.2 Modelling

Modelling contributes to both a visual and, to some extent, statistical evidence base that
can be used to support the preliminary mapping process. Previous studies have generally
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focused on floodplain/in channel interventions, where modelling methodologies are more
fully understood (Acreman, 1985). However, as shown by LiDAR data, surface runoff of
the wider catchment also contributes and therefore needs to be considered and accurately
modelled when naturally managing flood risk across a catchment (McIntyre and Thorne,
2013). This therefore requires consideration of both in-channel conveyance mechanisms
(1D) and floodplain flows across detailed elevation grids (2D), namely 1D-2D linked
hydraulic models. The 2D elevation grids consider features existing in the floodplain itself,
and Rose (2011) assigned Mannings ‘n’ roughness values based on land use classifications
across 2D grids, which could be altered dependent on the features present. For example,
the presence of woodland planting increases frictional drag on flowing water and requires
a greater ‘n’ value than pasture land (Nisbet and Thomas, 2008). The majority of more
recent studies (Table 12.2), apply this type of assessment, but a significant level of data is
needed of both in-channel dynamics and ground surveys, in order to accurately calculate
flood flows (Shaw et al.,2011). As a result, most study sites have only undertaken this level
of investigation at the small sub-catchment scale (<50 km?).

The Pickering study, in North Yorkshire, adopted a coupled hydrological-hydraulic
model called OVERFLOW, developed by Durham University (Odoni et al., 2010, and
Odoni and Lane 2010). This process used flow accumulation and routing algorithms to
calculate how rain falling on the catchment would flow through the system, converting
flows to depths based on a ‘Mannings roughness map’ that was altered, as in other 2D
models, to replicate changes in vegetation type. A further benefit of effective modelling is
the determination of ‘backwater’ effects or impacts upstream (Odoni ef al., 2010). While
this is considered in the GIS mapping buffer, based on the quality of existing data, model-
ling can determine the extent to which interception will impact upstream. This is important
because measures, such as large woody debris dams, can extend backwater for up to 0.2—
0.5km (Nisbet and Thomas, 2008). This quantitative evidence base can also allow studies
to note the relationship between storm hydrographs within sub-catchments to reflect the
impact NFRM measures can have on hydraulic conductivity and the possibility of synchro-
nising peaks in the lower reaches of the catchment.

12.3.3.3 Monitoring

The reference to monitoring in this chapter just considers hydraulic conductivity in terms
of catchment-systems engineering. Addy et al. (n.d.) made use of empirical data to show the
impact of NFRM on hydrology, water quality and ecology in Scotland. Monitoring was
based on 42 different measures across the Bowmont catchment, of varying catchment sizes,
using time-lapse cameras to record geomorphological changes with time after implementa-
tion of NFRM. Young et al. (2015) note that time-lapse cameras offer a unique opportu-
nity to remotely monitor flow discharge at a high resolution in areas downstream of
NFRM implementation.

Existing monitoring studies (Table 12.2) are currently inconclusive as to the effectiveness
of NFRM measures at reducing flood peaks and desynchronising catchment flows larger
than the QMED return interval, or the median annual maximum flow series — the flow that
has an annual exceedance probability of 50%, or a return period of two years (Shaw et al.,
2011). Therefore, these unique approaches considered by Addy et al. (n.d.) reflect a need
to understand the influence that NFRM measures have on flow dynamics, as well as poten-
tial for wider ecosystem-services derived from multiple-benefits.
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12.3.3.4 Engagement

Community engagement is paramount for successful FRM and is recommended as a key
area of improvement (Cornell, 2006; Pitt, 2008; POST, 2011), since successful engagement
with stakeholders can assist in the decision-making process. For example, Evans et al.
(2014) worked closely with landowners and farmers to implement NFRM measures in the
catchment of the River Darent, Kent, UK, which allowed for a more informed process, in
spite of it being rather a lengthy procedure overall. SEPA (2011) engaged with farmers and
landowners in the Allan Water catchment, Scotland, using citizen science to raise aware-
ness. Wide engagement across the catchment was also a key influence in NFRM uptake in
the Scottish borders (Howgate and Kenyon, 2009).

Significance of NFRM in Meeting Policy Agendas

FRM and the associated policies that drive it are recognised as key elements in supporting
stakeholders to adhere to them (Johnson and Priest, 2008). This is just as applicable to
NFRM, with key agendas at various scales and a focus on supporting the implementation
of such measures. In recent years, the emphasis has shifted in the UK towards whole catch-
ment flood risk management planning, as proposed in the Flood and Water Management
Act (2010), which requires delivery of FRM plans under EU Directive 2007/60/EC on the
assessment and management of floods (Ball 2008).

The Water Framework Directive (2000) targets ‘good ecological status’ by 2027, and
recognises the importance of considering a ‘no-regrets’ FRM that also improves water
quality. This is supported through financial incentives (e.g. Countryside Stewardship and
Catchment Sensitive Farming grants). Failure to achieve these targets could result in large
fines from the EU, with the most contributing pollutant to watercourses considered to be
diffuse agricultural sources (RGS, 2012; POST, 2014). Therefore, while this chapter has
primarily discussed flood alleviation, NFRM has a role in other policy agendas in the rural
environment.

On a UK national scale, and after the 2007 floods, Pitt (2008, recommendation 27) sug-
gested that Defra, the Environment Agency and Natural England should work with part-
ners to establish a programme through catchment flood management plans and shoreline
management plans to achieve greater working with natural processes. This has been pro-
moted through river basin management plans (RBMPs) and via the Flood and Water
Management Act (2010) to maintain or restore natural processes, ‘where possible’, as a
method of reducing flood risk, and permits the implementation of natural features that
control this risk (POST, 2011). This is similarly the case in Scotland with The Flood Risk
Management (Scotland) Act (2009), which sets out the Scottish Government’s long-term
outcomes for flood management, which is to promote ‘rural and urban landscapes with
space to store water and slow down the progress of floods.

Aside from policy, there has also been strong support for NFRM through ‘Making Space
for Water’ (Defra, 2004), which encourages natural catchment-based runoff control and
flood generation control at the source, and that go ‘beyond traditional engineering solu-
tions’. Combined, these government and intergovernmental agendas recognise the signifi-
cance that NFRM can play in developing flood resilience but, as recommended by
Section 12.3, they need development with a greater understanding of the key effects that
NFRM can play in flood alleviation now and with the potential impacts predicted for
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climate change. These impacts are recognised in the Climate Change Act (2008) with the
requirement for ‘adaptation’ to be considered in the National Adaptation Programme
(Section 58). The governmental calls for adaptation were particularly recommended when
it came to flood risk. The UK Climate Projections 2009 (UKCP09) (Murphy et al., 2010)
and the UK Climate Change Risk Assessment (UKCCRA, HM Government, 2012) both
suggest increasing concerns for greater frequency and magnitude of high return interval
events, likely to exceed defences designed to deal with the 1 in 100 year storm (Wilby et al.,
2007; Crooks et al., 2009). Therefore, NFRM has the potential to adapt existing practices
in regions that are likely to face worsening AEPs as a result of climate change.

12.5 Conclusions

NFRM is a fairly new approach to FRM, although its processes and benefits are recognised
in other similar concepts, including rural SuDS. However, the ability to work with natural
processes has multiple benefits, in its abilities to provide flood resilience, wide-ranging
ecosystem services, meeting the challenges of a changing climate and meeting national and
international policies, such as WFD targets, Floods Directives and Policies. Thus far, much
of the focus for research has been on the theoretical benefits gained by implementing
NFRM,; there is therefore a requirement for grounded evidence to further its support and
wider uptake, progressing the existing evidence included in this chapter. This is also
reflected in support from delivery mechanisms, such as funding initiatives, including
Countryside Stewardship that could have the potential to support such an evidence base.
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Sustainable Drainage Systems and Energy:
Generation and Reduction

Amal Faraj-Lloyd, Susanne M. Charlesworth and Stephen J. Coupe

13.1 Introduction

The world’s energy generation depends predominantly on burning fossil fuels (coal, oil and
gas), and global demand for energy is only likely to rise. However, they are non-renewable
resources, which will dwindle, as they are finite, and while they are still being used, they
release greenhouse gases (GHG) such as carbon dioxide (CO,), which is estimated to have
increased between 1970 and 2004 by 80%; De Boeck ef al. (2015) predicted that they
would further rise by 52% between 2005 and 2050. Domestic energy consumption
accounts for 47% of UK CO, emissions and of this 75% is due to energy consumed to
provide heating and cooling (POST, 2010). Tackling domestic CO, emissions can be
achieved by applying an efficient renewable energy (RE) system that can provide heating
and cooling to buildings, leading to a reduction in GHGs and contributing to the reduction
of the effects of climate change (HM Government, 2009; Song et al., 2015). The use of RE
is being encouraged by many governments; in fact, the European Parliament increased the
proportion of Member States’ sourcing their energy from RE to 27% by 2020. Shafiei and
Salim (2014) suggest that investing in renewable sources of energy, in general, has the
potential to reduce GHG emissions overall, and CO, in particular.

Evidence of the efficiency of SuDS in reducing the volume of runoff and improving water
quality has come through a number of studies, such as Yu et al., (2001), Deletic and
Fletcher (2006), Abdulla and Al-Shareef (2009), Charlesworth et al., (2012), Kazemi et al.,
(2011), Bressy et al., (2014). Similarly, studies of RE as natural resources that have success-
fully generated and provided comfortable indoor temperatures were published by Lund
et al. (2004), Curtis et al. (2005), Hwang et al. (2009), Saner et al. (2010), Wang et al.
(2015) and Reboredo (2015). Charlesworth (2010) provided a review of the multiple benefits
of the SuDS approach in its ability in mitigating and adapting to global climate change.

Sustainable Surface Water Management: A Handbook for SuDS, First Edition.
Edited by Susanne M. Charlesworth and Colin A. Booth.
© 2017 John Wiley & Sons, Ltd. Published 2017 by John Wiley & Sons, Ltd.
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This chapter focuses on two areas associated with energy generation and use reduction:
first it outlines the feasibility of integrating SuDS and energy in one combined infrastructure
that can reduce runoff but also generate energy to provide heating and cooling to buildings
sustainably, and second, it reviews the use of blue and green infrastructure in reducing
energy demand for both heating and cooling of buildings.

The SuDS approach, the processes involved and its efficiency and efficacy are covered in
other chapters of this volume and will therefore not be covered in detail here. The following
sections discuss ground source heat extraction and its specific integration into a SuDS
pervious paving system to provide a combined system, which can address both flood
resilience and provide a source of RE at the building scale.

13.2 Ground Source Heat Extraction

Ground source heat (GSH) is an abundant and constantly renewable source of energy,
which is relatively easy to harvest (Self et al., 2013). The extraction and concentration of
this heat is by using GSH pumps (GSHP), which are a ‘highly efficient renewable energy
technology’ (Omer, 2008) and which can be used in both heating and cooling modes.
The temperature of this heat initially is relatively low, but once it is concentrated (Omer,
2008; Self et al., 2013) it provides heat that is ‘environmentally and economically advanta-
geous’ (Self et al., 2013). Particularly suited to under-floor heating, GSHPs are suitable for
many types of building worldwide (Omer, 2008). Furthermore, specifically extracting GSH
has the potential to reduce CO, emissions and hence mitigate the impacts of climate change
(Bayer et al., 2002). While using this technology has been predicted by Bayer et al. (2002)
to save up to 30% of GHG emissions in comparison with conventional heating methods
across Europe, this is dependent on the efficiency of the pump, the electrical mix and the
substituted heat. These potential savings are country-specific and depend on a saturated
market for the technology and the use of renewables (e.g. solar or wind) to provide power
for the pump. A problem with their use in dense urban settlements may be a lack of space;
thus the ability to integrate it with other technologies to provide multiple benefits and
flexibility in application needs to be explored.

Pervious paving can provide a means of integrating GSHE into the kind of built environment,
whether domestic, retail or industrial, by providing hardstanding for parking, access roads
for lightly trafficked areas and pedestrian walkways. The following section outlines types
of pervious hardstanding, their role in reducing runoff quantity and the integration of
GSHE during their construction.

13.3 Pervious Paving Systems

Pervious paving systems (PPS) can be grouped into two categories, according to the method
of infiltration: water either infiltrates through the entire surface of the material, in which
case it is termed ‘porous’, or through gaps between the impermeable block pavers, which is
then called ‘permeable’ (Charlesworth et al., 2014).

In the UK, homeowners are not supposed to lay more than 50 m? of impermeable surfacing
on the driveways in front of their homes due to these ‘sealed’ driveways exacerbating
flooding problems in urban areas (Wright, 2010). Using a permeable surface such as PPS
has the potential to have a significant impact on rainwater runoff quantity and quality.
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Figure 13.1 Vertical structure of a pervious paving system showing the position of the slinky coils that
can be used to harvest GSH.

While excavating the PPS, GSHE could be laid in the bottom of the trench at the same time,
using horizontal ‘slinky’ coils as the means of harvesting heat. Figure 13.1 shows the typical
structure of a PPS with a surface layer of concrete block pavers with vertical gaps between,
representing 8-20% of the total surface area. The gaps are filled with 2-4 mm pea gravel,
to allow water to seep down through an open-grade base. The ASTM (2001) C936 speci-
fication states that the pavers should be at least 60 mm thick with a compressive strength
of 55MPa or greater, depending on the purpose of use. The function of the geotextile
beneath the bedding layer is covered in detail in Chapter 11.

Under the geotextile is the compacted sub-base, of clean crushed stone, gravel or
concrete, which has spaces in between to store water, and this is sometimes referred to as
the water saturation zone or reservoir course. The depth of the sub-base can vary according
to specific site conditions, and may have two layers in order to control infiltration rate.
The overall storage capacity depends on the depth of the sub-base, the size of the aggregate
and the ratio of voids. If designed and implemented correctly, PPS can allow a large
proportion of stormwater to infiltrate, thus reducing peak runoff volumes and flows
(Andersen et al., 1999; Sansalone and Teng, 2005; Sansalone et al., 2008). As described,
with a single geotextile the PPS is an infiltrating pavement, but if the whole structure is
enclosed in an impermeable membrane, it becomes a storage tank, and is thus called a
tanked or attenuation system. The water infiltrating into the PPS can thus be retained or
harvested by the tank, where it can be used for other purposes, such as garden watering,
car washing or toilet flushing.

Water harvested by a tanked PPS can also be used as a means of accessing heat
since, during winter, the temperature of the ground is higher than the overlying air and



180

13.3.1

Sustainable Surface Water Management

therefore stored water can be utilised as a heat source; conversely, in summer, the ground
temperature is lower than overlying air and therefore the harvested water can act as a
heat sink (Healy and Ugursal, 1997; Hepbasli, 2005; Ozgener and Hepbasli, 2007; Singh
et al., 2010).

PPS and GSHE, taken separately, are not new, but the multiple benefits of PPS and RE
in providing a use for surface water which would otherwise be wasted, particularly in
the face of the predicted impacts of global climate change, would appear to have poten-
tial. Tota-Maharaj and Paul (2015) call the combination of PPS and GSHE the ‘next
generation’ of PPS. Laboratory-based studies of test rigs confirmed the potential for
such a combined system in that they found that the inclusion of heat exchangers at
depth in PPS did not compromise their water quality improvement capabilities (Tota-
Maharaj et al., 2009, 2010) or encourage the growth of potentially toxic microorgan-
sims (Coupe et al., 2009; Scholz et al., 2012). Other studies have monitored the
distribution of heat in PPS in the field (Novo et al., 2010, 2013; del Castillo-Garcia,
2013), finding that the process of evaporation in the sub-base, and the surface course
thermal properties, were the most important factors when a combined PPS/GSHP was
designed. Slinky coil size, energy efficiency and tank volume were determined by Tota-
Mabharaj et al. (2011), by modelling the temperature and energy balances in the com-
bined systems and thus optimised their design. Many of these studies were undertaken
in the laboratory, but the following sections detail two case studies where combined PPS
and GSHE were installed in individual buildings and monitored to assess their ability to
provide heat in domestic and office settings.

Hanson EcoHouse, Building Research Establishment, Watford, UK

An EcoHouse was constructed using prefabricated components including precast concrete
flooring systems and prefabricated masonry cavity walls (2.4x9m), together with tradi-
tional building materials (clay blockwork and concrete brickwork) to form an average-sized
family home (Figure 13.2). The wall panels included openings in which the high-performance
doors and windows with three-layered, argon gas-filled glazing were fitted. The key properties
of the finished walls include higher flexural strength for both brick and block, increased
vertical strength — the walls were about twice as strong as that of traditional masonry — and
increased resistance to rain penetration due to continuous mortar joints. The last factor
contributes to the air-tightness of the building, which is superior to that achieved with
traditional masonry. The rate of heat loss through a material is known as its U-value: the
lower the U-value, the better the insulation provided by the material. The walls of the house
achieved a U-value of 0.18 W/m?K, with a U-value of 0.15-0.27W/m?K for external walls,
sufficient to meet Energy Service Directive No 2006/32/EC. This states that EU countries
must achieve a 9% annual energy saving (2008-2016) by using new energy services and
other energy-efficiency measures (INFORSE, 2010). The U-value for the insulated steel-
framed pyramidal roof was 0.15-0.18 W/m2K, with the triple-glazed windows achieving
0.8 W/m?K. The total heat loss for the EcoHouse was 6.6 kWh/m?/year (fabric heat loss was
77.9W/K and the ventilation heat loss was 62.12W/K) (Hanson customer services, pers.
comm., 2013). Based on its construction and the inclusion of the PPS/GSHE in an assess-
ment under the Code of Sustainable Homes, the EcoHouse achieved a Level 4. With a total
internal floor area of 143 m?, the EcoHouse was constructed ‘upside down’, with three
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Figure 13.2 The EcoHouse, showing the location of the pervious paving.

bedrooms and two bathrooms downstairs, and a large open plan space on the upper floor
where the kitchen, dining and living areas were located; this is shown in Figure 13.2.

PPS/GSHP

Rainwater falling on the pavement surface, and runoff from rooftops of the surrounding
buildings, was collected in a 350mm deep, 65m? PPS underground tank. It is usually
recommended that the horizontal GSHE is buried in trenches of around 1 m depth (Energy
Saving Trust, 2004), but ground conditions at the EcoHouse dictated that the trench could
not be that deep. The design of the PPS/GSHP is similar to that explained above, with the
addition of the slinky coil inside the PPS tank (Figure 13.1).

Fifteen sensors were installed on site, in order to measure the temperature of the
EcoHouse, both inside the building at the four cardinal points, and also inside and above
the PPS/GSHP tank. Nine constantan (copper/nickel alloy) thermistor sensors were embed-
ded in the external and internal panels, on the four sides of the EcoHouse, north, south,
east and west, as well as inside on the partition wall located on the ground floor, to monitor
the temperatures inside and outside the house. Four sensors were also installed inside the
PPS/GSHP tank at 60, 130, 220, and 350mm from the surface, in order to measure the
temperature within the PPS tank. A sensor was installed in a bollard at 1300 mm above
the paving to measure ambient air temperature.
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Data was sent to a data-logger via a fibre connection to a community digital management
centre based in the visitors’ centre on-site. The data was then downloaded to a PC in DOS
format. The data-logger in this study was set to collect readings every 10 minutes for three
years (2008-2010). This resulted in more than 1.3 million observations in total.

13.4 Results of Monitoring the EcoHouse
13.4.1 The Habitated Space

The variation between indoor and outdoor temperatures during the heating period is
presented in Figure 13.3, which shows how the temperatures varied on a daily basis inside
the EcoHouse, in comparison with the ambient air at 1300 mm above the PPS surface.
The data in Figure 13.3 represents when the house was being heated by the combined
system, the gaps in the data being either when it was being heated from the electricity
supply or on the occasions when there was a breakdown of some kind.

During the heating period, the outdoor average temperature was 12.0°C with minimum
and maximum temperatures of 0.9 and 17.9°C, while the indoor temperature was an average
of 21.5°C (min and max 18.0 and 28.2°C). This average indoor value could be considered as
being ‘comfortable’, but Figure 13.3 also shows that the temperature was not stable and there
were times when the indoor space was either too hot or too cold, in comparison with CIBSE’s
(2006) classification of ‘comfortable’ (19.5+0.5°C in winter and 21 +1°C in summer).
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Figure 13.3 Differences between daily indoor and outdoor temperatures for days on which heating was
provided to the EcoHouse (n=702).
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13.4.2 The PPS/GSHP

Ambient air and the four ground temperatures were collected, while heat was provided to
the domestic setting, with the results presented in Figure 13.4 and summarised in Table 13.1.
These show minimum temperatures for all depths were below zero (i.e. stored rainwater
was in the frozen state), and that ground temperature nearest the surface (60 mm deep)
recorded the highest maximum and the lowest minimum temperatures, and these charac-
teristics reduced with increasing reservoir depth. Figure 13.4 also shows that there was
minimal difference between the averages given for the ground temperature at the various
depths. The daily average temperature for the four different depths were not significantly
different from the ambient air daily average temperature (t=3.931; 4.718; 8.074; 10.541;
p<0.001, for the four depths).
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Figure 13.4 The main temperature features of the ambient air and the ground throughout the monitor-
ing period (n=2449).

Table 13.1 Statistical analysis of the ambient air and the ground temperatures (°C) throughout the monitoring
period (n=2,449).

Temperatures throughout the monitoring period

Outdoor air Ground Ground Ground Ground

@ 1300mm @ 60mm @ 130mm @ 200mm @ 350mm
Minimum (°C) -3 -4.4 -3.1 -1.9 -1.1
Maximum (°C) 225 26.2 24.7 21.2 20.0
Average (°C) 10.0 9.7 9.5 8.8 9.6
Median (°C) 10.8 9.5 9.2 9.1 11.0

Standard Deviation (°C) 6.0 6.9 6.9 6.6 6.7
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13.4.3 The coefficient of performance

The efficiency of extracting heat and providing it to the building space is expressed as the
coefficient of performance (CoP). A CoP of three, therefore, indicates that the output of the
heat pump is three times that of the input, an efficiency of 300%. CoPs for geothermal
systems typically vary between three and five with the occasional value of six being
reported (Lund et al., 2003; O’Connell and Cassidy, 2003). Temperature data from the
bottom of the PPS/GSHP tank recorded on days for which heating was being provided to
the EcoHouse by the combined system was used to determine the CoP of the heat pump,
which was found, on average, to have a value of 2.3 (ranging between 4.8 and 1.0), so the
system cannot be considered a satisfactory renewable source of energy under the 2009 EU
Renewable Energy Directive, since a CoP of 2.875 is required. For the days on which the
ground temperature was less than 1°C (varying between —1.1 and 0.9), the CoP value was
1.0 or less. This indicates that heating provided to the EcoHouse on such days was derived
completely from the electricity mains without any heat energy being derived from the
ground. On the days on which heating was provided by the combined system, and the
temperature of the ground was greater than 1.9°C, CoP varied between 1.1 and 3.8, with
an exceptional day at 4.8. The latter was achieved when the indoor temperature was
19.4°C and the temperature of the ground was 15.3°C, whereby the lower heat load and
the higher water temperature produced the high CoP. The lowest CoP value (1.1) (this is
the next lowest value of the CoP, after the days on which CoP value of one were extracted)
occurred when the daily average for the ground temperature was 1.9°C, and the indoor
temperature was 21.8°C.

13.5 The Hanson Stewartby Office, Bedford, UK

Following on from applying the combined PPS/GSHP at the EcoHouse, an integrated
system was selected as the energy solution aspect of a three-storey office block located at
Stewartby, Bedford, UK (Figure 13.5).

A heating and cooling combined PPS/GSHP system with five 130kW units was installed
in a 285 bay (6500m?) car park, serving a 7000 m? office block. This included 8.4km of
slinky pipes set 1 m apart in a PPS trench embedded into 200 mm of permanently saturated
stone, the base of which had to be flat to ensure that all the coils were covered with water.
Any potential overflow was directed into a nearby lake. With lessons learnt from the
EcoHouse at Watford, the coiled pipes for the GSHP were laid at a depth of 700 mm, to
ensure that they did not freeze, in contrast to a typical car park excavation depth of about
300 mm. The five GSHPs were able to provide energy to meet the demands of the entire
building via under-floor heating at the optimum efficiency of 45°C. Special geothermal
radiators with a large surface area were used on the upper floors to efficiently distribute
the harvested heat. Working from a thermostat inside the building, the five GHSPs work in
series, with each one working in turn until the required temperature is reached, then they
shut off individually. It was possible to provide both heating and cooling using a sliding
header valve, which was achieved at the same time if necessary in different areas of the
building, whereby offices may require heating, or a gym may need to be cooled. The building
is 30% more efficient than is found in the usual new-build, and has a rating of 35kg CO,/
m?*/year; this compares favourably to a typical new-build figure of 50kg CO,/m?/year. It is
estimated that pay-back on the system should be achievable within 5-6 years.
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Figure 13.5 Three-storey office block at Stewartby, Bedfordshire, UK, showing the construction of the
combined PPS/GSHP system.

The site also included SuDS attenuation systems, such as wetlands and ponds, amen-
ity provision and biodiversity enhancement. All of these devices, together with the
integrated PPS/GSHP system, maximised the efficiency of the build and contributed to
it achieving an ‘Excellent’” BREEAM rating (Building Research Establishment
Environmental Assessment Method) and an Energy Performance Certificate rating of B
(http//www.laysells.co.uk). As was shown by Tota-Maharaj et al. (2012), these additional
devices, such as ponds and wetlands, can be used to house surface water heat pumps. This
technology was tested at laboratory scale by Tota-Maharaj et al. (2012), using a vertical
flow constructed wetland test rig including Phragmites australis (common reed). Municipal
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wastewater was added to the system, which resulted in the removal of >75% suspended
solids, chemical oxygen demand was reduced by 50%, ammonia-nitrogen and nitrate-
nitrogen reduced by 50-60% and orthophosphate-phosphorus reduced by 40%. It should
therefore be possible to incorporate GSHPs in suitable SuDS devices, and harvest the
energy in a clean and sustainable manner.

Reducing Energy Use: The Use of Green and Blue Infrastructure

on Buildings

The previous sections illustrated the flexibility of SuDS devices by the incorporation of RE in
the provision of energy in a sustainable way. This section shows the multiple benefits of SuDS
devices in reducing the need for energy in heating and cooling buildings. If these approaches
are used together, there is substantial potential for SuDS to be able to be integrated into the
built environment and provide not only flood resilience, but also energy resilience. According
to Refahi and Talkhabi (2015), 40% of the world’s energy expenditure is on the heating and
cooling of residential and commercial buildings; so addressing this fact is becoming an urgent
issue. As a result, many studies are being carried out worldwide, under different climatic
conditions, with different SuDS infrastructures and seasonalities. For example, there have
been studies of the benefits of green roofs in reducing energy demands in temperate (Virk
et al., 2015), Mediterranean (Fioretti et al., 2010) (Figure 13.6), semi-arid (Issa et al., 2015)
and sub-tropical (Yang et al., 2015) climates. All of these studies found reduction of energy

Figure 13.6 Green roof in Valencia, Spain.
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use in buildings with an associated green roof, although some studies were less positive, in
regions with particularly cold winters, even when having a green roof had distinct advantages
during the summer (Coma et al., 2016). For example, in a comparative study of six types of
green roof in a humid sub-tropical region, Simmons et al. (2008) found in all cases that inter-
nal temperature was significantly reduced on warmer days, but that there was no discernible
difference between the green roofs and controls on the cold ones.

In a review of the performance of green roofs, Hashemi et al. (2015) stated that one of
the key roles of both intensive and extensive green roofs was in the reduction of energy
requirements for both heating and cooling buildings. Green roofs insulate the building
against escape of heat or they can cool the air inside the building, making the energy
expended on heating and air conditioning more efficient. Virk et al. (2015) state that they
do this via two main mechanisms and one associated impact:

1. There are direct heat flow changes through the roof due to changes in surface tem-
perature as well as insulating effects.

2. There are indirect changes to the temperature of the air brought into the building as
a means of refreshing breathable air qulity for the occupants.

3. Dependent on the efficiency of the above two mechanisms, boundary conditions
associated with heat transfer throughout the fabric of the building are affected.

This is green infrastructure, because green roofs cool the air above the building, air condition-
ing requirements are less and the urban heat island (UHI) effect could also be reduced
(Charlesworth, 2010; Costanzo et al., 2015). In fact, if half of the flat roofs in New York, USA
were greened, the UHI could be reduced by as much as 0.8°C (Rosenzweig et al., 2006). A study
of three different climates in Iran, Refahi and Talkhabi (2015) found that energy consumption
was reduced by 6.6-9.2%; taking this fact alone, and not taking account of any other benefits
that would reduce financial considerations, the pay-back was calculated at 25-57 years.

While not seen as often as green roofs, green walls have similar benefits in retaining heat
inside buildings during cooler periods, and cooling the building during warmer ones. Ip
et al. (2010) reported on a study of a ‘vertical deciduous climbing plant canopy’ in the UK,
and found that there were distinct seasonal benefits because of shading during the summer,
which reduced the internal temperature of the building by 4-6°C. Once the leaves had
fallen, during the autumn, incident solar radiation was able to enter the building through
the windows, providing natural heat to the room inside.

Urban trees can assist in attenuating the storm peak by intercepting rain falling on their
leaves, stems and trunks. They also absorb water into their tissues, retaining as much as 380
litres or more. It is estimated that an urban forest can reduce annual runoff by up to 2-7%. At
the individual building scale, energy savings due to shade trees can be considerable. It has also
been known for some time that trees can shade buildings and therefore directly reduce energy
use by reducing incident solar radiation (Simpson, 2002). For example, Akbari et al. (1997)
monitored the affects of installing 16 shade trees at two domestic dwellings, finding that they
provided 30% cooling energy savings, with daily average savings of 3.6 and 4.8 kWh/d. Peak
demand savings were 0.6 and 0.8 kW, which equated to 27 and 42% savings for each house
individually. Figure 13.7 illustrates how using street trees can cool outdoor temperatures and
indirectly reduce air conditioning use by reducing the effect of the UHI. Akbari et al. (2001)
found that the peak in urban electric demand rose by 2—4% for every 1°C rise in temperature
above a threshold of 15-20 °C. Thus, a UHI of 3—4°C would represent an increase in electric
demand of 6-16% due to increased use of air-conditioning to reduce indoor temperatures.
This does not take account of the underlying effects of global climate change.
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Figure 13.7 Relationship between properties of street or urban trees, improvements to the environ-
ment and reductions in overall energy use (after Akbari (2002)). UHI = Urban Heat Island.

Urban trees improve air quality by adsorbing polluted particulates and thus have multiple
benefits by reducing contamination, the storm peak and energy demand. Furthermore, in
addressing these issues, the value of these ecosystem service provisions can be substantial
(Donovan and Butry, 2009). Pandit and Laband (2010), for instance, calculated that an
individual homeowner could save 9.3% on their electricity bills if their house was almost
20% shaded, and up to 14.4% savings with 50% shading in summer. These estimates
depend of course on a great number of factors, including the type of tree, house construc-
tion and orientation, climate, space available, land prices, possibility of retrofit, etc.
(Donovan and Butry, 2009).

These devices cool buildings not only passively by means of insulation, but also actively
by the process of evaporative cooling (Robitu et al., 2006), which occurs when moisture is
evaporated from a wet surface into the overlying air. This releases latent heat, which has a
substantial cooling effect, not only associated biologically with vegetation, but also physi-
cally with the surface of ponds and porous paving (Asaeda and Ca, 2000). While PPS will
cool the surroundings of a building in this way, ponds installed onto building roofs
have been used as a means of cooling the insides of buildings, hence reducing the need for
air-conditioning. In fact, Robitu et al. (2006) have recommended the use of ponds in order
to improve the internal thermal comfort of buildings, and have quoted the difference
between a pond and a road surface in full sun in the mid-afternoon as 29K (Robitu et al.,
2004). In a study of the temperatures within a building with a roof-pond, Givoni (1998)
found the difference in temperature between the ceilings underneath the pond and that
indoors was between 2 and 3°C, showing the potential of this approach.

13.7 Conclusions

To provide resilience in a changing world, and for that resilience to be sustainable, any
interventions have to be multiple benefit and flexible in application. SuDS has proven to be
advantageous on both counts, combining the flood attenuation and water quality improvement
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attributes of the PPS with the RE harvesting of GSH extraction in a single device, which
can be used successfully at the small domestic or the large office-block scale. The case study
of the domestic building enabled lessons to be learnt, which were fully implemented in the
case of the office block, with the result that energy use was reduced, carbon similarly so,
and a renewable source of heat was harvested in a sustainable manner.

It has also been shown that SuDS devices can reduce energy use by using blue and green
infrastructure in urban environments such as green roofs and walls, street trees and roof
ponds to cool the urban environment, insulate individual buildings and improve the envi-
ronment overall, again due to the multiple benefits of the SuDS approach.

If these devices were carefully designed together into cities, their flexibility would enable
substantial reductions in energy use, and in the utilisation of RE, leading to substantial
monetary savings based on their wide-ranging ecosystem services provision.
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Carbon Sequestration and Storage:
The Case for Green Roofs in Urban Areas

Brad Rowe

14.1 Introduction

A green roof, the practice of growing plants on rooftops, is a proven method that reduces
stormwater runoff and is employed by many municipalities, especially in Germany. In addi-
tion to their stormwater management benefits, they also sequester CO,, one of the greenhouse
gases that are believed to contribute to climate change. They can provide many ecosystem
services and long-term economic benefits to those municipalities that implement them widely.

14.2 The Importance of Carbon Sequestration

The earth is warming. There could be many reasons for this, but there is little doubt that
these higher global temperatures have coincided with the industrial revolution and the burning
of fossil fuels, and most scientists believe that human activity is the main culprit (IPCC,
2014). Concentrations of carbon dioxide (CO,) in the atmosphere have increased by 32%
since 1750 and this increase in CO,, along with other greenhouse gases, are believed to be
the main cause (IPCC, 2007). As fossil fuels are burned, CO, is released as a by-product of
combustion. As it builds up in the atmosphere the greenhouse effect is evident as the CO,
keeps terrestrial energy from escaping into space, thus resulting in increased temperatures.
Not only has atmospheric CO, increased dramatically since the dawn of the industrial
revolution, but it appears to be accelerating. The burning of fossil fuels and biomass,
cultivation of soil for agriculture, deforestation and drainage of wetlands, as well as other
changes in land use, increased CO, emissions by approximately 80% from 1970 to 2004
(IPCC, 2007). Unless this issue is addressed, emissions of CO, will likely continue to increase.
For example, in the USA the Department of Energy (2011) has proposed that over 100 new
coal-fired power plants be constructed by 2017 to meet expected demands for energy.
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These anthropogenic-driven greenhouse gas emissions and the resultant heating of the
planet could lead to serious problems. Warmer global temperatures will inevitably lead to
the melting of polar ice caps that could result in coastal flooding and the disruption of
marine and freshwater systems, impact biological systems, alter precipitation patterns and
distribution, increase the rate of heat-related illnesses and increase the spread of infectious
disease vectors, insect pests and invasive weed species (IPCC, 2014).

Some have tried to address this issue by attempting to sequester and store more carbon,
reducing carbon emissions and through public policy such as carbon trading programmes.
However, in order to discuss options for reducing the amount of CO, in the atmosphere,
a definition of carbon sequestration and storage must be given. Carbon is sequestered in
plants through the process of photosynthesis, by soils as organic compounds, and by the
oceans in the form of dissolved carbon as part of the natural carbon cycle. Carbon dioxide
is removed from the atmosphere during photosynthesis and is stored as plant biomass, a
process commonly referred to as terrestrial carbon sequestration. Carbon is also seques-
tered and stored in the soil as plant tissues die and produce plant litter as well as through
root exudates. If net primary production of organic matter exceeds decomposition, then
the ecosystem is a net carbon sink, at least in the short term. Carbon is constantly being
sequestered and then released. The rate that this occurs depends on many environmental
factors, and the presence of microorganisms. It could be argued that lumber used to build
a house is storing carbon for a longer period of time than a tree with a shorter lifespan
than the house. Although the house is not sequestering any further carbon, it is not being
released through decomposition.

Much of the research regarding carbon sequestration has been conducted on natural
and agricultural ecosystems, and to a lesser degree on urban forests or landscapes. When
agricultural fields are cultivated under no-till practices the mineralisation of organic matter
can be reduced by half, compared to conventional tillage systems (Balesdent et al., 2000,
West and Marland, 2003). Cultivation can reduce microbial populations, root biomass,
and the overall amount of organic matter in the soil by up to 55% (Balesdent et al., 2000;
Rhoades et al., 2000; Matamala et al., 2008). Furthermore, agricultural lands are often
originally prepared by cutting down forests that contain large quantities of carbon in
favour of herbaceous annual crops or pasture (Rhoades et al., 2000). Urban landscapes can
store a significant amount of carbon, and it is estimated that urban forests in the USA store
712 million tonnes of carbon (Rowntree and Nowak, 1991; Nowak, 1993).

The ability of a particular landscape to sequester carbon depends on many variables,
including species composition and diversity (Kaye et al., 2000; Tilman et al., 2006),
ecosystem age (Matamala et al., 2008), plant morphology (Rhoades et al., 2000; Fang
et al.,2007), plant density (Fang et al., 2007; Matamala et al., 2008), climate (Matamala
et al., 2008) and management practices (Wu, et al., 2008). Tilman et al. (2006) reported
that 160% more carbon was sequestered in the root systems in their research plots when
16 species were planted together compared to when they were grown as individual species
in monoculture. Likewise, in an example from the practice of agroforestry, Eucalyptus
saligna stored twice as much carbon when interplanted with the nitrogen-fixing legume,
Albizia falcataria, than when grown as a monoculture (Kaye et al., 2000). Ecosystem age
is also important, especially in young landscapes. Leaf litter, root biomass and microbial
activity all increase with time until equilibrium is reached (Matamala et al., 2008). This
can be more pronounced when woody plants are part of the plant community because
they add biomass (Fang et al., 2007). In addition, management practices such as spacing
and harvesting schedules for trees and supplemental irrigation can be a factor (Fang
et al.,2007; Wu et al., 2008). When arid cropland was irrigated it increased soil organic
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carbon to a level 133% above that of the native unirrigated soil over a period of 55 years
(Wu et al., 2008).

Much less is known about the potential for carbon sequestration in urban landscapes
relative to natural or agricultural landscapes; this is especially true for ornamental areas
(Marble et al., 2011). Trees in urban areas have been shown to provide a significant
contribution to the reduction of air pollutants such as CO, (Scott et al., 1998; Akbari et al.,
2001; Nowak, 2006). However, taking advantage of the services that plants provide is a
challenge, since urban sites tend to be covered with impervious surfaces such as roads,
car parks and rooftops. Thus there is limited space at ground level to plant trees or other
landscaping. For example, impervious surfaces cover 94% of the land in the mid-Manhattan
west section of New York (Rosenzweig et al., 2006). One option to remedy this problem is
to use rooftops — which often account for 40-50% of the impermeable surface in urban
sites — to grow vegetation (Dunnett and Kingsbury, 2004). These typically wasted spaces
provide a unique opportunity to sequester carbon.

Coupling the Stormwater Management Benefits of Green Roofs

with Carbon Sequestration

The concept of green roofs involves growing plants on rooftops, which partially replaces
the vegetation that was destroyed when the building was constructed, thus allowing for the
sequestration of carbon. In addition to carbon storage, they can provide numerous benefits
such as energy conservation (Sailor, 2008; Castleton et al., 2010;), mitigation of the urban
heat island (Susca et al.,2011), a reduction in air and noise pollution (Van Renterghem and
Botteldooren, 2008; Rowe, 2011), increased longevity of roofing membranes (Kosareo and
Ries, 2007), increased urban biodiversity (Brenneisen, 2006; Eakin et al., 2015), providing
a place to grow local vegetables (Whittinghill and Rowe, 2012; Whittinghill et al., 2013),
providing a more aesthetically pleasing environment in which to work and live (Getter and
Rowe, 2006), and improved return on investment compared to traditional roofs (Kosareo
and Ries, 2007; Clark et al., 2008; Peri et al., 2012; Chenani et al., 2015). However, most
would agree that the greatest service they provide is in stormwater management by reduc-
ing runoff and in improving water quality (VanWoert et al., 2005; Getter et al., 2007;
Oberndorfer et al., 2007; Czerniel Berndtsson, 2010; Rowe, 2011).

The reduction in stormwater runoff is due primarily to the substrate layer. Water is
absorbed by the soil particles and is held within the pore spaces until the substrate reaches
field capacity. During light rain events, 100% of the precipitation may be held in the
substrate and is eventually removed by surface evaporation or through plant transpiration
which replenishes its water-holding capacity. During heavier rain events, water will run off,
once the substrate reaches field capacity, but the runoff is delayed, thus reducing the peak
runoff, which can exceed the capacity of a municipal stormwater system. The reduction in
runoff generally ranges from 50-100%, depending on the type of green roof system,
substrate composition and depth, roof slope, plant species, pre-existing substrate moisture
and the intensity and duration of the rainfall (Rowe, 2011).

In communities that do not have separate stormwater and sewage systems, one of the
major problems resulting from stormwater runoff is the occurrence of a combined sewage
overflow (CSO). When this occurs, raw untreated sewage flows directly into our water-
ways because the volume of runoff exceeds the capacity of the stormwater system. This is
quite common in the USA, as there are 772 communities that do not have separate sewer
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and stormwater systems (USEPA, 2014). For example, approximately 40 billion gallons of
untreated wastewater are dumped every year into New York’s waterways due to CSO
events. In fact, half of all rainfall events in New York result in a CSO event (Cheney, 2005).
In urban areas where stormwater and sewer systems are separated, pollutants are still
washed into waterways because of the preponderance of impervious surfaces. Green roofs
work because both the total amount and the peak runoff are reduced, so that municipal
stormwater systems do not have to be as large and costly.

In regards to the water quality that runs off a green roof, quality depends on numerous
factors such as roof age, plant community, substrate depth and composition, management
practices such as fertilisation and maintenance, the intensity and duration of the rainfall,
local pollution sources and the physical and chemical properties of those pollutants (Rowe,
2011). The main pollutants tend to be nitrogen and phosphorus, which come from decom-
posing organic matter that was incorporated into the original substrate mix. After the first
year or two this problem tends to decrease to where green roofs have a positive influence
on water quality (Rowe, 2011).

Of course not all green roofs are the same. They are generally categorised as either
‘intensive’ or ‘extensive’. Intensive green roofs may include shrubs and trees, and appear
similar to landscapes found at ground level (Figure 14.1). In order to sustain these plants,
substrate depths greater than 15cm are usually required (Snodgrass and McIntyre, 2010).
In contrast, extensive green roofs are generally built with substrate depths <15cm, and
because of the shallower depth, plant species are limited to grasses, herbaceous perennials,
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Figure 14.1 Intensive green roofs, such as the roof of the Church of Jesus Christ of Latter-day Saints
Conference Center in Salt Lake City, Utah, include shrubs and trees, and appear similar to landscapes
found at ground level.
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Figure 14.2 Extensive green roofs such as this one on the Plant and Soil Sciences Building at Michigan
State University are generally built with substrate depths less than 15 cm. Because of the shallower depth,
plant species are limited to grasses, herbaceous perennials, annuals and drought-tolerant succulents such
as sedum. They have less potential to sequester carbon.

annuals and drought-tolerant succulents such as sedum (Figure 14.2). The type of roof
installed can have a significant impact on the amount of carbon that can be sequestered. In
addition to normal carbon sequestration into plant biomass as described above, green
roofs can also reduce atmospheric CO, by reducing energy consumption in individual
buildings and by mitigating the urban heat island. A green roof will eventually reach a
carbon equilibrium (plant growth=plant decomposition), but initially this artificial
ecosystem will serve as a carbon sink.

14.4 Carbon Sequestration on Green Roofs

Getter et al. (2009) conducted two studies to quantify the carbon storage potential of
extensive green roofs and the effect of species selection on carbon accumulation. In the
first study, above-ground biomass was measured on 12 sedum-based green roofs ranging
from one to six years in age and 2.5-12.7 cm in substrate depth. The amount of carbon
sequestered ranged from 73-276 g Cm=2 with an average of 162gCm™ in above-ground
biomass. Both substrate depth and the age of a green roof have been shown to influence
plant growth on a green roof (Durhman et al., 2007; Getter and Rowe, 2008; Rowe
et al.,2012).
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In the second study, carbon was determined for above- and below-ground biomass, as
well as carbon present in the soil substrate (Getter et al., 2009). Twenty replicated plots
were utilised, with four replications each of four plant species and a substrate-only control.
All plots were at a depth of 6.0cm, and plant material and substrate were harvested seven
times over the course of two growing seasons. Results at the end of the second year showed
that above-ground plant material storage varied by species, ranging from 64gCm=2 (S.
acre) to 239gCm=2 (S. album), with an average of 168gCm=2. Below-ground biomass
ranged from 37gCm=2(S. acre) to 185 g Cm=2 (8. kamtschaticum) and averaged 107 gCm™2.
Substrate carbon content averaged 913gCm=2. In total, this entire extensive green
roof system held 1188 g Cm™ in combined plant material and substrate. However,
after subtraction of the 810gCm™ that existed in the original substrate, net carbon
sequestration totalled 375gCm™2.

The Getter et al. (2009) study quantified the carbon sequestered in a shallow sedum-based
extensive green roof, but this is the lower limit of a green roof’s potential (Rowe, 2011).
A third study quantified the carbon sequestration potential of nine in-ground and four green
roof landscape systems with increasing levels of complexity, ranging from sedum to woody
shrubs (Whittinghill ez al., 2014). The landscape systems examined at ground level included
(1) succulent rock garden consisting of sedum, (2) prairie consisting of native perennials and
grasses, (3) a mulched ornamental bed of herbaceous perennials and grasses, (4) vegetable
and herb garden, (5) Kentucky bluegrass lawn, (6) woody ground covers, (7) deciduous
shrubs, (8) broad-leaf evergreen shrubs and (9) narrow-leaf evergreen shrubs. The first four
landscape systems were also replicated on green roof platforms. The objectives of this study
were to quantify the amount of carbon sequestered by ornamental and green roof landscapes
of varying complexity and then determine if there were differences in carbon sequestration
between green roof landscapes and similar landscape systems at ground level.

There were differences in carbon content in above-ground biomass, below-ground
biomass and substrate contents for all systems, but the three shrub landscape systems and
herbaceous perennial and grasses contained the greatest amount of carbon. This makes
sense because wood contains more carbon (4.7-16.7% more) than other plant structures
(Fang et al., 2007). However, these woody systems did have the lowest below-ground
carbon contents, contrasting with their high above-ground biomass, soil/substrate and total
carbon contents. In addition, in most cases, the green roof landscape systems contained less
carbon than their corresponding in-ground landscape systems. The shallower substrate
may have inhibited root growth, which would have reduced the size of plant that the plots
could support, limiting plant above-ground biomass volume.

14.5 Embodied Energy

There is little doubt that the plants and soil on a green roof will sequester carbon. The
6.0cm deep extensive green roof in the Getter et al. (2009) study sequestered 375gCm2,
(168gCm™ in above-ground plant biomass, 107gCm in below-ground plant biomass, and
100g Cm~2 in substrate carbon) beyond what was stored in the initial substrate. However,
we must also consider the embodied energy required to initially construct it. Embodied
energy is defined as the total energy consumed, or carbon released, by a product over its
life cycle. The components necessary to construct a typical green roof (root barrier, drainage
layer, growing substrate and even the plants) all require energy during the manufacturing
and shipping process. This carbon cost is in addition to those required for a conventional
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roof (Kosareo and Ries, 2007). Based on an embodied energy analysis of building materials
by Hammond and Jones (2008), the total embodied energy cost of the green roof components
in the Getter et al. (2009) study was 23.6kg CO, per square meter of green roof. This
equates to approximately 6.5 kg Cm~2 which is considerably greater than the 375gCm™
that was sequestered. Also, the 375gCm™ represents an equilibrium point where carbon
assimilation equals carbon decomposition, so no further net carbon sequestration will
occur on this roof.

Even so, the carbon that is sequestered by the plants and the growing substrate is only
part of the equation. Because green roofs acts as insulators, they reduce the heat transfer
into and out of buildings, so they reduce energy consumption. The lower demand for heat-
ing and air conditioning results in less CO, released into the atmosphere from power plants
that produce this electricity. Therefore, the carbon emissions avoided due to energy savings
should eventually pay for those costs and swing the energy balance equation in the positive
direction. How long this takes depends on many factors, such as type of green roof, build-
ing specifications and local climate.

Based on Energy Plus, a building energy balance model supported by the US Department
of Energy, green roofs can reduce electricity and natural gas consumption by 2% and
9-11%, respectively (Sailor, 2008). If green roofs were implemented throughout an urban
area then an additional 25% reduction in electricity consumption is also possible due to a
lessening of the urban heat island (Akbari and Konopacki, 2005). Using the Energy Plus
model, a typical building with a 2000 m? green roof would save a minimum of 27.2 GJ of
electricity and 9.5 GJ of natural gas annually. Accounting for the greenhouse gas potential
of generating electricity and burning natural gas (USEPA, 2007, 2008), these figures trans-
late to savings of 702gCm™2 of green roof per year. Remembering that the embodied
energy cost of 6.5kgCm for the Getter et al. (2009) green roof, nine years would be
needed to offset the carbon debt of the green roof materials used in this installation. After
this time, the emissions avoided would simply add on to the sequestration potential of the
roof. The carbon sequestered by growing biomass (375 gCm™2 in the Getter study) short-
ens the carbon payback period in this scenario by two years.

The influence of plant biomass on carbon sequestration is demonstrated when one
compares the results of the Getter et al. (2009) with the Whittinghill ez al. (2014) studies.
The 6.0cm deep sedum roof of the Getter study had an embodied energy value of
6.5kgCm= with a payback period due to energy savings alone of nine years. When the
carbon sequestered by the green roof vegetation was included it reduced that payback
period to seven years (Getter et al., 2009). Assuming a similar embodied carbon value for
the substrate used in the Whittinghill study, the 10.2 cm depth would contain 10.5 kg Cm™2
with a payback period of 15 years. However, because the deeper substrate allowed for
greater biomass production, the carbon payback period for these roofs decreased to 2.2,
1.9, 1.2 and 0.2years for the sedum, prairie, vegetable garden and mulched ornamental
bed of herbaceous perennials and grasses, respectively.

14.6 Improving Carbon Sequestration Potential

Net carbon sequestration can be improved immensely by altering plant selection, as dis-
cussed above, and through changes in substrate depth, substrate composition and manage-
ment practices such as supplemental irrigation, fertilisation and the use of power equipment.
This holds true whether a landscape is on a roof or at ground level.
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14.6.1

14.6.2

Substrate Depth

All of the green roof landscape systems in the Whittinghill et al. (2014) study exhibited
greater carbon sequestration than that reported by Getter et al. (2009). One reason is that
the plants in the Whittinghill study were grown in a substrate that was almost twice as
deep as the sedum in the Getter study (10.5 cm vs 6.0cm). This not only provides a larger
substrate volume to store carbon, but it increased the potential plant species to include
those with greater biomass such as herbaceous perennials. In addition, altering the compo-
sition of the growing substrate has been shown to affect plant growth on an extensive
green roof (Rowe et al., 2006), which in turn affects growth and carbon sequestration.

Succulents such as sedum are common green roof plants because of their tolerance to
drought. Because they exhibit crassulacean acid metabolism (CAM), a form of plant
metabolism that allows them to conserve water by opening their stomates during the night
to take up CO, and closing them during the day to reduce transpiration, CAM plants are
ideal for survival on shallow green roofs (Cushman, 2001; Getter and Rowe, 2006).
However, this can limit growth and reduces their likelihood of sequestering large amounts
of carbon. When operating under CAM mode, rates for daily carbon assimilation are half
to one-third that of non-CAM species (Hopkins and Hiiner, 2004).

Substrate Composition

Traditionally, the green roof industry has utilised lightweight expanded aggregates made
from heat-expanded slate, shale, and clay for growing substrates (Rowe et al., 2006).
However, as noted in the Getter et al. (2009) study, the heat expanded slate used for that
roof accounted for 80% of the embodied energy used to construct it. Similarly, Peri et al.
(2012) concluded that the production of materials, in particular the extraction and kilning
of the inert substrate components, accounted for the majority of the crude oil consumed
during the life of a green roof located in Bagheria, Italy. Likewise, Chenani et al. (2015)
conducted a life cycle analysis on a modelled extensive green roof located in Chicago, IL, and
showed that the inclusion of expanded clay in the substrate was the major negative con-
tributor to the environmental impact of the roof. In addition, Bianchini and Hewage (2012)
concluded that the use of recycled materials resulted in a more than two-fold reduction on
the time required to offset the environmental cost of producing those components.

If alternative materials were used, the embodied energy could be reduced substantially.
Natural or recycled materials that are locally available are likely candidates. For example,
in the Pacific Northwest, volcanic pumice is readily available and is often used as a com-
ponent in substrates. The pumice has been heat expanded by nature and thus its embodied
energy is vastly reduced (Rowe, 2011). Other potential materials that may be more sustainable
include crushed brick from demolished buildings (Molineux et al., 2009; Graceson et al.,
2014; Young et al., 2014; Bates et al., 2015), crushed shells and coco coir (Steinfeld and
Del Porto, 2008), crushed tile (Graceson et al., 2014), bottom ash from incinerators
(Molineux et al., 2009; Graceson et al., 2014), recycled rubber (Steinfeld and Del Porto,
2008; Pérez et al., 2012), and recycled aerated concrete (Bisceglie ez al., 2014). Results in
these studies are difficult to compare, but they do serve as strong examples that replacement
of conventional green roof substrates with sustainable alternatives is an achievable goal.
Economics dictate that these materials must be suitable for the intended plant selection,
climatic zone and anticipated level of maintenance of the roof.
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14.6.3 Management Practices

All urban landscapes can sequester carbon, but management practices will affect their net
carbon sequestration and the permanence of the carbon sequestered. Practices such as
supplemental irrigation and fertilisation influence plant growth as soil moisture and nutri-
ents are often a limitation in many plant ecosystems (Vitousek and Howarth, 1991; Marble
et al.,2011; Rowe et al., 2014). For example, plants in the Whittinghill ez al. (2014) study
were irrigated, whereas those in the Getter et al. (2009) study were not.

Urban landscapes are more complicated than natural areas because of human inputs.
Ornamentals such as trees, shrubs, herbaceous perennials and turf grass all have relatively
short lifespans in an urban environment and require periodic replacement. For example,
should an urban street tree die and need to be replaced, Nowak ef al. (2002) suggest that
if the wood of the old tree is not used in some more permanent capacity such as lumber, the
new tree just offsets the carbon being released by the old tree as it decomposes. Also, the
typical potting medium used to produce ornamental plants consists of mostly organic matter
and has much higher carbon content than most field soils (Marble ez al., 2011). What
happens to this carbon when the container is transplanted for the nursery to the landscape
is not well understood. In addition, the use of power equipment for such practices as mowing
the lawn burns fuel thus releasing carbon. Overall, species selection and management
practices influence carbon sequestration and storage as species vary in their water use
efficiency, nutrient needs, growth and biomass allocation and decomposition rates (Naeem
et al., 1996; Rowe et al., 2006).

14.7 Conclusions

Increasing levels of CO, and other greenhouse gases are believed to be one of the main
causes of climate change. Since plants naturally sequester carbon, the widespread imple-
mentation of green roofs would aid in the removal of some CO, from the atmosphere. Of
course, not all green roofs are created equal. Larger plants with greater biomass equate to
greater carbon sequestration. However, the structural weight capacity of many buildings
often limits the depth of the growing substrate and in turn the plant species that can be
grown. One must also consider the embodied energy that is required to construct the roof
and the carbon that will be saved from future energy savings. Although it is inherently
easier to install vegetation at ground level, green roofs are especially applicable to urban
areas where there is little space at ground level to grow trees or other vegetation. Quantifying
the carbon sequestration potential of green roofs could make carbon more prominent in
certification programmes such as LEED (Leadership in Energy and Environmental Design),
the Sustainable Sites Initiative and in any potential future carbon cap and trade programmes.
Green roofs are one tool that can help mitigate the negative effects of urbanisation.
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Dual-Purpose Rainwater Harvesting System Design
Peter Melville-Shreeve, Sarah Ward and David Butler

15.1 Introduction

The implementation of rainwater harvesting (RwH) in England and Wales has historically
been driven by water efficiency considerations, such as those imposed under building
regulations or suggested by guidance schemes such as the Code for Sustainable Homes.
Even then, water demand management measures such as dual flush toilets, low flow taps
and waterless urinals are often used in preference (Grant, 2006), with RwH rejected on
financial grounds when a whole life cost assessment is undertaken (Roebuck et al., 2011).
However, researchers and practitioners have suggested that further investigation of the
stormwater source control benefits of RwH is warranted, for example, their role within
sustainable drainage systems (SuDS) (Hurley et al., 2008; Gerolin et al., 2010; Kellagher,
2011; Melville-Shreeve et al., 2014). When considered together, these dual benefits could
enhance the uptake of residential systems, particularly if technological innovation enables
them to be realised within a single proprietary system (Debusk et al., 2013). Similarly,
Debusk and Hunt’s (2014) comprehensive review of international RwH literature concluded
that further research is required into RwH’s benefits as a stormwater management tool.

The basic configuration required to achieve these dual benefits is shown in Figure 15.1.
The retention and throttle concept effectively integrates water demand management and
stormwater management objectives into a single RwH installation. This includes dedicated
storage for retaining runoff and limiting outflow, while protecting the volume required for
non-potable water supply.

This chapter begins with a brief review of RwH and SuDS, as well as existing approaches
to integrate RwH and SuDS in England and Wales. A new design method is proposed for
the design of dual-purpose RwH systems, and the method is subsequently used to assess
the benefits of such systems for a case study development in Exeter, England. Benefits and
limitations are discussed and conclusions drawn.

Sustainable Surface Water Management: A Handbook for SuDS, First Edition.
Edited by Susanne M. Charlesworth and Colin A. Booth.
© 2017 John Wiley & Sons, Ltd. Published 2017 by John Wiley & Sons, Ltd.
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Figure 15.1 A dual-purpose rainwater harvesting system (adapted from Herrmann and Schmida, 1999).

15.2 RWH and SuDS in England and Wales

Stormwater management in England and Wales is strongly regulated by planning controls
(DCLG, 2006) and associated guidance (Kellagher, 2012). To satisfy these regulations, new
developments incorporate SuDS to manage stormwater runoff, with an emphasis on the
need to attenuate flows to match those of the undeveloped site during the 1 in 100 year
storm event. Typically, a 20-30% ‘allowance for climate change’ is included to enable
drainage systems to cope during rainfall events in excess of those historically experienced.
Where RwH systems are installed, they are designed solely to meet the non-potable water
demand and do not usually provide significant source control or SuDS benefits (Kellagher,
2012). With the exception of the studies noted in this chapter, and following a comprehensive
investigation over a number of years, the authors have not identified evidence of any RwH
systems in England and Wales that have been installed with an emphasis on stormwater
management.

Woods Ballard et al. (2007) defined the SuDS hierarchy in an effort to minimise stormwater
runoff and pollution; (1) prevention, (2) source control, (3) site control, (4) regional control.
Solutions such as green roofs, infiltration chambers, water butts and RwH can contribute
to a source control strategy. Practitioners designing SuDS are encouraged to maximise
source control opportunities before considering site-wide or regional control strategies
such as attenuation tanks. Despite this, there remains a prevalence of end-of-pipe solutions
that are frequently deemed to offer the ‘easiest’ way of complying with the legislation
(Bastien et al., 2009). Detention basins such as those illustrated in Figure 15.2 represent
best practice, although perhaps ‘most frequent practice’ is a more appropriate epithet. Such
basins are often inaccessible or even fenced off from the wider development and can be
unattractive or not available for use, even as a green space.

In terms of the previously mentioned SuDS hierarchy, the benefits of a given source
control technique need to be maximised, to minimise additional downstream storage volumes
within a site-wide drainage design to achieve a best practice SuDS. RwH can reduce storm-
water runoff volumes and rates (Leggett et al., 2001; Debusk and Hunt, 2014; Campisano
et al.,2013), although the magnitude of such benefits cannot be generalised because a wide
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Figure 15.2 A typical SuDS solution used in England and Wales - a detention basin at Newcourt, Exeter, Devon,
England.

range of site-specific parameters need to be taken into account. Key design criteria include
antecedent rainfall, yield, non-potable water demand and the RwH system configuration.
However, the need for site specific design is not a barrier to implementation, because other
SuDS techniques (e.g. detention ponds) are not universally appropriate for use at all new
developments. Currently, the Environment Agency (EA) ensures regulatory compliance of
new drainage systems through review of drainage strategy documents as part of planning
applications (DCLG, 2012).

Approaches to Stormwater Source Control Using RwH

in England and Wales

Early studies which sought to appraise the ability of RwH to control stormwater dis-
charges were undertaken during the WaND project (Butler et al., 2010). As part of this
study, Kellagher and Maneiro Franco (2007) used hydraulic models to assess the overall
reduction in stormwater runoff volumes and peak flow rates from a development where a
large communal RwH storage tank was proposed. A stochastic rainfall series was used to
model the source control benefits under a range of scenarios. The design assumed that
non-potable water demands reduced the tank level and thus provided capacity for capturing
rainfall runoff. It was concluded that tanks should be 1.5-2.5 times larger than standard
RwH tanks to achieve ‘considerable (sic) stormwater benefits’. In relation to managing
extreme rainfall events, the study showed a notable reduction in runoff volumes for the
100 year return period rainfall event (23-55%). Similar research conducted by Memon
et al. (2009) modelled a development of 200 properties and also concluded that RwH
could reduce peak flows in downstream sewers.
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In addition to the recent work conducted by Debusk ef al. (2013), evidence of interna-
tional interest in RwH as a source control tool is identified in a modelling study carried out
by Huang et al. (2009). This research appraised the functionality of a RwH system designed
with a §m? tank capacity and a 50 mm diameter outlet throttle. A series of scenarios was
considered, assuming that such a system was installed at each property in a development
of 242 houses in Kuala Lumpur. It was demonstrated that the integration of the retention
and throttle approach successfully limited peak rainfall discharges for the 30-minute dura-
tion rainfall event by 22% for the 100 year return period event (Huang et al., 2009).

The first edition of the British Standard for RwH, BS 8515:2009; Rainwater harvesting
systems — Code of practice, (BSI, 2009) focused on provision of an alternative water
resource to meet water demand management drivers. The implementation of RwH as a
stormwater source control technique is covered by suggesting that designers specify (inten-
tionally) oversized RwH storage tanks to increase the likelihood that storage (empty space)
is available at the beginning of a storm event. However, this is only viable when water
demand (D) is greater than runoff yield (Y). Without significant water demand, the tanks
are likely to remain full or close to full at all times. Even where D>, it cannot be guaran-
teed that the desired storage will be available because a number of other factors affect the
demand. One major limitation of this approach is that it relied upon water user behaviour
to be consistent with the core assumptions.

Building on the initial approaches documented in BS 8515:2009 (BSI, 2009) a further
study into the benefit of RwH systems for source control in England and Wales was
described in Gerolin et al. (2010). This method focused on demand for water from a RwH
system freeing storage capacity for the next storm. The work has since been extended by
Kellagher (2011), whereby a number of RwH systems in a residential housing development
were installed and monitored. In the study, each RwH system was designed to comply with
the Kellagher/Gerolin methodology. This methodology relies on the designer appraising the
predicted non-potable demand for each property at the proposed development. The yield
is calculated from the contributing roof area and average rainfall for the development.
In summary, where the Y/D ratio is identified as less than 0.95 there is a high likelihood
that storage will be available in the RwH tank at the commencement of an extreme storm
event. Where Y/D is<0.7 ‘there is usually considerable storage available’ (Kellagher,
2011). It follows that this available storage volume can reduce the total volume of runoff
during the next storm, and thus provides source control. A later study also concluded that
stormwater can successfully be managed through implementation of this approach
(Kellagher and Gutierrez-Andres, 20135).

To incorporate the growing evidence base, an updated British Standard was released in
2013 (BSI, 2013). A review of this update illustrates that few amendments have been made
to the main body of the document, which continues to focus on water provision. However,
Kellagher’s (2011) technique for allowing source control benefits to be estimated has now
been incorporated in the annex relating to source control (BSI, 2013). In addition, the
annex suggests that active RwH systems can be implemented to maintain spare storage at
all times. However, unlike the retention and throttle configuration, which is controlled by
the mechanics of the water entering and leaving the tank, the updated British Standard
suggests that actively managed RwH systems should include level sensors and some form
of intelligent control system (BSI, 2013).

A year on from the publication of the updated British Standard a comprehensive review
of the RwH market in the UK was undertaken by the authors. The research did not identify
a product or case study site that complies with the active RwH concept or the retention
and throttle specification. In contrast, physical trials were identified in the USA as reported
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in Debusk et al. (2013), which conclude that modifications in design can substantially
improve the efficiency and stormwater management potential of RwH systems. This chap-
ter seeks to address the first step towards improved control of stormwater using RwH
systems by proposing a retention and throttle RwH design method for application at UK
development sites.

15.4 Integrating Stormwater Source Control into RwH System Design

15.4.1 Defining the Design Process for a Case Study Development

Two drainage design options were proposed for a small residential development of seven
houses in Exeter, south-west England, to evaluate the viability of using retention and throttle
RwH tanks (Figure 15.1) as part of a wider drainage system. Both design options assume that
all houses include a RwH system for non-potable reuse in the property’s toilets. The non-
potable reuse volume of the RwH tanks was conservatively assumed to be full at the start
of all drainage simulations. Building on the modelling assessment carried out by Huang
et al. (2009), the method enables the user to minimise the (stormwater) retention volume
based on site characteristics such as the specified maximum discharge rate.

Step 1: Identify volume of RwH storage for non-potable reuse

RwH tank volumes were calculated using the ‘intermediate approach’ set outin BS8515:2013
(BSI, 2013) for each of the seven houses. This method defines the tank volume required for each
RwH system as the lesser of two volumes (Y, or DN) calculated using Equations 1 and 2;

Y, =Axexhxfx0.05 (1)

where Y, is 5% of the annual rainwater yield (1); A is the collecting area (m?); e is the yield
coefficient (%); b is the annual depth of rainfall (mm); fis the hydraulic filter efficiency.

DN =Pdxnx365%x0.05 (2)

where DN is 5% of the annual non-potable water demand (1); Pd is the daily requirement
per person (l); and 7 is the number of persons.

Daily non-potable water demand was estimated assuming five flushes/person/day and an
average flush volume of 4.51 (MTP, 2011; Waterwise, 2014). Occupancy was taken from
the site’s design drawings (Pell Frischmann, 2013) as either four or five people per house.
No allowance was made for the use of irrigation or laundry water. For this stage, roof areas
of 42-50m? were used to establish the non-potable reuse volume (V) required for the
RwH system at each house.

Step 2: Identify options for a compliant stormwater attenuation system

Option 1 (traditional SuDS) and option 2 (RwH as source control) were developed with all
the drainage simulations carried out using the MicroDrainage software (XPSolutions,
2015) based on the input parameters set out in Table 15.1.
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Table 15.1 Site characteristics, parameters and global design criteria.

Parameter Input data

Location Exeter, Devon, SW England

Total site area, m? 1230

Existing site runoff rate (1 in 100 year event), I/s 7.2

Maximum future site discharge rate (during 1 in 100 year rainfall 7.2

event), I/s

Allowance for climate change, rainfall intensity % 30

Proposed roof areas, m? 334

Proposed parking and roadway areas, m? 340

Total impermeable area, m? 674

Design rainfall event 1in 100 year, critical duration event
Design criteria No above ground flood during Design Event
Runoff coefficient (all impermeable surfaces) 0.84

Runoff coefficient (all permeable surfaces) 0

Range of rainfall events tested, mins (mm/hour) 15 (155) to 168 (1.26)

Rainfall model Flood Estimation Handbook (loH, 1999)

Option 1: Traditional SuDS approach - site-wide attenuation tank

An outline drainage design was devised to route all stormwater from roofs and paved
surfaces into a single on-line attenuation tank. The design was modelled as a geocellular
storage tank located beneath the parking area with a proprietary vortex flow regulator
controlling discharges. An iterative approach was implemented to reduce the volume of the
required storage tank from an initial estimate of 30m? until a minimum size tank was
identified that met the design criteria (Table 15.1). Each property was modelled with a
RwH system intercepting all roof water, but these tanks were set to a status of ‘full” before

the simulations were run and thus had no capacity for stormwater source control.

Option 2: RwH as source control - decentralised retention and throttle RwH

An alternative drainage design was developed for Option 2, where the RwH tanks at each
house were oversized to include an additional storage volume that drains down via an
orifice following each storm event. The aim was to provide a RwH tank that can passively
attenuate stormwater runoff from all roof areas, and thus provide 100% of the SuDS

attenuation required to comply with the design characteristics (Table 15.1).

With V, established, the source control volume (V) was identified and added to V|, to
obtain the total RwH tank volume (V__ ). Limitations in the simulation model meant that a

RWH

single calculation for a roof of 50 m? was used to represent a typical house. Firstly, a range of
head-discharge relationships was developed for orifice outlet diameters 0-50 mm, at 5 mm
increments, calculated using the standard orifice equation with a fixed coefficient of dis-
charge of 0.6 (Butler and Davies, 2011). A series of tank volumes was assessed starting with an
outlet orifice=0mm (i.e. zero tank discharge during a storm event). This identified that a
maximum storage volume of 3.7m? was required to capture the critical rainfall event. All
modelling for Option 2 was, therefore, carried out for a house with a roof area of 50m?
discharging roof runoff to a tank with a footprint of 4m? and a depth of 1m. Maximum
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water volumes were recorded for each rainfall event and the full range of orifice diameters
was tested. This method allows for a maximum discharge rate to be plotted against the
maximum tank storage volume. The critical rainfall event was identified as the event that
generates the highest storage volume for a given orifice diameter. With the roof areas attenu-
ated using the retention and throttle RwH, the remaining impermeable areas were addressed.
Roadways and parking areas were modelled as draining into a geocellular storage tank, as it
was assumed that the water quality from these areas may not be suitable for reuse without
further treatment and thus could not be routed into the RwH tanks. A similar iterative
approach to that used in Option 1 was used to minimise the tank size in light of the reduced
input areas. The overall RwH tank volume identified in Option 2 is given in Equation 3.

VRWH = VNP + Vsc (3)

The process of model simulations, orifice selection and ultimately sizing of the RwH tank
is summarised as a flow chart in Figure 15.3.

Findings of Applying the Design

The design method generates a large number of output files, one for each scenario tested
(e.g. orifice and design storm). The critical design storm for each scenario was identified
as the storm that generated the largest storage volume. Table 15.2 illustrates a summary
example of some of the simulation results, conducted to identify the V. for a RwH tank
with a 20 mm orifice outlet.

Option 1: RwH tanks for non-potable use were designed to comply with the intermediate
approach at each property. Six of the properties required a V, of 2.05 m? with the seventh’s
lower occupancy indicating that 1.65m? would suffice. The drainage design approach
modelled in Option 1 identified that a geocellular storage tank of 18 m*® was the minimum
tank size required to accommodate stormwater runoff from the entire development to
comply with the design criteria.

Option 2: Roof runoff was routed into individual RwH tanks at each house. Flows from
the upper part of each tank were controlled using an orifice. Approximately half of the
impermeable areas were roofs, and therefore half of the development’s maximum permitted
discharge rate (7.2 1/s) was allocated to the RwH outlets, equating to 0.5 I/s/RwH tank.
Figure 15.4 illustrates the range of source control volumes required to accommodate the
critical rainfall events for a range of discharging orifice sizes. At a peak discharge rate of
0.5l/s,a 1.5m* V,_is required with a 20 mm orifice outlet. The remaining 3.51/s of permis-
sible discharge was allocated to the parking and roadways so that a separate storage tank
could control runoff from these areas. A total of 10 m? of storage was the minimum volume
identified for this tank in combination with a suitable vortex flow controller.

Discussion of the Findings

In this chapter, a method has been developed and tested to allow passive stormwater source
control capacity to be designed in RwH tanks using the retention and throttle configu-
ration. The method seeks to support the initial source control concepts set out in BS
8515:2013 (BSI, 2013) by maintaining sufficient attenuation capacity in the RwH tanks
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Designing rainwater
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tanks to comply with MicroDrainage simulation to obtain
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requirements set out in connected to tank in design rainfall event
BS8515 (e.g.1in 100 + 30% event)
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Figure 15.3 Flow chartillustrating a design method for dual-purpose RwH systems.
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Table 15.2 Sample simulation results of 1 in 100 year storm events controlled by a RwH tank with a 20 mm orifice.
(* =critical rainfall event).

Modelled  Timeto Max Max Max Total Overflow  Max volume
Storm  rain vol peak  water water discharge  discharge volume required
event (mm/hr) (mins) level (m)  depth (m) rate (I/s) volume (m3)  (m3) (m?3)
15 155 16 0.337 0.337 0.5 1.6 0.0 1.3
30 95 28 0.363 0.363 0.5 2.0 0.0 1.5
60* 58 46 0.367 0.367 0.5 24 0.0 1.5
120 35 82 0.333 0.333 0.5 3.0 0.0 1.3
180 27 116 0.293 0.293 0.5 33 0.0 1.2
240 22 150 0.256 0.256 0.4 3.6 0.0 1.0
360 16 212 0.199 0.199 0.4 4.1 0.0 0.8
480 13 274 0.160 0.160 0.3 44 0.0 0.6
600 1 334 0.130 0.130 0.3 4.7 0.0 0.5
720 10 390 0.109 0.109 0.3 5.0 0.0 0.4
960 8 502 0.087 0.087 0.2 54 0.0 0.3
1440 6 748 0.065 0.065 0.2 59 0.0 0.3
2160 4 1100 0.048 0.048 0.1 6.5 0.0 0.2
2880 3 1468 0.039 0.039 0.1 7.0 0.0 0.2
4320 3 2180 0.028 0.028 0.1 7.6 0.0 0.1
5760 2 2912 0.022 0.022 0.1 8.0 0.0 0.1
7200 2 3568 0.019 0.019 0.0 8.4 0.0 0.1
8640 2 4400 0.016 0.016 0.0 8.7 0.0 0.1
10080 1 5024 0.014 0.014 0.0 8.9 0.0 0.1
4 25

3.5 Discharge rates= X -

Storage volumes = x| 2 =
& 3 3
IS <

@ 257 X 115 5
£, 5
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Figure 15.4 V._and maximum discharge rates for the range of orifices tested. For the development
assessed, the final size of each RwH tank is illustrated in Figure 15.5 and a summary of the results
described above is set out in Table 15.3.

without relying on user behaviour. If capacity can be maintained at all times, the method
has potential to offer a more robust solution to achieving RwH tanks in a dual-purpose
configuration. Empirical data is now warranted to appraise the concept, to establish the
validity of its application as a dual-purpose RwH system.
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Figure 15.5 |lllustration of the proposed retention and throttle RwH tanks for the case study
development.

Table 15.3 Summary of results: Drainage designs for Option 1 and 2.

Option 1 Option 2
Large attenuation tank with throttled Small attenuation tank with retention
outlet discharging all drainage (RwH and throttle RwH tanks controlling
systems in houses assumed full) roof runoff from each house
Maximum Discharge Rates (I/s)
Roof areas — 3.5
Paved areas — 35
Total impermeable Area <7.2 <7.2
Attenuation tank size (m3) 18 10
Minimum RwH tank sizes (m?) 6no. x 2.05 and 1no. x 1.65 6no. x 3.55and 1no. x 3.15
Commercially available RwH 7no.x 2.7 7no. x 3.8 and 20 mm orifice
tank sizes (m3)
Total V., . (m3) 18.9 26.6

RWH

The designs tested for the case study development showed that the concept is feasible
and the method can be implemented using currently available software. Results from
Option 2 demonstrated that a development’s attenuation tank can be reduced in volume as
a result of including retention and throttle RwH systems. By demonstrating a reduction in
the overall volume of the attenuation tank, capital savings could be generated. For exam-
ple, for Option 1, the smallest appropriate RwH tank identified from a supplier was 2.7 m?,
costing £3440 installed. In Option 2, a 3.8 m’ tank was commercially available costing
£3600 each. The integration of retention and throttle RwH would therefore cost an addi-
tional £1120 for the case study development. This cost would be offset by the reduced
attenuation tank size, which is 8 m® smaller than the design implemented in Option 1.
Based on typical costs of geocellular storage crates of around £200/m? (Graf Rain Bloc,
2015), it is conservatively estimated that the reduced size geocellular storage tank would
generate a saving in excess of £2500.

With regard to water quality concerns, these may arise through risks of contamination
from the sewer surcharging to the level of the tank’s orifice. However, a non-return valve is
frequently deployed to guard against this risk in existing RwH overflow systems. Secondly,
the small orifice outlet is potentially at risk of blockage. However, installing appropriate
filters for runoff entering the tank, a mechanical clearance mechanism or a blockage alarm
could all help minimise this risk. By implementing retention and throttle RwH, runoff from
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roof areas can be fully attenuated without other SuDS being deployed. Furthermore, with
a reduced attenuation tank proposed for the remainder of the development, it may be
feasible to address the remaining runoff from hardstanding areas using swales, infiltration
trenches or above-ground features integrated into the development layout, thus allowing
the attenuation tank to be completely removed from the development arrangement.

Application of the design method to larger-scale developments would also be feasible.
At such developments it is possible that the reduction in space needed for attenuation
ponds/basins could permit additional properties to be constructed, generating financial
benefit. The retention and throttle concept, alongside the proposed design methodology
could potentially allow RwH to become more economically viable at new developments.
Further work is now underway to support a supplier to develop and install systems in
this novel configuration (RwH Ltd., 2015). The performance of these pilot systems will
be empirically monitored to verify the modelling method and assumptions against physical
observations.

15.5 Conclusions

Rainwater harvesting (RwH) at the residential property scale remains underexploited in
England and Wales, as the benefits of RwH for both water demand management and
source control applications have yet to be fully realised. Despite being encouraged to
maximise source control opportunities before considering site-scale attenuation systems,
practitioners designing SuDS often resort to end-of-pipe solutions that do not consider
water reuse options. A recent update to the British Standard for Rainwater Harvesting
(BSI, 2013) included a tank sizing method to enable RwH systems to contribute as a storm-
water attenuation tool as well as providing an alternative water supply. However, to date
there has been limited practical assessment of the retention and throttle configuration and
this is not included in the British Standard. This chapter has contributed to this knowledge
gap and seeks to further support the use of dual purpose RwH systems in England and
Wales through the development of a new design method.

It was demonstrated that improved, passive stormwater source control could poten-
tially be incorporated into RwH systems with a relatively small adjustment to the design
configuration. The method outlined has also been used to develop a proprietary RwH
system incorporating the retention and throttle configuration, which is now undergoing
field trials. Research is ongoing to empirically test this system. In summary, the following
conclusions can be drawn:

1. The retention and throttle concept can be used for source control by installing over-
sized RwH tanks that incorporate an additional mid-level outlet throttle.

2. Optimal sizing of the RwH volumes and outlet orifices is needed on a site-specific basis.

3. Retention and throttle RwH at residential properties in England and Wales may be
achieved at a relatively low cost.

4. Technical barriers to implementation, such as site-specific constraints (e.g. ensuring
that the throttle outlet can gravitate into existing drainage infrastructure) will
prevent this method from providing an integrated solution that will suit all devel-
opment plots.

5. A design tool could readily be developed to allow practitioners to select appropriate
RwH attenuation volumes and orifice sizes for specific locations.
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6. Passive RwH can contribute to source control in a SuDS system when either of the
following factors is applicable: (a) the yield/demand ratio is<0.95 or (b) passive source
control is integrated into the tank design using the retention and throttle concept.
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Progress with Integration of Ecosystem
Services in SuDS

Mark Everard, Robert J. Mcinnes and Hazem Gouda

16.1 Introduction

Society is slowly transitioning from environmental management and resource use addressing
single or few outcomes, towards recognition that all interventions have systemic impact
(de Groot et al., 2010; Norgaard, 2010). Ecosystem services comprise the interconnected
human benefits provided by the natural world, spanning interlinked value systems and
societal needs (Millennium Ecosystem Assessment, 2005). International commitments
encouraging governments to undertake an ecosystem approach include the Convention
on Biological Diversity (2000, 2010), the EU Biodiversity 2020 strategy (European Union,
2011) and the Ramsar Convention (Resolution IX.1, 2005). Many countries have trans-
posed these obligations into national-level strategy, for example the UK’s Natural
Environment White Paper (HM Government, 2011). However, societal transition to
systemic decision-making remains challenging (Armitage et al., 2008) due to knowledge
gaps, narrow legacy assumptions, legislation, regulatory implementation, technical solu-
tions, vested interests and decision-support models founded on reductive paradigms
(Everard et al., 2014). Tools to expose the wider ramifications of policies, designs and
actions, also highlighting the benefits and opportunities of systemic practice, are needed
to promote systemic, sustainable practice (Smith et al., 2007). Failure to achieve this tran-
sition perpetuates risks from economic, social and environmental externalities (Robinson
et al.,2012).

Water management in urban environments presents particular challenges related to growing
populations accommodated by finite land area, with trends suggesting increasingly dense
urbanisation (United Nations, 2011). Drivers include adequate water supply sourced from
substantially beyond the urban catchment area (Fitzhugh and Richter, 2004), management
of flood risk (surface water and groundwater) compounded by climatic instability (Scholz, 2006)
and processing and treating wastewater and water-vectored pollutants (Figure 16.1)
(Niemczynowicz, 1999).

Sustainable Surface Water Management: A Handbook for SuDS, First Edition.
Edited by Susanne M. Charlesworth and Colin A. Booth.
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Figure 16.1 Challenges of urban water management.

These principal challenges operate within a wider operational landscape of urban land
use planning and decision-making (Figure 16.1). Disconnected, single-solution outcomes
still predominate (Everard, 2014) despite the need for the built environment to be planned
to operate synergistically with functioning ecosystems (UN Habitat, 2012) accommodating
water-mediated ecosystem services including maintenance of equable microclimate, food
production and amenity (Bolund and Hunhammer, 1999) and reduced carbon and
ecological footprints (Secretariat of the Convention on Biological Diversity, 2012).

Flood management policy and practice has morphed from localised ‘defence’ of assets
towards an ecosystems-based, adaptive approach working with natural processes (Colls
et al.,2009), partly responding to severe flooding, for instance in the UK where established
flood management norms were insufficient (Defra, 2005), but also resulting from longer-
term recognition of the importance of working with natural processes rather than reliance
on increased ‘hard engineering’ defences (Palmer et al., 2009). Step-wise progress
towards natural floodwater retention and dissipation mark an ongoing transition across
the developed world at catchment scale and within urban environments (Wong, 2006;
Everard et al., 2009).

The evolving philosophy of SuDS and similar approaches such as WSUD (water sensitive
urban design) underpin a significant transition in urban flood risk management (Wong,
2006). Published guidance (Woods Ballard et al., 2007) highlights intent ‘to manage the
environmental risks resulting from urban runoff and to contribute wherever possible to
environmental enhancement’, working ‘upstream’ in the drainage chain and progressively
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taking account of wider outcomes for water quantity, water quality, amenity and biodiversity.
“Water regulation’ (scale and timing of flows) is also an ecosystem service, interconnected
with a broader spectrum of potential societal benefits from management interventions.

Studies contrasting life cycle assessment (LCA) outcomes between conventional and
sustainable approaches to urban drainage, highlight the need for a transition to considera-
tion of whole life cycle cost and performance. These factors depend on detailed scheme
design, but particularly the importance of systematic assessment addressing frequently
neglected dimensions of sustainability essential for meeting the challenges of growing
urban populations and changing climate (Ellis et al., 2003; Zhou, 2014). They conclude
that SuDS principles contribute to sustainable development by averting unintended nega-
tive impacts, particularly life cycle material inputs, environmental emissions and energy
use, also potentially optimising outcomes across ecosystem services (Everard and Street,
2001; Natural England, 2009; McInnes, 2013; Everard and MclInnes, 2013).

Even in more ecologically aware cities, urban environmental management systems often
overlook many ecosystem benefits (McInnes, 2013). Implicit in SuDS design is protection
and improvement of the environment (Woods Ballard et al., 2015) and implementation of
green infrastructure can also promote human health and deliver multiple benefits (Tzoulas
et al., 2007). This chapter analyses the potential contribution of selected urban drainage
solutions to delivery of ecosystem services.

Potential Contribution of SuDS Types to Ecosystem Services

The SuDS Manual (Woods Ballard et al., 2015) specifies techniques ranging from simply
increasing floodwater storage capacity in dense, constrained urban settings (for example
underground gabions beneath hard infrastructure) through to incorporating multiple
ecosystem service outcomes additional to drainage. Filter drains and pervious pipes, pervi-
ous surfaces, infiltration basins and constructed wetlands were selected as representative
techniques. The following descriptions derive largely from Woods Ballard et al. (2015):

= Filter drains and pervious pipes comprise trenches filled with permeable material receiv-
ing water falling on paved areas, filtering and conveying it elsewhere on site. This slows
and provides some physical filtration of stormwater, though without significant chemical
purification or habitat for amenity and biodiversity.

= Pervious surfaces allow water to infiltrate an underlying storage layer, detaining it
before infiltration to the ground, reuse or release to surface waters. These systems offer
no habitat for wildlife or amenity (beyond the paved surface which is built infrastructure
rather than ecosystem service).

= [Infiltration basins are depressions in landscapes, constructed to store runoff during
intense precipitation, enabling it to infiltrate progressively into the ground. Infiltration
basins may be landscaped, providing aesthetic and amenity value; however, due to
necessary regular maintenance, only simple low-sward habitat tends to form.

= Constructed wetlands are diverse, typically comprising ponds with shallow vegetated
areas which improve pollutant removal and provide wildlife habitat. They may accu-
mulate organic matter, recycle nutrients and become attractive features in urban devel-
opments. Constructed wetlands range from simple stilling ponds and reed-filled hollows
through to extensive semi-natural systems. Potential outcomes from ‘best practice’
constructed wetlands designed to achieve multi-functional benefits are used as refer-
ence points from Australia (Wong and Brown, 2009) and Ireland (Doody et al., 2009).
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All SuDS techniques vary in specific detail and potential service production depending on
locational constraints and design, but each potentially achieves multiple ecosystem service
outcomes. Assessment of modelled outcomes from traditional piped drainage solutions,
featuring in the case study in Gouda et al. (unpublished data), are included as a compara-
tive baseline. The potential contribution of SuDS types to each ecosystem service is scored
using a ‘traffic lights” approach (Table 16.1):

= green: has the potential to make a contribution to the service, with foresighted planning
and implementation

= gmber: has a limited potential to contribute to the service; and
red: does not contribute to the service, or may undermine it.

Two broad areas of subjectivity are acknowledged in the assessments. (1) No SuDS method
is uniform, varying in detail and outcome with location and design. (2) Assessment of
potential contribution to ecosystem service outcomes is challenging due substantially to a
paucity of indicators and data (Burkhard ez al., 2012). Burkhard et al. (2009) and Busch
et al. (2012) propose using expert evaluations to garner an overview and identify trends,
an approach successfully applied elsewhere, where assessments have been based on inten-
sive literature searches, stakeholder interviews and partially on expert estimates (Vihervaara
et al.,2010). While detailed quantitative analysis of SuDS schemes would add rigour, each
case study represents a ‘snapshot’ of the potential of each approach. Therefore, while
acknowledging some subjectivity, we suggest that the lack of detailed scheme-level appraisal
under each SuDS option does not undermine the inherently systemic nature of the com-
parative analysis. Indeed, the key challenge being addressed in this analysis is to represent
a systemic perspective of the contributions of drainage techniques, not a detailed reductive
analysis of each service outcome.

This simplification of assessment via three traffic lights, building from a simpler pass/fail
scoring system of other water management techniques (Everard, 2014), presents likely
outcomes in illustrative yet intuitive terms that may be useful in guiding non-technical
development proponents towards more sustainable methods. This articulation therefore
usefully represents potential outcomes for design options in decision-support models.
The traffic lights approach has proved useful previously to represent the potential contri-
bution of water management strategies to the 12 principles of the Ecosystem Approach
without implying a greater degree of certainty than analyses can support, serving the
important purpose of illustrating systemic coverage (Everard et al., 2014).

Analysis of Ecosystem Service Outcomes from SuDS Schemes

Potential ecosystem service contributions of traditional piped drainage and the four
selected SuDS design approaches is presented in Table 16.1. The simplified traffic lights
colour-coding reveals a spectrum from a low range of services for piped drainage to poten-
tially far broader service contributions from constructed wetlands. Traditional piped solutions
perform some services well (local removal of stormwater including pollutant loads), but
few other services are addressed, though some potential co-benefits arise (fire regulation by
avoidance of combustible materials, and an educational resource) together with several
negative externalities (displacement of stormwater and contaminant concentration).
Conversely, constructed wetlands potentially produce multiple co-benefits, albeit with
some risks from inappropriate context-specific design and/or management.
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Identical narrow outcomes were identified for filter drains and pervious pipes and for
pervious surfaces, reflecting their essentially volumetric role, albeit with some physical
filtration. The low managed grass sward of infiltration basins performs some additional
ecological and physico-chemical functions and fit into multi-functional landscapes of
wider value.

Certain ecosystem services (including provision of genetic, biochemical or ornamental
resources) only potentially arise from constructed wetlands. Conversely, a high level of
regulation of water and erosion control was provided by all approaches except traditional
piped drainage. Education and research benefits extended across all approaches. Different
approaches lend themselves to different ranges of ecosystem services, though net benefits
to society (breadth of ecosystem services) increases with performance or emulation of
natural processes. Each solution has its place in a mix of approaches in urban environ-
ments, yet also has a different ‘footprint’ of environmental impact and net provision of
value to society within and beyond the discipline of urban drainage.

Recognising the Multi-Functional Opportunities of SuDS

Notwithstanding the ethical, environmental and net societal value implications of
considering multiple service outcomes in decision-making, consistent with interna-
tional and national requirements to take an ecosystem approach, significant challenges
remain in ‘mainstreaming’ ecosystem services into planning, policy and implementa-
tion (Apitz et al., 2006), with significant impediments to sustainable water manage-
ment persisting particularly in urban contexts (Farrelly and Brown, 2011). Philosophical
and practical progress, supported by a growing body of case studies (for example, as
reviewed by Grant, 2012), is promoting incremental integration of SuDS and related
techniques into urban drainage policy and practice. This can contribute to wider
uptake of ecosystem service considerations in urban design and management (Grant,
2012) helping overcome ignorance surrounding the potential values of urban biodiversity
(Rodriguez et al., 2006).

Recognising multiple service outcomes differentiates the net consequences of hard engi-
neering (traditional piped drainage) versus ecosystem-based approaches to urban drainage.
Individual scheme design has to be fit for purpose, though the definition of ‘purpose’ remains
open to debate. Drainage design will be steered in a particular direction if the purpose is
framed solely as dealing with flood events, assumed to become increasingly episodic due to
climatic instability, and to deliver within specific urban context and policy requirements.
Hard engineering approaches that are focused narrowly on drainage may be locally appro-
priate in dense built infrastructure, with constrained opportunities for multi-benefit solutions,
though unintended consequences have to be addressed and mitigated wherever possible.
However, in greenfield development, or where other design considerations permit, the
benefits of a multi-benefit approach are compelling for delivering water management and
wider societal benefits (Steiner, 2014). Nevertheless, narrow or otherwise ill-informed
economic or perceived technical constraints still frequently shape decision-making (Barbosa
et al.,2012). Yet more sustainable approaches to drainage are increasingly required by plan-
ning policies, whether because developers or planners see direct benefits from taking a more
sustainable approach or because development proponents recognise wider benefits.
Converting these aspirations into practical implementation requires clear communication of
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the advantages of taking a multi-benefit approach, requiring illustrative communications
tools to engage diverse stakeholders influencing scheme design, operation and regulation.

Systemic intent, seeking optimal public value across services, can promote a multi-benefit
vision. The systemic approach supersedes narrower paradigms that may generate unintended
externalities, which nonetheless represent real costs and lost opportunities for multiple
constituencies. Where a vision of multiple ecosystem service outcomes is successfully
shared among stakeholders this may promote collaborative funding from multiple sources
which, though formerly managed independently (e.g. estates management, public health,
flood management, air quality and public amenity provision), may cost-effectively optimise
societal benefits.

A shift to more sustainable practice will be driven not merely conceptually but by more
integrated regulatory requirements, practical methods assuring developers and regulators that
techniques are robust broader economic considerations, and also pragmatic decision-support
tools. This situation was highlighted in Australia, where historical entrenchment, sectorial
barriers, perceived risks and lack of experimentation in policy decisions present perceived
barriers to implementing sustainable urban water management (Farrelly and Brown, 2011).

As most design and regulatory decisions are based on modelled outcomes, drainage
models need to incorporate potential public benefits and externalities across ecosystem
services to promote cross-sector and multi-disciplinary working (Ward et al., 2012).
Evolution of practical design guidance and evaluation models has an important role in
accelerating transition to sustainable approaches to drainage.

As SuDS design progresses to encompass diverse ecosystem services, distinctions between
SuDS and other urban water and environmental management solutions (green infrastruc-
ture, urban forests, urban river restoration, etc.) blur as narrow disciplinary interests
coalesce into net contribution to sustainable urban design (Everard and Moggridge, 2012).
Everard and Mclnnes (2013) identify a ‘systemic solutions’ approach, defined as ‘low-input
technologies using natural processes to optimise benefits across the spectrum of ecosystem
services and their beneficiaries’, that can contribute to sustainable development by recog-
nising and averting unintended negative impacts and through optimisation of outcomes,
increasing net economic value.

The principle of fitness for purpose of drainage scheme design expands beyond ensuring
sufficient drainage capacity, to also accommodate implications for all ecosystem services.
Failure of vision in design can constrain the value of ostensibly more sustainable approaches
(MclInnes, 2013). For example, constructed wetlands designed with steep sides substan-
tially limits area available for establishment of functional habitats (such as for wildlife and
regulation of air quality — Becerra Jurado et al., 2010) also representing a potential hazard
for people (a disbenefit rather than a service). Wetland design has also to balance outcomes
across services (Harrington et al., 2011), for example optimising outcomes for climate
change by promoting the sequestration of carbon while averting methane and nitrous
oxide generation in extensive anaerobic areas (Mander et al., 2011).

Local setting has also to be considered to prevent unintended consequences outweighing
potential benefits (Wong, 2006). For example, permanent open water in a tropical
constructed wetland in an urban environment may provide efficient drainage and other
services, but could present malarial risks and substantial water loss through evapotranspi-
ration (Greenway et al., 2003; Knight et al., 2003), where SuDS techniques promoting
groundwater recharge may deliver service value additional to drainage including water
resource recharge, disease regulation and other cultural benefits (Yang et al., 2008).
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16.5 Conclusions and Recommendations

The diversity of potential outcomes for any sustainable drainage design set in its geographic,
climatic and demographic context demands case-by-case consideration. However, every
design presents an opportunity to optimise benefits rather than maximise single outcomes
(Everard and McInnes, 2013) and to integrate across the multiple actions demonstrated in
Figure 16.1. To make this workable, we recommend the following.

1. Decision-makers, planners and managers need to adopt systemic approaches to
urban water management challenges. These should optimise societal value, including
elimination of unintended disbenefits, across the full spectrum of ecosystem services.

2. Cross-disciplinary models that can optimise design, accounting for all ecosystem
services and context-specific risk factors and interdependences, will be invaluable in
navigating this complexity. Such models must provide options, warnings and guid-
ance to help developers shape design, supporting optimal public value across ecosystem
services.

3. The simplistic traffic lights illustration of likely outcomes of drainage options used
in this chapter represents a useful and intuitive means for models to represent potential
outcomes to non-specialist users and audiences.
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Whole Life Costing and Multiple Benefits
of Sustainable Drainage

Jessica E. Lamond

17.1 Introduction

When planning major engineering works, urban water management schemes, flood defence
systems and drainage for new developments, the use of public or shareholders’ money is
subject to scrutiny, and so it warrants selecting the option that delivers best value for
money. Traditional schemes to manage urban flooding and urban drainage have been
subject to project appraisal methods that typically include some measure of economic costs
and benefits of the schemes (Department of the Environment Food and Rural Affairs,
2009). The natural inclination, therefore, is to judge alternative approaches to flood and
stormwater using the same appraisal techniques and measure their costs against the reduction
in flood damage and loss or against the cost of other projects that could yield the same
stormwater control.

It has, however, been recognised that the blue-green approach, with facilities at surface
level and distributed across wider areas, may yield multiple benefits over and above storm-
water management and equally that these facilities may require greater maintenance to
function efficiently and deliver those benefits (HR Wallingford, 2004). If grey and blue-
green approaches are being compared, then it is crucial to use a methodology that can
compare like with like and is equally robust to assumptions for both types of scheme. It is
more critical, when comparing across widely diverging approaches, to think about the
whole life costs and the other benefits outside water management that might tip the balance
in favour of one type of installation over another. Suitable approaches to cost-benefit
analysis have therefore been the subject of much study and debate within the sustainable
drainage literature, and parallel concepts such as ecosystem services and multi-criteria
analysis have been proposed. This chapter discusses the most common and established, as
well as emerging trends and summarises recent findings and literature around cost—benefit
whole life costing and valuation of multiple benefits.
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There is a great deal of uncertainty surrounding the future performance needs and
other requirements for sustainability in an ever-evolving urban environment, therefore it
is important to continue to develop plurality in evaluation for different purposes. First,
better technical understanding of the installation, function and maintenance of systems
will lead to improved cost estimation and thereby economic appraisal. Second, as the
benefits from SuDS accrue at diverse spatial scales and to multiple beneficiaries including
commercial entities, local statutory bodies and communities, models that can equitably
apportion costs and benefits across different stakeholder groups are gaining more importance.
Third it is important to recognise that, by their very nature, benefits such as amenity
value are contextually specific and culturally weighted, so decisions are unlikely to be
reduced to comparison of a single ratio without a great amount of local consultation and
site specific observation. In many cases the prohibitive cost of such studies will result in
the use of human judgement or proxy valuation of benefits drawn from other locations,
as being the benefit transfer approach. Decision-makers will need better understanding
of the evaluation process, and evaluators are developing alternative methods for com-
munication to decision-makers that foster transparency and engagement in the selection
of project goals.

17.2 Whole Life Costing

According to Constructing Excellence (2006) whole life costing (WLC) is ‘the systematic
consideration of all relevant costs and revenues associated with the ownership of an asset’.
As such it is highly relevant to the issue of assessing the costs of SuDS in relation to urban
drainage and it is further defined by the relevant British Standard BS ISO 15686-5:2008:
Buildings and constructed assets. Service life planning. lifecycle costing:

economic assessment considering all agreed projected significant and relevant cost
flows over a period of analysis expressed in monetary value. The projected costs are
those needed to achieve defined levels of performance, including reliability, safety and
availability.

The WLC method is particularly relevant if there is a planned maintenance and replace-
ment regime for assets. Indeed, the Environment Agency investment plans for flood
defence investment (Environment Agency, 2009) include WLC estimates under different
maintenance assumptions. For built assets designed to last for decades, it is clear that
maintenance and operational costs may easily exceed construction costs. Early costings by
the Environmental Protection Agency (EPA) of maintenance requirements for SuDS
yielded annual estimates of up to 20% of construction costs (EPA, 1999) so capital costs
would be exceeded after five years. It is generally the case that the most cost-effective
opportunities for SuDS installation exist during new construction and development (for
example, Bloomberg and Strickland, 2012) but Gordon-Walker et al. (2007) conclude
that, despite higher capital costs of installation, the longer expected life of permeable
paving rendered retrofit of permeable paving during planned replacement in the UK a
cost-effective option.

If it is argued that SuDS have a smaller capital investment requirement but involve a
greater investment in maintenance over their lifetime (HR Wallingford, 2004) then
ignoring the WLC for a project may overstate the economic suitability of SuDS as
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replacement for traditional drainage systems. Some sources such as CIRIA (2009) and
Everett et al. (2015) note that behaviour around SuDS can detrimentally impact their
amenity and functionality through, for example, dumping of grass clippings or litter.
However, others assert that SuDS may be better able to tolerate shortfalls in planned
maintenance than some conventional systems (Stevens and Ogunyoye, 2012). Sources
of cost data to aid calculation of costs of installation and/or maintenance of SuDS
include HR Wallingford (2004), CIRIA (2009), Lampe et al. (2004) and Stevens and
Ogunyoye (2012) in the UK. US sources include EPA sources (EPA, 1999) and
Narayanan and Pitt (2005); also, a benchmarking report by Barr Engineering Company
(2011) for the Minnesota Pollution Control Agency (USA) give both construction and
maintenance costs for a range of best management practices (BMPs) in the US context.
Taylor and Wong (2002) have provided information for the Australian market, based to
some extent on the international estimates. Houle et al. (2013) also compared mainte-
nance cycles for a range of low impact development (LID) stormwater approaches
including SuDS.

Important decisions in the process of preparing WLC estimates relate to the time period
over which the comparison is made and the discount rate chosen to account for the lower
perceived value of future maintenance costs when compared to current capital investment.
As it is a relatively innovative technology, the opportunity for lifetime evaluations has
scarcely existed and their tendency to obsolescence is unknown. Therefore, design life
estimates for SuDS are said to be uncertain in comparison to the piped alternatives (HR
Wallingford, 2004) and selection of a time horizon may be a critical factor in cross-project
comparisons. Selection of the chosen discount rate amounts to a judgement on the relative
importance of capital investment, maintenance and operation. The higher the discount rate
the more advantageous the low capital investment options appear to be. Different stake-
holders typically use discount rates that suit their cost of capital and policy goals. National
Government (Treasury) guidance in the UK specifies suitable rates for use in project
appraisal. However, if a pluralistic approach to funding is required (e.g. government grant,
EU funding, direct private investment, donor agencies, loan financing etc.) or if different
stakeholders are responsible for installation vs operations and maintenance, then some
conflicts may arise through the use of alternative discount rates for different stakeholders
in the funding consortium.

In circumstances where the drainage features of SuDS are most important, cost-effectiveness
analysis using a WLC approach can be considered useful and has lower data requirements
than a full cost-benefit approach. For new development, this is equivalent to working out
the cost of meeting the desired drainage design requirements using different approaches,
rather than optimising the benefits. However, it can also be used to consider the alterna-
tives to retrofitting existing infrastructure. In Portland Oregon (USA), for example, it has
been estimated that widespread adoption of green roofs could reduce the expenditure
needed to upgrade the stormwater system to the tune of $60 million (Bureau of
Environmental Services — City of Portland, 2008).

Evidence on WLC from Past Studies
Although it was noted above that authors have found evidence that capital costs can be

lower and maintenance costs higher for SuDS than conventional systems, the empirical
evidence paints a more complex picture. For example, in their comprehensive report on
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evidence for costs and benefits of SuDS in the UK, Stevens and Ogunyoye (2012)
concluded that

the cost of SuDS to provide the same performance criteria as traditional drainage are
much lower. However conventional drainage systems are not designed to the same
requirements as SuDS (Defra, 2009). Defra (2011) noted from case study examples
that overall evidence suggests SuDS may be up to 30% cheaper to construct, however
for challenging sites it can be 5% more expensive to construct than traditional
drainage.

Potential to see variation in costs due to alternative SuDS specifications is high as there are
fewer design tools available and a greater range of optional design criteria to specify. Some
SuDS systems can be enhanced aesthetically or in other ways to boost the multiple benefits
over and above the primary stormwater management purpose. In order to compare like
with like on a single benefit appraisal the cheapest specification is preferred. MacMullan
and Reich (2007) summarised the evidence and suggested that, whereas LID was often
already a cheaper alternative, the sheer novelty of LIDs added to their costs (of design and
compliance with regulations) and that with time this would reduce. Shelton and Vogel
(2005) compared the cost-effectiveness of infiltration versus detention BMPs for the same
performance requirements in different locations and concluded that detention was in
general more cost-effective.

For WLC, the variability in estimated costs can be caused by methodology as well as site
specific factors that will inevitably increase the cost of installation. The WLC approach was
taken by Duffy et al. (2008) for a site in Scotland, concluding that when well designed and
maintained, SuDS can cost less to maintain than more traditional drainage. This was reiterated
by Wolf et al. (2015), who implemented a whole life costing approach using two different
tools for the same site, namely the Water Environment Research Foundation method (2009),
and the ‘SuDS for roads whole life cost and whole life carbon tool’ (Scottish SUDS Working
Party, 2009) and under different assumptions, discounting factor and time horizon.
This study demonstrated differences between estimates using the alternative methods.

Houle et al. (2013) recorded short-term maintenance costs for stormwater management
facilities in New Hampshire, concluding that the variation was quite broad, ranging from
an annualised 4-19% of capital costs annually, and that those facilities responding to
regular planned maintenance and collecting least pollutants required the lowest resources
for maintenance. Gordon-Walker et al. (2007) estimate that permeable block paving has
lower replacement and maintenance costs than regular paving and therefore costs less on
a life cycle basis. Porsche and Kohler (2003) and Bureau of Environmental Services (2008)
argue that the life cycle costs of green roofs are lower than the traditional alternatives
because they need to be replaced less often. Green roofs are also argued to protect sensitive
membranes from solar damage (Vila et al., 2012; Livingroofs.org, n.d.). The sparsity of,
and differences in, the results described here clearly show that more research on the long-
term costs of operation and maintenance of SuDS is needed.

17.3 Multiple Benefits of SuDS

The financial case for the use of SuDS to manage stormwater and reduce flood risk can
sometimes be made in a straightforward manner, as demonstrated above, based on reduced
whole life cost to deliver the required stormwater management benefit. Flood reduction



Whole Life Costing and Multiple Benefits of Sustainable Drainage 239

benefits achieved using SuDS can be estimated in the usual way, for example using the
Multi-coloured Manual (Flood Hazard Research Centre, 2010). However, SuDS have the
potential to contribute more broadly within urban environments and ecosystems so that
the stormwater and flood management aspects are only a part of the benefits to be evaluated
in a cost—benefit approach or considered in multi-criteria approaches.

The list of potential multiple benefits of SuDS is long, and ranges from specific, scien-
tifically testable, environmental claims around air and water quality to more subjective
claims around neighbourhood improvement, wellbeing and amenity. Abbott et al. (2013)
categorised the potential benefits into types, as listed in Table 17.1 with brief examples.
However, it is worth noting that not all SuDS provide all benefits, so that a detailed assess-
ment is required on a case-by-case basis. For example, the claims to improving air quality,
carbon and nitrogen sequestration associated with SuDS are highlighted in other chapter
of this volume and are largely based on the increase in vegetation in built-up areas. They
are most easily provided by street trees and to a limited extent by other vegetated SuDS,
and are not provided, for example, by permeable paving. The potential for blue-green
installations to mitigate extreme weather is explored by Voskamp and Van de Ven (2015),
highlighting those that are mostly of benefit for cooling (such as green facades), others that
are best for infiltration (such as porous paving) and some that are mainly tailored to
storage (such as rainwater harvesting), while other installations provide a combination of
benefits. Voskamp and Van de Ven (2015) propose that guidance and support tools need to
recognise multiple options, leaving the local decision-makers to determine the best combi-
nation of features to suit the goals of planning within the specific urban environment.

Studies demonstrate that a wide variety of benefits can be provided by SuDS. A compre-
hensive review of the evidence is provided by CIRIA (CIRIA, 2013), covering, for example,
the potential for green roofs to act as an insulation layer, thereby reducing a building’s
heating and cooling costs and benefits global greenhouse gas emissions (Bamfield, 2005;
Bastien et al., 2011). Castleton et al. (2010) concluded that this could be significant for
retrofit of older UK properties with lower thermal efficiency, with up to 45% savings on
heating costs. Wilkinson and Feitosa (2015) found significant cooling benefits (up to 15%)
on metal roofs in the context of green roof retrofit in Sydney and Rio.

Table 17.1 List of categories of benefits from SuDS (after Abbott et al., 2013).

Category of benefit

Example within category

Water quality

Flood risk management
Food and urban agriculture
Energy/carbon

Wastewater

Water supply
Health and wellbeing

Economy

Place and community
Habitat and biodiversity

Microclimate adaptation

Filtration devices improving water quality discharging into watercourses, leading to
cleaner streams

Peak flow attenuation and delay as well as infiltration reducing and delaying runoff
Increased green spaces providing the opportunity for food/crop production
Thermal efficiency of green roofs leading to lower heating and cooling costs
Quantity and quality of runoff entering the water treatment cycle improved through
retention and filtration

Infiltration increasing subsurface flows and groundwater recharge

For example, improvements in air quality leading to better respiratory health
Linked to other benefits such as uplift in property value due to neighbourhood
improvement

Improved aesthetics in the urban environment

Increased aquatic and terrestrial species including insects, birds, amphibians and
plants

Urban cooling and reduction of urban heat island
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17.3.1

Some health benefits are linked to air quality improvement, predicated on the removal
of particulates by vegetation that lead to less respiratory damage. The link between air
pollution and increased demand on hospital services is well recognised. Quantifying the
link between SuDS and air pollution is less well evidenced. However, studies including
Clark et al. (2008) contend that the consideration of reduction of nitrogen oxides in urban
areas should not be ignored. Hoang and Fenner (2014) offer reflections on the differential
performance of green roofs to trap pollutants depending on soil moisture content and air
temperature. Further health benefits are posited due to increased physical activity, higher
levels of walking and wellbeing due to proximity to green space (de Vries et al., 2003;
Groenewegen et al., 2006; Maas et al., 2006; Sinnett et al., 2011).

Biodiversity improvements due to provision of habitat within urban areas are potentially
significant but problematic to estimate in advance. The assessment of benefit of increase in
wildlife within cities calls for subjective judgement regarding the value of biodiversity,
although the preservation and encouragement of rare species, as seen in the Barclays Bank
400 m green roof, where extremely rare beetles were recorded (Warwick, 2007), is usually
regarded as beneficial. Features can be designed to include rare or locally rare plant species
or to attract specific wildlife but are more potent when wildlife connectivity is considered.

Social benefits claimed from SuDS include recreation, educational opportunities and
community cohesion. Clearly the implementation and design of public realm facilities that
include SuDS can lend themselves to such benefits (Graham et al., 2012). For example, the
exemplar work in schools has provided direct educational benefit for the children attending
adapted schools (Graham et al., 2012).

Valuing Benefits

The process of monetising benefits is useful for the purpose of cost—benefit analysis (CBA) and
is advocated by proponents of CBA as a methodology that allows for comparison of projects
on a like-for-like basis. Converting the benefits of SuDS into a monetary equivalent also allows
the calculation of net present value (NPV) thereby enabling the justification of capital
investment and raising of finance where necessary. Making the business case for SuDS is
particularly important when public money is invested for the public good by governmental
and non-governmental organisations (CIRIA, 2013). Post hoc measurement of benefits can
draw upon a range of valuation tools, including stated and revealed preference methods such
as hedonic analysis (Ichihara and Cohen, 2011), contingent valuation methods (Bowman
et al., 2012), substitution or cost based methods. A priori estimation of benefits can draw on
expected reductions in damages, estimated reductions in air pollution and predictions of
reduced heating or cooling costs (Bureau of Environmental Services — City of Portland, 2008).

Tools for valuing benefits are available to help decision-makers assess the relative merits
of different schemes, and there are many options available (EFTEC/Cascade, 2013).
Assessment of the scope and focus of the various tools is provided in the EFTEC/Cascade
review (2013) for Natural England. For example, the Center for Neighbourhood
Technology in the USS quantifies 20 benefits provided by SuDS - including flood risk
reduction, amenity benefits and environmental improvements — in its valuation tool (Center
for Neighborhood Technology (CNT), n.d.). The green infrastructure valuation toolkit is a
tool developed for the UK context by Green Infrastructure Northwest and is a prototype
open source toolkit available on-line. The latest UK tool is the CIRIA BeST tool (CIRIA,
2015), drawing on the previously published review and using the principles of benefit
transfer to allow valuation of multiple types of SuDS.
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Benefit transfer is the use of the results of site-specific detailed benefits studies to estimate
benefits that might accrue from similar installations in a different location (CIRIA, 2013).
The advantage of the benefit transfer approach is that it reduces the need for detailed site
studies — thus saving cost and time. Naturally, the trade-off lies in the inadequacy of the
data available on comparable installations and site specific factors that will fundamentally
alter the benefits achieved. Such tools are potentially most helpful for a feasibility assess-
ment or comparison of options at a broad design stage. More precise studies can then be
focused on critical benefits and/or smaller numbers of options.

17.3.2 Distribution of Benefits

Consideration of the benefits needs to be contextualised within an understanding of the
spatial scale of benefits and the identity of the beneficiary (Abbott et al., 2013). For example,
benefits to commercial property owners are discussed by Lamond ef al. (2014) and by
NRDC (Clements et al., 2013) which range from direct savings in heating costs to hypoth-
esised reputational enhancement, whereas Abbott ez al. (2013) consider various institu-
tional stakeholders and water companies in relation to lower water processing costs.
The multiple benefits of SuDS installation are sometimes spread over a wide populace; for
example, flood reduction benefits go beyond the property that installs them, stormwater
benefits may be spread among all customers of a given utility company and amenity benefits
accrue to local businesses, residents and visitors to an urban area. In the city of Portland,
Oregon the Tabor to the River programme includes several SuDS features, such as bioswales,
to manage the rainwater at source (Church, 2015). Portland has been active in installing
such features across the city under a number of initiatives, and private residents are often
asked to partially or wholly fund their installation in the paving areas outside their property
(Everett et al., 2016). However, the stormwater benefits of bioswales are felt in reduced
nuisance flooding (not necessarily in the same street as the bioswale) and reduced costs of
stormwater treatment and management that are reaped much more widely. Water quality
improvement is another benefit that accrues at a city-wide scale both from directly experi-
encing cleaner waters and indirectly having lower clean-up costs. Other benefits from the
green streets are expected to be more concentrated on the immediate neighbourhood, such
as air quality and community liveability (Entrix, 2010). There is some evidence that the
neighbourhoods with green street facilities are more desirable in the long term (Netusil
et al., 2014), resulting in property value uplift. However, Netusil et al. (2014) also suggest
that those living closest to the facilities may experience a negative impact on property value
compared to those in the neighbourhood but not immediately adjacent to a bioswale, and
some regard them as ugly, or dislike the overshadowing of their own gardens by trees in
bioswales (Everett et al., 2015). The apportionment and spatial distribution of costs and
benefits for SuDS is an area that has received minimal attention but will be increasingly
important if widespread adoption and maintenance costs are to be equitably apportioned.

17.4 Conclusions

Sustainable urban drainage systems are advocated as a more natural and flexible, and
therefore sustainable, solution to flood and stormwater management for urban and subur-
ban settings. However, if the uptake of SuDS is to be promoted as opposed to more familiar
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and trusted traditional drainage approaches, it will be necessary to understand the cost-
effectiveness of the SuDS alternative, in order to include the approaches within formal
options appraisal.

This chapter has explored relevant literature and touched on a variety of tools that can
contribute to the estimation of the costs of implementing and maintaining SuDS, and the
evaluation of flood damage reduction, stormwater management and other benefits associated
with these approaches. It is apparent from this review that the analysis of costs and multiple
benefits of SuDS is complicated by the multiplicity of SuDS options, the variety of design
choices, the heterogeneity of the urban setting within which they are proposed to be
installed and the fact that those schemes and beneficiaries are not necessarily co-located.

Owing to this complexity, in practical terms, it will be important for decision-makers to
select evaluation methods that are appropriate and proportionate. This may sometimes be
limited to cost-effectiveness calculations when runoff reduction is a major goal or legisla-
tive requirement for the SuDS, specifying the lowest cost option to achieve the required
stormwater performance. However, in other instances, such as retrofit SuDS during
renewal or regeneration, a greater focus on other positive features of SuDS is necessary.
The increasing use of benefits transfer via tools such as the CIRIA BeST tool can help in
making the case for SuDS, but it is important to continue to add to the evidence base
supporting such tools given the scarcity of studies that demonstrate robust estimates of
benefits achieved and even of the ongoing cost of maintaining SuDS under differing
climatic and locational factors.

Another area requiring greater focus from research and improved evidence is the distri-
bution of costs and benefits across stakeholders, spatially and temporally. This is an emerging
area of research and practice that may enable the leveraging of increased funds into SuDS
implementation and also provide insights into appropriate incentive schemes to encourage
private stakeholder to make sustainable choices.
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Green Roof and Permeable Paving Retrofit to
Mitigate Pluvial Flooding

Sara Wilkinson, David G. Proverbs and Jessica E. Lamond

18.1 Introduction

With increasing urbanisation, predicted climate change and population growth, the potential
for intense rainfall events to cause flood damage and disruption within urban settlements
including central business districts (CBDs) grows (Met Office Hadley Centre for Climate
Research, 2007; Jha et al., 2011). Urban planning has increased the development density
and the amount of impermeable surfaces, and population increase will impose further pres-
sure to increase densities ever higher. Stormwater runs off impermeable surfaces, rather
than infiltrating into the ground, and in this way increases flooding potential. In many
Australian CBDs, piped drainage systems were installed when lower density development
existed and the capacity has not increased sufficiently. According to the City of Melbourne
flood emergency plan ‘Flooding within City of Melbourne catchments is generally caused
by short duration thunderstorm events because these produce the highest rates of runoff in
hard-lined drainage systems serving relatively small and highly impervious catchments.
(City of Melbourne and VICSES Unit(s) St Kilda and Footscray, 2012).

Retrofitting and replacing below-ground drainage systems is expensive, time-consuming
and disruptive. Australia is cited here as an example, but many other cities globally are
experiencing similar issues with respect to pluvial flooding overwhelming existing infra-
structure and causing physical and economic damage to buildings. Cost of building reme-
diation following the 2010/11 floods in Queensland and Victoria was estimated to be up
to A$20 billion (Companies and Markets, 2011). Chetri et al. (2012) noted that indirect
impacts, such as transport disruption, also affected the local economy during the 2011
event. However, the full impact on local economies can be longer lasting and difficult to
measure, given that many businesses fail to recover after flooding (Gissing, 2003).
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Widespread green roof retrofit has been proposed by Charlesworth and Warwick (2011)
as a roof treatment that mimics natural infiltration patterns, decreasing runoff and reducing
flood risk. Permeable paving is advocated by Gordon-Walker et al. (2007) as a treatment for
impermeable surfaces, such as car parks, pavements and roads, subject to light traffic. Within
CBDs, this could be achieved through retrofit during urban renewal or refurbishment.
Policies to encourage green roof retrofit have been introduced, for example, in the USA in
Portland, Oregon (Environmental Services — City of Portland, 2011), Chicago and Philadelphia
(Bureau of Environmental Services — City of Portland (2008). In adopting such policies it
is important to consider whether widespread retrofit of green roofs and permeable paving is
a viable option given structural and functional conditions in a given city. Furthermore storm-
water management is just one of the functional, social and environmental benefits attribut-
able to green roofs (Hoang et al., 2014) and therefore it has to be considered along with other
complementary and conflicting urban planning objectives. In Australia, the pattern of alter-
nating flooding and heatwaves (Chetri et al., 2012) highlights the need for urban renewal
that is tolerant to drought and contributes to reducing urban heat islands (UHI).

This chapter uses a recent study within the city of Melbourne as an example to explore
the potential of retrofitted green roofs and permeable paving (referred to as sustainable
urban drainage systems — SuDS) to attenuate stormwater damage in the context of CBDs.
The research highlighted the importance of considering the barriers and drivers to retrofit
through three key objectives:

1. Explore the choice of green roof retrofit optimised for flood risk reduction, including
the identification of additional social and environmental benefits and trade-offs

2. Evaluate the proportion of buildings that are physically suited to green roof retrofit
and of paved areas that are suitable for permeable paving

3. Consider different uptake scenarios in estimating the potential reduction in rainwater
runoff from green roof and permeable paving.

18.2 Types of Green Roof for Stormwater Management

The term green roof, or vegetated roof, describes a roof (or part of a roof) of a building that
is covered with vegetation and, in current green roof technology, a substructure supporting
the vegetation while protecting the building. Typically, this includes: a roof structure; a
waterproof membrane or vapour control layer; insulation (i.e. if the building is heated or
cooled); a root barrier to protect the membrane (i.e. made of gravel, impervious concrete,
polyvinylchloride (PVC), thermoplastic polyolefin (TPO), high-density polyethylene
(HDPE) or copper; a drainage system; a filter cloth (non-biodegradable fabric); a growing
medium (soil) consisting of inorganic matter, organic material (straw, peat, wood, grass,
sawdust) and air; and plants.

Green roofs can be intensive or extensive. Intensive green roofs, sometimes known as
‘roof gardens’, typically combine vegetated areas with recreational or social space, planting
may include trees and shrubs. Extensive roofs are more common and are usually designed
for minimum maintenance, with less emphasis on access for social and recreational pur-
poses. Table 18.1 summarises the attributes of both these common types, but a third type
is a hybrid semi-intensive green roof that combines features of intensive and extensive
roofs (Czemiel-Berndtsson, 2010). Standard soils are not used for green roofs because they
are usually too heavy for roof structures. Alternative growing media vary and should
be engineered to suit the particular planting, climate and runoff requirements, but they
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Table 18.1 Characteristics of extensive and intensive green roofs.

Intensive green roof Extensive green roof

Deep growing medium Shallow growing medium

Higher runoff reduction per m? Lower runoff reduction per m?

Small trees and shrubs feature Low profile planting such as sedums are common
Often restricted to part of the roof Cover large expanses of rooftop

Higher carbon sequestration potential per m? Lower carbon sequestration potential per m?
More maintenance required Requires minimum maintenance

More expensive Lower capital cost

More common in tropical climates More common in temperate climates

More often accessible to allow for social and Can be accessible or inaccessible, but not usually
recreational use recreational

Requires irrigation Does not usually require irrigation

Heavier roof structure required to support roof Lightweight roof structure needed to support roof
Potentially high structural implications for Minimum structural implications for existing
existing buildings buildings

(Source: Adapted from Wilkinson and Reed (2009), with additions from Getter et al., (2009) and
Czemiel-Berndtsson (2010)).

usually include aggregate (e.g. shale, vermiculite), aerated pore space and organic materials.
The viable growing medium and the planting need careful consideration, particularly in the
highly varied climatic conditions with which Australian cities are faced, from excessive
seasonal rainfall in the Northern Territory of Australia to insufficient rainfall in Victoria.
Water supply is an issue where watering and irrigation of plants is required, and upgrading
to supply water will add further costs. Therefore, in Australia the capacity for rainwater
harvesting, perhaps from adjacent roof space, and the use of drought- or heat-tolerant
plants is desirable to cope with fluctuations in climate.

Many green roof programmes and regulations do not specify the roof type, resulting in
a preponderance of extensive green roofs, which are often sedum based, as these are the
least costly to install. However, it is clear from Table 18.1 that choice of the appropriate
green roof for optimal stormwater management is complicated by several factors. All else
being equal, the stormwater retention performance of a green roof depends on the sub-
strate depth and absorbency of the substrate, meaning that intensive roofs may be preferred
for stormwater management. For example, the Beijing Olympic Village (China) had some
green roofs included in the design of buildings. However, Jia e al. (2012) calculated that
improvements could be achieved if the substrate depths were doubled from 0.3 m to 0.6 m.
Specific design aspects can be important in regulating prior saturation. Speed of evapora-
tion after a storm is important and depends on external temperatures and humidity (Blanc
et al., 2012), but drainage design can increase drying speed, and plant type also affects
levels of retention. Furthermore, the proportion of roof covered by an intensive versus an
extensive roof may affect total runoff reduction achieved.

Building Retrofit Characteristics

The potential to retrofit existing structures, as well as the type of green roof considered
suitable, depends on factors such as roof type, size and slope and the load-bearing capacity
of the structural form. Large Australian commercial buildings tend to have roofs of concrete
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construction, whereas smaller commercial buildings may have timber roof structures
covered with profiled metal sheeting. Green roofs require good drainage and waterproofing;
green roofs with <2% slope require additional drainage measures (University of Florida,
2008). If the additional structural load-bearing capacity of the existing roof is low, a light-
weight growth medium and/or further structural strengthening may be required. Financial
viability of the retrofit is linked to the condition of the existing roof: poor condition and
the requirement for upgrading and extra structural support significantly increases costs
and can make the project unattractive.

Wilkinson et al. (2014) found that numerous building characteristics were important in
office retrofits in the Melbourne CBD (Table 18.2). Age was important, with buildings fall-
ing within certain ages (i.e. over 25 years old) being more likely to need a retrofit (Fianchini,
2007). Condition was important, with those suffering from wear and tear being prime
candidates for upgrade (Kersting, 2006). Physical characteristics of height and depth influ-
enced the likelihood of retrofit (Szarejko and Trocka-Lesczynska, 2007) and smaller
buildings were more favoured in retrofits (Gann and Barlow, 1996; Ball, 2002). The building
envelope influenced the type, extent and costs of retrofit (Kersting, 2006), and poor acoustic
separation leads to less retrofit because the noise transmission issues were perceived as
insurmountable (Gann and Barlow, 1996). The age, condition and location of services
affected the type and cost of the retrofit (Snyder, 2005). Arge (2005) found that purpose-
built buildings have better specifications with greater flexibility for retrofit. Location had
an impact, where retrofit provided a good economic return (Remoy and van der Voordt,
2006), and heritage buildings were preferred in some markets (Snyder, 2005). Many found
that proactive policy-making and legislation (planning and building codes and fire) influ-
enced the amount of retrofit (Heath, 2001; Ball, 2002; Snyder, 2005; Kersting, 2006).
Povell and Eley (cited in Markus, 1979) and Isaac (cited in Baird et al., 1996) noted that
the number of site boundaries (i.e. whether a building is adjoined to others) determined the
ease of retrofit, with Kincaid (2002) noting that detached buildings are the easiest to adapt
because of ease of access and the lack of disturbance caused to neighbours.

Table 18.2 Retrofit characteristics in existing Melbourne office buildings.

Age

Condition

Height

Depth

Envelope and cladding

Structure

Building services

Internal layout

Flexibility for a range of differing uses and functional equipment
Purpose-built buildings (not speculative)

Location

Perceived heritage value

Size

Accessibility

Proactive policy making/legislation (planning and building codes including fire)
Acoustic separation

User demand

Site conditions

Source: Wilkinson et al., 2014.
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Table 18.3 Technical features for green roof retrofit.

Position of the building

Location of the building

Orientation of the roof

Amount of overshadowing (if any)
Roof type

Roof size

Roof pitch/slope (2%-+)
Load-bearing capacity

Drainage and waterproofing system
Condition of the existing membrane
Access to the roof for construction and user (if accessible to users)
Weight of substrate and planting
Water supply

Preferred planting

Levels of maintenance desired

Furthermore, for the roof area to be successfully retrofitted, it needs to meet certain
technical criteria. The rooftop needs a reasonable amount of exposure to sun for the plants
to grow, and overshadowing must be considered. The roof pitch affects the type of green
roof that can be retrofitted. Clearly, careful consideration of the additional dead and live
loads applied in the retrofit need to be considered by a structural engineer. In some cases,
additional support may be provided. The type and condition of the existing waterproof
membrane needs to be assessed. Where necessary, patch repairs may be needed and, in some
cases, replacement may be advisable. Green roofs extend the life cycle of the roof membrane
because it is covered and unexposed to wear and tear of the elements and trafficking. Finally,
the type of planting is affected by the local climate and rainfall patterns, as well as availability
of water for irrigation and the amount of maintenance to be provided. Table 18.3 summarises
the technical features to be considered regarding the roof for retrofit.

Melbourne CBD Database

Melbourne CBD was originally laid out in the 1830s, with the ‘Hoddle Grid’ incorporating
heritage architecture now interspersed with modern buildings, sited on sloping land on the
banks of the Yarra River. Melbourne has spread out since the 1830s, creating suburbs on
previously undeveloped land, so that the catchment surrounding the CBD has also become
less permeable over time. Open watercourses have been culverted to create underground
drainage channels with the attendant potential for blockages or capacity exceedance.
Melbourne has consequently been affected by periodic pluvial ‘flash’ flooding throughout
its history, and this seems to have become more frequent in recent years.

A Melbourne CBD database of 526 buildings (constructed between 1850 and 2005),
compiled by the authors, was examined using criteria drawn from the literature above,
such as age, position, orientation and location of the building, the roof pitch, weight limita-
tions and ground conditions. Finally, criteria were developed to determine the suitability of
roofs for green retrofit.

Analysis revealed an average age of 61 years for buildings in the Melbourne CBD, with
the oldest constructed in 1853 and the most recent built in 2005. The top ten years for
the construction of new buildings are shown in Table 18.4, and this reflects considerable
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Table 18.4 Rank order of year of construction for buildings in Melbourne.

Rank order Year Number of buildings constructed
1 1945 38
2 1990 19
3 1972 15
4 1991 14
4 1930 14
4 1920 14
7 1973 12
8 1987 10
8 1969 10
8 1960 10

post-war construction with the majority of commercial buildings in Melbourne (60.4%)
constructed after 1940. A large number of buildings (237) have been constructed since the
1960s; therefore, there is a large amount of stock that would be due for major renewal and
updating, in which adaptation and retrofitting green roofs could be considered.

Overshadowing may occur if there are significant numbers of high-rise buildings inter-
spersed with low-rise buildings and blocking their sunlight and it is apparent that this
pattern may exist in the Melbourne CBD. The Property Council of Australia uses an office
building quality matrix that classes buildings from premium (the highest grade) through to
A, B, C and D grades (the lowest grade). Part of the grading criteria is net lettable area and
not the number of storeys (Property Council of Australia Limited, 2006). According to some
definitions (based on converting metres to average storey height), buildings over approxi-
mately seven storeys are high-rise and those over twenty storeys are skyscrapers. Figure 18.1
shows the cumulative frequency of buildings in the Melbourne database by number of
storeys. The modal number of storeys is three and the median is six, with 67% of the stock
up to ten storeys high. However, a significant number (8%) are 21 storeys and over and may
be casting shadows over adjoining lower buildings, meaning that most buildings are low-
rise but partially, or totally, overshadowed by their high-rise neighbours. Such an arrange-
ment of buildings could mean that existing buildings, which have adequate structural
strength to accommodate retrofit, may be unsuitable because overshadowing adversely
affects planting.

Orientation has an influence on how much exposure to sunlight the roof gets; in the
southern hemisphere north-facing properties are exposed most to direct sun. Orientation
was examined for a sample of 72 buildings in the database and revealed that north-facing
buildings only represented 12% of the sample. Most faced east (41%) followed by west-
facing (31%) and south-facing (16%). Therefore, a large number will have only partial
exposure to sunlight, even before overshadowing is considered. These two analyses imply
that access to sun should be considered on a case-by-case basis, as this will affect the type
of plants specified and/or whether green roof retrofit is viable.

Access factors, for ease of construction, were assessed by categorising the attachment of
buildings. Attachment on three sides may cause access issues, requiring main-street disrup-
tion for retrofit. However, in the sample, only 18% of the properties were in this category.
Almost half (47%) of the properties were bounded on two sides, with 22% bounded on
one side only, and 12% detached. Therefore, it was judged that the majority of properties
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Figure 18.1 Cumulative frequency of Melbourne CBD Buildings by number of storeys.

were not adversely affected by attachment to other buildings or restricted access for
construction, and are suited for retrofit.

Structural capacity affects the amount and ease of retrofit, and a full structural appraisal
would be required to determine structural suitability for retrofit and strengthening require-
ments. For the analysis, structural capacity was judged through construction type, and is
therefore limited to an indication of whether a building may have the potential to bear the
extra loading necessary for a green roof. In Melbourne, most buildings are built of concrete,
with 61% of commercial buildings having framed structures. The remaining 39% comprised
traditional load-bearing brickwork and/or stone construction, with no timber-framed
buildings. The buildings with concrete frames are most suitable for retrofitting with extensive
green roof systems; masonry buildings may also be suitable, but timber frames are generally
judged unsuitable for retrofit. This analysis, therefore, confirmed good potential for retrofit
requiring minimal structural changes to most CBD buildings.

The next stage involved a visual inspection of the roof, using the Google Earth and
Google Map software (Google Earth 6.0, 2008), to evaluate the potential of each roof
for retrofit. The evaluations called for identification as one of three classifications — (a) yes,
(b) no or (c) don’t know — with regard to retrofit. The evaluation was based on roof pitch,
with those pitched above 30° or below 2% deemed unsuitable. The amount of rooftop
plant, especially equipment, which vents air from the building, and the provision of rooftop
window cleaning equipment, safety handrails and photovoltaic units was accounted for,
where coverage exceeding 40% of area being deemed unsuitable. Lightweight roof con-
struction was unsuitable. Figure 18.2 shows that 15% of buildings were judged suitable for
retrofit, 5% were unclassified and 80% were unsuitable, based on the criteria above.

The final stage involved analysis of overshadowing of the stock (Figure 18.3), where
orientation and the proximity of taller buildings were considered. This shows that 39.3%
of the buildings were overshadowed, 36.3% were partially overshadowed and 24.4% were
not overshadowed at all. Therefore, approximately 75% of the existing Melbourne stock
was considered unsuitable for retrofit on the basis that insufficient sunlight reaches the
rooftop for planting to flourish.
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Don’t know
5%

Valid |Cumulative
Frequency percent|percent

Valid Yes 15.0 15.0
No 418 80.2 95.2
Don't know 25 4.8 100

Figure 18.2 Proportion of buildings judged suitable for green roof option through roof inspection
(Source: Adapted from Wilkinson and Reed (2009)).

Valid Cumulative
Frequency |percent |percent

Valid Yes 205 39.3 39.3
Partial 189 36.3 75.6
No 127 24.4 100

Figure 18.3 Overshadowing of roofs (Source: Adapted from Wilkinson and Reed, 2009).
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Drivers and Barriers to the Uptake of SuDS in Melbourne

Drivers for green roof retrofit are economic, social, technological and environmental and
exist at building, local and regional scales (Rajagopalan and Fuller, 2010). For example, on a
building scale, the life-cycle costs of some green roofs are lower than traditional alternatives,
such as bitumen and gravel (Porsche and Kohler, 2003), due in part to the protective effect of
green roofs on the waterproofing membrane (Vila et al., 2012). For older building stock there
may be improved thermal performance, reducing the need for heating in winter and cooling
in summer, with associated reduction in energy costs for the occupants (Fioretti ef al., 2010).

Green roofs may provide a range of broader environmental and amenity benefits that are not
easily measured or valued (MacMullan and Reich, 2007). For example, large-scale green roof
retrofit may offset the UHI effect, leading to thermal comfort; this is important when inner city
temperatures can reach up to five degrees higher than suburban and rural areas (Williams et al.,
2010). Carbon sequestration is another potential environmental benefit of greening roofs.
Getter and Rowe (2009) measured the sequestration on extensive roofs and estimated that
55,000 tonnes of carbon could be sequestered in the plants and substrates if the available com-
mercial and industrial rooftops in Detroit (USA) were retrofit (15,000 hectares of rooftops).

In respect of social benefits, green roof retrofit can be positive for owners, the commu-
nity and the environment. For example, in Malmé (Sweden) a project initially driven by
flood risk management (KaZmierczak and Carter, 2010), found the creation of green infra-
structure improved the neighbourhood aesthetically and benefitted overall reputation.
Greening in the CBD may generate a socially beneficial closer relationship of residents with
the natural world, known as the ‘biophilia phenomenon’ (Kellert and Wilson, 1993), as
illustrated by Wilkinson et al. (2013a), where proximity to nature was seen to enhance
worker satisfaction and productivity. A further direct benefit is to use the rooftop for urban
food production: as urban densities increase and food security issues increase, it creates
potential for social engagement and interaction for city dwellers (Wilkinson ez al., 2013b).
Table 18.5 summarises the potential benefits of green roof retrofit.

Table 18.5 Potential benefits of, and drivers for, green roof retrofit.

Reputational enhancement for suburbs/areas /projects

Aesthetic improvements

Flood mitigation

Reduced maintenance costs

Carbon sequestration

Reduction in urban heat island

Improved air quality

Improved biodiversity and nature conservation

Reduced risk of pollution and stream degradation

Reduced fees for owners where there is a charge for runoff into streams
Increased energy efficiency of buildings and lower carbon GHG emissions
Enhancement of familiar landmarks and buildings

Closer relationship and access to nature for urban populations (biophilia effect)
Enhanced user satisfaction and worker productivity for commercial stock
Rainwater harvesting opportunity can reduce use of potable water

Cost of finance for retrofit is often cheaper as building remains occupied
Property values may be enhanced

Possibility of growing food crops - particularly vegetables and fruit
Reducing noise pollution

Water recycling and nutrient stripping
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Table 18.6 Potential barriers to green roof retrofit.

Lack of awareness of the economic, social and environmental benefits
Lack of experience of green roofs

Fear of the unknown

Existence of split incentive re cost and benefits

Lack of urban and regional planning policy re green roofs

Lack of incentives at a policy level

Lack of data on cost benefits from previous projects

The barriers (Table 18.6) exist partly in an erroneous perception among practitioners
that installing soil on a roof will lead to building defects and increased maintenance.
Given limited experience, practitioners are wary of ‘unproven’ technologies and are
unlikely to have been taught about green roofs (Wilkinson et al., 2015). This perception
may change, but the pace is slow, which is a challenge that will reduce the take-up of
retrofit on suitable roofs. Planners may also have limited exposure to green roof technol-
ogy, which may make them hesitant when dealing with applications featuring green roofs.
Again, this may change over time, as green roof technology is taught in academic pro-
grammes and becomes more widely accepted. Wider benefits are not within the remit of
planning committees.

There is also a perception among practitioners that costs are high and green roofs
are thus value engineered out of projects (Wilkinson et al., 2015). Better consideration of
the full life-cycle costs and multiple benefits may help to alleviate these concerns, and the
perception may shift. However, development of example roofs and detailed monitoring
of them may be needed to generate the required evidence to support investment in green
roofs. For wider benefits, and in tenanted buildings, a complicating factor is the ‘split
incentive’ regarding the balance between who pays for installation and who benefits
from the improvement (Abbott et al., 2013). Within the stormwater and flooding aspects
of SuDS, the installer reaps minimal direct benefit, except where drainage authorities
charge for runoff entering piped systems. Flood mitigation may extend to properties
downstream; the benefits for the environment are the reduced pollutant load entering
watercourses, and amenity benefits may accrue to other local businesses, CBD residents
and visitors to the CBD.

Australian government policy on water-sensitive cities incorporates green roofs and
permeable paving (Department of Infrastructure and Transport, 2011), with initiatives at
state level in Victoria. For Melbourne, green roof installation is part of the climate adapta-
tion strategy (Department of Industry Innovation Climate Change, 2013). Melbourne
City Council promotes green roofs for the purposes of urban greening as part of their
‘Blueprint to Green Roof Melbourne’. Examples of green roofs in Melbourne include the
Melbourne City Council Building CH2 and Freshwater Place residential tower
(Rajagopalan and Fuller, 2010). However, the driver for green roof programmes in
Melbourne has much to do with cooling and greenhouse gas mitigation, and less consid-
eration has been given to stormwater. According to Rajagopalan and Fuller (2010), the
motivations of installers were even more varied and divorced from the environmental
benefits. Melbourne City Council and Melbourne Water have also been exploring SuDS,
including permeable paving, to address water quality and peak flow issues (Wong, 2006;
Abbott et al., 2013). Within Melbourne, therefore, the uptake of suitable retrofit may
be higher for porous paving in municipal spaces (roads and pavements) but lower for
commercially installed green roofs.
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18.5 Estimation of Runoff Under Different Scenarios

To explore runoff reduction, two approaches were adopted. To calculate total potential
percentage permeable surface and applied average runoff performance, assumptions were
that 15% of rooftops were suitable for retrofit, as determined from the database analysis.
Also, 40% of roads and pavements were considered suitable for permeable retrofit. The
runoff retention during peak storm events is assumed to be 60% for green roof with
100% for permeable paving assuming that they are under-drained. The results, as shown
in Table 18.7, show that a runoff reduction of 22% may be achievable if high levels of
potential retrofits are achieved.

UK research suggests 10% reduction in runoff to the sewer system has the potential to
prevent 90% of flood incidents (Gordon-Walker et al., 2007) and Table 18.7 indicates that
retrofit could be a significant mitigation factor in Melbourne, if high levels of retrofit could
be achieved. The findings imply that further detailed feasibility studies and modelling are
warranted.

18.6 Conclusions and Further Research

Green roof retrofit may be an important part of climate adaptation strategies for CBDs
generally and in Melbourne. Retrofit of permeable paving is also an important SuDS
approach within CBDs. The potential for mitigation of pluvial flooding in CBDs through
retrofitting of green roofs on commercial office buildings and retrofitting permeable paving
in Melbourne, Australia, was explored. Some 15% of existing office buildings could poten-
tially be retrofitted with extensive green roof technology and the potential reduction in
rainwater runoff from green roof and permeable pavement retrofit in Melbourne was
estimated to be 22%. This could provide a useful contribution to mitigation of future flood
damage and could deliver multiple environmental, social and economic benefits. Further
research into the optimal types and positioning of roofs and paving, and study of the wider
catchment could confirm and strengthen the case for green roof and permeable paving
retrofit. However, the study also revealed the importance of considering barriers and drivers
to retrofit and the sensitivity of estimates to assumptions. It will be important to give

Table 18.7 Runoff calculations for Melbourne, showing estimated percentage of total rainfall falling on the CBD
managed by potential retrofit under two scenarios.

Assume all roof Assume suitable roof Assume 50% uptake
and road retrofit and road retrofit for green roof
Total study area (1000 m?) 2150.0 2150.0 2150.0
Area of roof (1000 m?) 1150.0 172.5 (15%) 86.25 (7.5%)
Area of road (1000 m?) 500.0 200.0 (40%) 200.0 (40%)
Runoff reduction roof % of total rainfall’ 32.1 48 24
Runoff reduction road % of total rainfall? 233 9.3 9.3
Runoff reduction pavement % of total 7.9 7.9 7.9
rainfall?
Total runoff reduction % 63.3 22.0 19.6

' Assume 60% runoff reduction over the area of green roof.
2 Assume 100% runoff reduction over the area of permeable paving but no drainage from adjacent areas.
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further thought to appropriate strategies to increase uptake by removing the institutional,
economic and social barriers, as well as continuing to develop technological approaches
and improved guidance.
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Contemporary Landscapes and Buildings
of Motorway Service Areas

Colin A. Booth and Anne-Marie McLaughlin

19.1 Introduction

Motorway service areas (MSAs) or highway rest areas provide an essential 24-hour, 365-day
service for road traffic users, presenting them with somewhere to rest, relax and recharge.
The range of provisions that MSAs offer, such as truck and car parking, toilets, food out-
lets, shops, picnic areas and refuelling stations, is similar in most countries (e.g. Evgenikos
and Strogyloudis, 2006). However, public expectations and standards of MSAs vary
between nations (Tunusa, 2015), with Austria, Germany, Switzerland and Spain reported
to have the best rated MSAs in Europe (The AA Motoring Trust, 2004).

Most modern architecture and new infrastructure developments are designed and built
to more sustainable standards than their predecessors (Beddoes and Booth, 2012; Khatib,
2012). Buildings have previously been built and used as a wasteful enterprise of a throwa-
way society. With greater awareness of environmental issues and the impacts caused by the
built environment (Lamond et al., 2011; Booth et al., 2012), sustainable buildings, sustain-
able businesses and sustainable behaviours are becoming commonplace (Baird, 2010;
Martin and Thompson, 2010; Crocker and Lehmann, 2013). These types of expectations
and standards now extend to modern-day MSAs.

This chapter describes a recent shift in the archetype of contemporary MSAs in the UK,
towards sustainability-driven businesses, operating in eco-designed buildings that give
greater consideration to the natural environment and attention to sustainable drainage as
a site precedence.

19.2 Motorway Service Areas in the UK

The first UK motorway (the 8-mile Preston bypass) was opened to traffic in 1958 (Cox,
2004), heralding a new form of efficient high-speed surface transport that would facilitate
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a dramatic improvement in the mobility of people and goods (Bridle and Porter, 2003;
Wootton, 2010). Today, there are 75 motorways (including M-designated motorways)
forming a national network of 3559 km. These provide 18.2% of passenger traffic
(Wootton, 2010).

Stopping on motorways is prohibited, except in emergencies, so it has always been neces-
sary to provide opportunities for road traffic users to rest, obtain fuel and refreshments,
and utilise toilet facilities, without leaving the motorway network (Williams and Laugharne,
1980; Charlesworth, 1984). The first MSA in the UK, Watford Gap (M1), opened its doors
in 1959 to road traffic users, albeit without catering facilities until 1960. By 1963 a further
six MSAs had opened across the expanding of motorway network, at Newport Pagnell
(M1), Keele (M6), Charnock Richard (M6), Knutsford (M6), Farthing Corner (M2) and
Strensham (MS).

Since the early days of being ‘too few, too far apart’ (Williams and Laugharne, 1980), the
number of MSAs has substantially increased. To accommodate the requirements of today’s
motorway users, there are over three hundred MSAs now located across the UK (The
Motorway Archive Trust). An original intention of the Department of Transport (DoT)
was to have MSAs at 30 mile (48 km) intervals with potential infill sites at 15 mile (24 km)
intervals (DoT, 2008). So where there are sections of motorway that the distance between
MSAs exceeds 40 miles (64 km) these are considered priority areas for where new MSAs
need to be built (Highways Agency, 2010). This policy has enabled several new MSAs to be
built but it has also meant that there has been a growth in opposition to new MSAs, with
some applications being refused due to local pressure groups (e.g. Catherine de Barnes
(M42)) and others only granted permission after battles fought out in the court room (e.g.
Gloucester (MS)).

For many years the UK was reported to have the worst MSAs in Europe, with Sandbach
(southbound) on the M6 rated bottom of all those included in a survey, and the best UK
MSAs, located at Cardiff (west) on the M4 and Oxford on the M40, only reaching an
overall ‘acceptable’ score on the survey (The AA Motoring Trust, 2004). The categories
used to inform the assessment included access/indoor facilities, catering, shop/kiosk,
service, communication, hygiene, prices, road safety and parking, and outdoor facilities,
with none of the UK MSAs involved in the survey scoring well for the latter two categories.
This has prompted MSA operators to undertake substantial refurbishment and/or rebuild
programmes, which now include the addition of take-away food outlets, and the provision
of overnight hotel facilities, all located in improved aesthetic surroundings.

The landscaping of modern-day MSAs has seen considerable thought and sizeable invest-
ment. Compared to their earlier counterparts, the most recently built MSAs are notably
different in their design and surroundings. For instance, most of the original MSAs were
considered too small (10-15 acres) and struggled to meet user demands and were often
perceived as being overcrowded and outdated places to rest; whereas, the latest MSAs are
much larger (35-40 acres) and offer a greater array of products and services to their
customers. This attentive concern has also extended to the architectural design of the MSA
buildings and their landscapes.

19.3 Exemplar Motorway Service Areas

Two exemplars of modern-day MSAs are now described, together with some of the
challenges faced: (1) Hopwood Park (M42) MSA, built 1999, includes sustainable drainage
as a major architectural design component of its landscape, but findings indicate that this
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may now be facing maintenance issues; and (2) Gloucester MSAs, built 2014 and 2015, are
considered the greenest MSAs in the UK because of their sustainability-driven farm-shop
business model, their eco-designed buildings, and their sustainable drainage designed
landscape, but they had to overcome a major obstacle before being built.

Hopwood Park (M42) Motorway Service Area

The Hopwood Park MSA is located in Worcestershire on the M42 (Junction 2) and is
designed similarly to the RIBA award winning Wheatley MSA (www.jwa-architects.co.uk),
which opened a year earlier (Oxford, M40, Junction 8a). The Hopwood Park MSA cost
£25 million to complete and facilitated the first designated wildlife reserve, with an area of
25 ha, included in the design of an MSA in England. This was included as a condition by
the Bromsgrove District Council during planning (Graham et al., 2012). The MSA area is
a total of 9 ha and comprises parking for HGVs, coaches and cars, a fuel filling area and
an amenity building. This is one of the first examples of applying the sustainability paradigm
to the construction of an MSA.

One of the most notable features of the Hopwood MSA are the four SuDS management
trains surrounding the amenity building, designed by Robert Bray Associates and Baxter
Glayster Consulting Ltd. Despite the limited guidance on SuDS design at the time (Woods
Ballard et al., 2007), the management trains were implemented to control surface runoff
from different sections of the MSA. As one of the first management trains installed in the
UK, these devices were established as an Environment Agency SuDS demonstration site. The
original arrangement of the four management trains is subdivided to receive runoff from the
(1) HGV park; (2) coach park, fuel filling area, service yard and main access road; (3) car
park (4) the amenity building roof. The outflow of the SuDS and the MSA area are drained
into the adjacent wildlife reserve and the Hopwood stream, a tributary of the river Arrow.

The HGV management train consists of a 10 m wide grass filter strip, a stone-filled
trench, a spillage basin (Pond 1), a final attenuation pond (Pond 2), another grass filter
strip and a swale to manage overflow in excess of 10 mm first flush. The annual average
daily traffic at the HGV park is approximately 400 vehicles (Jefferies and Napier, 2008).
The main access road, fuel filling area and coach park management train receive runoff
from a conventional gully and pipe system that is initially treated by a silt and oil intercep-
tor prior to the spillage basin (Pond 3) and wetland basin (Pond 4). The service yard runoff
is treated by a wetland basin (Pond 5). Discharge from Ponds 3, 4 and 35 are further treated
by a shallow ditch directing flow to a balancing pond (Pond 6) or grass swale, installed to
control excess runoff. Ponds 3 and 4 are designed with an outlet valve to block any
accidental spillages (Graham et al., 2012). The size of the two management trains are larger
as a result of the high pollutant loading associated with car park runoff (Revitt et al.,
2014). Slotted kerbs direct the car park runoff through gravel-filled collector trenches,
which discharge into a balancing pond (Pond 7). The roof water from the amenity building
is piped to a decorative balancing pond feature (Figure 19.1). Ponds 6, 7 and 8 are con-
nected by a drainage basin before the discharge enters the Hopwood stream. The size of
Ponds 7 and 8 are designed for low pollutant loading in comparison to the first two
management trains (Heal et al., 2009).

Research on the flow attenuation, maintenance and pollution control of the Hopwood
MSA SuDS management trains was compiled by Heal et al. (2009). The management trains
were designed to attenuate a 1 in 25 year storm event and provide a greenfield runoff rate
of 5 I/s/ha. Between May 2002 and June 2004, Woods Ballard et al. (2005) found 70% of
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Figure 19.1 Decorative balancing pond outside the main amenity building at Hopwood Park MSA (M42).

peak flows exceeded the greenfield runoff rate in the outlet of the silt and oil interceptor,
but significantly reduced to 5% at the inlet of Pond 6. Although the peak flow downstream
of the inlet of Pond 6, was not measured, prior to discharge into the Hopwood stream, it
has been assumed that the criterion for greenfield runoff rates has been met by the end of
the management train. The SuDS have been successful in the attenuation of surface runoff
as no flooding occurred after the heavy rainfall event in summer 2007 (Heal ez al., 2009).

The water treatment efficiency of the management trains was monitored by the
Environment Agency for 2000-2003, and found a reduction in contaminant concentra-
tions in water samples from the first to the last SuDS components of the management train
(Heal et al., 2009). Percentage removal efficiency for Cu and Zn concentrations was
70-90%. In 2007, Jefferies et al. (2008) assessed the sediment accumulation and composi-
tion of the first management train. They found that sediment had been efficiently trapped
in the top 10 cm of the grass filter strip. The reduction in contaminant concentrations with
depth in the grass filter strip and distance from the car park is evident. The vertical reduction
of contaminant concentrations in the filter strip suggests that the potential of groundwater
pollution from the downward movement of pollutants is unlikely.

Sediment was excavated in October 2003, removing approximately 25% of the pond
vegetation and the attached sediment (Heal et al., 2009). Once the material was dewatered,
it was recycled as compost on site. However, the removal of sediment in Pond 1 did not
effectively reduce the concentrations of total petroleum hydrocarbons (TPH) to below
sediment quality guidelines (Table 19.1). The high TPH and polycyclic aromatic hydrocarbon
(PAH) concentrations in Pond 1 are the result of a diesel spillage of approximately 200
litres in 2000 (Heal et al., 2009). Although Pond 1 successfully trapped the majority of
contamination from the spillage event, this indicates issues associated with remediating
unforeseen spillage events effectively and suitable maintenance techniques to sustain the
initial functioning of the SuDS. Furthermore, the HGV park extension in 2007 has had an
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Table 19.1 Contaminant concentrations in sediment (mg kg™ dry weight) in the HGV park and coach park
management trains.

Location Cd Cu Pb Zn Ni TPH Total PAHs
HGV park management train

Filter PF 1 m 0-10cm? 0.4 71 66 351 314 398 5.16
Filter PF 1 m 10-20cm? 0.3 51 69 146 48.7 153 1.72
Filter PF 3 m 0-10cm? 0.3 50 52 199 303 1199 16.2
Filter PF 3 m 10-20cm? 0.2 30 39 106 50.8 86 1.56
Filter 3 m 0-10cm? 0.3 28 40 145 21.05 277 10.0
Filter 6 m 0-10cm? 0.3 24 36 118 18.9 151 2.61
Filter 9 m 0-10cm? 0.3 26 40 123 20.2 166 3.55
Pond 1 0.7 192 92 733 40.1 3152 19.2
Pond 2° 0.6 89 67 393 49.6 629 427
Coach park, fuelling area, main access road management train

Interceptor (2005)° 2.16 350 193 2500 —_ 10660 112
Interceptor (2006)° 1.15 224 101 1790 — 26030 64.7
Pond 3¢ 1.78 352 183 2580 — — 108
Pond 4¢ 0.586 215 136 1290 — —

Pond 5¢ 1.03 161 120 1680 — — 30.1
Pond 6¢ 0.115 239 321 755 — — 4.29
Standards

Ontario Ministry of Environment 10 110 250 820 75 1500 =
(1993)

a Jefferies et al. (2008) sampled the grass filter strip soil sampled at 1, 3, 6 and 9 m from the pavement edge and at a
depth of 0-10 cm. In an area of apparent preferential flow (PF) samples were taken at 0-10 cm and 10-20 cm depths.
®Sampled in 2005 and 2006 (Faram et al., 2007).

¢Sampled in 2003 by Willingale (2004).

impact on the direction of flow into the system, potentially bypassing the filter strip and
trench entirely, which may increase contaminant concentrations in Ponds 1 and 2 (Heal
et al., 2009).

The oil and silt interceptor is at present unable to filter particles <2 mm (R. Bray, pers.
comm.) and therefore the concentrations of contaminants could have increased since these
samples were collected. This is a concern, as an increase in pollutant concentrations has
been associated with finer sediment fractions (Horowitz 1991), and sediment highly con-
taminated in hydrocarbons (Table 19.1) might be released into the management train,
exceeding the treatment capacity. Contributory factors to the difference in concentrations
between the HGV management train and the coach park management train include the
effective sediment trapping of the grass filter strip as a pre-treatment component and
possibly a larger volume of vehicles using the surfaces that are drained in the second
management train.
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19.3.2

Heal et al. (2009) discussed the maintenance routine applied to the SuDS, including
contractors who were assigned to remove litter, and cut the grass and wetland vegetation.
Separate contractors maintained the oil and silt interceptor every 6 months. The sediment
from Ponds 1-7 were removed in 2003 at a cost of £554 (2007 prices), after four years in
operation (Heal ef al., 2009). The cost for removal was lower than expected, as the equip-
ment hired for excavation was only required for half a day instead of a full day. Currently,
the Hopwood Park MSA SuDS have not had the maintenance (e.g. grass cutting) that
would have been implemented at the time of these studies. Maintenance of the site slowly
declined as the annual budget has been reduced to £300 (Graham et al., 2012), despite the
cheaper annual cost to maintain SuDS (£2500) in comparison to conventional drainage
structures (£4000). UK non-statutory standards express the necessity to incorporate a
maintenance regime throughout the design life of the SuDS devices to reach optimal
performance (Defra, 2015). The lack of maintenance may prove to be costly in the long
term as the accumulation of sediment, and therefore contaminants, will contribute to
increasing costs associated with disposal. As certain parameters exceed severe effect levels
to aquatic biota, these values are indicative of how long-term maintenance is important to
the biodiversity of SuDS. The structural integrity of the management trains and the
efficiency of attenuating the flow at greenfield runoff rates may dwindle as the volume
storage of the SuDS devices are reduced.

Both sediment and water quality results of the Hopwood MSA management trains show
a horizontal reduction in contamination from the inlet to the outlet of each SuDS component.
Although the retention of sediment and contaminants has been clearly demonstrated from
the integrated studies, the concern is how the pollutants behave in the SuDS structure once
they are trapped. Jefferies and Napier (2008) suggested the insufficient degradation rates
of TPH and PAH in submerged pond sediments could potentially classify the sediment as
hazardous waste if it was disposed of. This is a serious concern if the oil and silt interceptor
is no longer functioning properly, as the excessive concentrations of TPH and PAH in the
sediment could be entering the second management train. Furthermore, the continuous
accumulation of non-degradable pollutants (e.g. heavy metals) may have a negative impact
on the treatment characteristics or biodiversity of the management trains. The Ponds
Conservation Trust (2003) completed a study on the ecological performance of the man-
agement trains and advised that pollutant loading should be kept to a minimum to enhance
the ecology of the area. Additionally, the reduced maintenance budget may impact on the
flow attenuation and removal efficiencies of pollutants. It is unknown whether the leach-
ability or bioavailability of contaminants and the long-term efficiency of contaminant
removal is affected by long-term pollutant loading in SuDS.

Gloucester (M5) Motorway Service Areas

A partnership between Gloucestershire Gateway Trust and Westmorland Ltd has facili-
tated the delivery of unique and visionary designed (BREEAM excellent) MSAs (Figure 19.2).
Gloucester MSAs (MS5 northbound and southbound, between Junctions 11a and 12) are
unlike traditional services and appear almost seamless with their surroundings (Pegasus
Planning Group, 2010). Founded on sustainable practices and philosophy, the Gloucester
MSAs proffer local benefit through an innovative ‘farm-shop’ business model that donates
and invests two per cent of sales to charity and local communities. Dedicated to local food,
farming and the surrounding community, the MSAs source local food from over 130 local
suppliers within 50-km (30 miles) of the services (Stroud News and Journal, 2015).
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Figure 19.2 Views of the newly built Gloucestershire southbound MSA (M5).

The MSAs employ over 400 staff, with many from the Gloucestershire Gateway Trust’s
Academy that helps the long-term unemployed back into work. With an annual average
daily traffic flow of 90,700 vehicles (Bean, 2012), the MSAs hope to serve 4.5 million
customers per year (Gloucester Citizen, 2015).

Costing £40 million to build (by Buckingham Group Contracting Ltd.), they are set in a
backdrop of undulating escarpments and vales with native indigenous planting. The buildings
on each side of the motorway display similar designs, layout and floor space, with a main
facilities building (~3300 m?), LGV drivers’ building (~30 m?) and a petrol filling station
(~230 m?). The main facilities buildings are timber framed with lattice roof structures
(~9 m high) convened between solid dry-stone walls made of locally sourced buff-coloured
Cotswold limestone. The buildings are draped in a blanket of soil and turf to create bespoke
green roofs supporting native grass cover (Figure 19.2), which contributes to the water
management and biodiversity of the sites. Water conservation inside and outside the build-
ings incorporates rainwater harvesting, low flow sanitary appliances, which include dual
flush toilets and aerated flow restricted taps, plus leak detection and control (using smart
metering), and low water landscaping that reduces the quantity and improves the quality
of site runoff.

Drainage of the MSAs follows the SuDS management train and has been designed for
storm events in exceedance of 100 years, plus 30% climate change events. Besides the source
control measures already mentioned (e.g. green roofs and rainwater harvesting), a suite of
devices has been incorporated into the landscape of the MSAs. The parking bays of the car
parks (with kerb drains) and pedestrian walkways have permeable paving (Figure 19.3a and
b), which allow surface waters to percolate between the blocks to infiltrate and be stored in
the stone beneath. The LGV parking and access roads are drained by shedding the flow to
filter strips, before entering stone-filled treatment trenches. A series of roadside swales and
trenches (both wet and dry) provide an infiltration and conveyance network across the sites
(Figures 19.3c and d). These are joined by underground piped (various diameters) inlets/
outlets, fitted with silt traps and flow control chambers. Excess waters eventually enter a
series of ponds (permanent volume of 154.4 m3, maximum attenuation volume 1004.7 m?)
and wetlands (permanent volume of 96.5 m?®, maximum attenuation volume 556.4 m?) at
the end of the MSA sites (Figure 19.3e and f). As well as providing a visually attractive
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Figure 19.3 Devices used for the SuDS management train at the newly built Gloucestershire southbound MSA (M5).

landscape, the sequence of site control devices improves the quality and runoff characteristics,
which also contributes to the biodiversity and management of the MSAs.

Without doubt, Gloucester can now boast exemplar MSAs, both as a sustainably driven
business and as sensitively designed MSA sites, but it is conceivable they might never have
been built if it was not for a legal dispute (17-18/01/2012). In 2010, Stroud District
Council (the local planning authority) received an application for planning permission on
the same site that was refused in 1994 but decided to grant permission to this latest
application. However, this decision was challenged by a collective of neighbouring MSA
owners, local parish councils and an association of opponents to MSAs (with a 1089
signature petition against the scheme) (Bean, 2012).

Permission to seek judicial review was granted (09/05/2011) to the claimants on four
grounds, which included the impact that the MSAs would have on the landscape. This is
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because planning policies aim to protect rural landscapes and particularly those sites
designated as areas of outstanding natural beauty (AONB). In this case, the MSAs adjoin the
Cotswolds AONB and would be visible from the surrounding terrain. It was therefore
necessary to scrutinise how adverse the impact would be on the landscape, and an
independent landscape assessor was appointed to undertake a review of the landscape
assessment prepared as part of the Environmental Statement. This revealed that the proposal
to build visionary designed buildings and site layout would, in fact, be sensitive to its setting
and would cause only a slight adverse impact on the landscape designation. The court
concluded that the regeneration and highway safety benefits of the scheme outweighed
concerns over landscape impact (Bean, 2012). The application was considered to comply
with planning policies, so the application for judicial review was dismissed in its entirety.
Despite the conceptual challenge in the court, the Gloucester MSAs now hold potential
and promise, which others can aspire to replicate. In fact, on the day they were opened by
Prince Charles (July 2015), a TV camera crew from the USA was filming the opening of the
MSAs and revealed ‘we have a lot of motorway services in America but nothing like this.
It’s all franchises... people will be interested to see what is happening here’ (Gloucester
Citizen, 2015). However, the MSAs’ maintenance strategy, submitted as part of the planning
application (Pegasus Planning Group, 2010), fails to mention or consider the needs for
maintaining the SuDS devices, so their performance may also be a subject of interest and
scrutiny by outside parties. However, depending on the quality of design and construction
of the management train, a new concept suggests that it is possible to undertake minimal
maintenance but retain performance (Bray, 2015). Let’s watch this space to see what happens!

19.4 Conclusions

Modern-day MSA infrastructure has evolved from traditional basic designs to cover amenity
requirements for visitors and to manage the demands of increasing numbers of motorway
users. The implementation of sustainable practices from construction to operation has
become integral to the business strategy of MSAs. The utilisation of the landscape through
the installation of SuDS has been successfully demonstrated by the Hopwood Park MSA.
The Gloucester MSAs are evidence of progression in MSA design, providing an exemplary
sustainable building and landscape design, with an eco-business model. However, a concern
for both sites is enforcing the long-term maintenance schedule of the SuDS as the perfor-
mance of these systems may potentially deteriorate without attention to their maintenance.
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Modelling for Design

Craig Lashford, Susanne M. Charlesworth and Frank Warwick

20.1 Introduction

Computational modelling is the desk-based analysis of the characteristics of a site (Ellis et al.,
2012), allowing the user to model a variety of different scenarios before a site is developed.
Rainfall-runoff modelling is an example of simulations that are run to determine areas that
are likely to flood as a result of a given storm event (Tramblay et al., 2011). Programs such
as SWMM and MicroDrainage® have created SuDS add-ons that can model the role of
different devices in reducing runoff. Different models and methods have been developed
depending on the amount of data to incorporate in the model and the required output
resolution; large-scale regional modelling, strategic catchment scale and local scale. There
are therefore three common methods; one-dimensional, two-dimensional and three-
dimensional and these are covered in turn in the following sections.

20.2 One-Dimensional Modelling

One-dimensional modelling is reasonably simple, and analyses the environment across one
plane (Mahdizadeh ef al., 2012). It is typically used as a first pass attempt, requiring limited
computational power due to the simplicity of the parameters modelled (FWR and WAPUG,
2002). It provides users with the flood width across a channel, but does not provide depths
(Henonin et al., 2013), enabling only an initial outline of the scope of flooding. Mark et al.
(2004) incorporated a number of factors into their model, including pipes and roads, with
the extent of flooding modelled. The research questions the full extent of flooding likely since
the depth of the event is not accounted for in the model. Henonin et al. (2013) state that
one-dimensional modelling is not suitable for measuring overflow, owing to the simplicity of
the model, but it can give an indication of potential ponding sites. A further dimension is
required to provide a more comprehensive model of the floodplain (Bates and De Roo, 2000).
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20.3 Two-Dimensional Flood Modelling

Two-dimensional modelling acts as the benchmark for fluvial flood simulation (Henonin
et al., 2013). Models are typically run using elevation data to compute runoff extent and
depth at a site after a storm (Bates and De Roo, 2000). The method is unable to model
underground drainage, which is often estimated, causing uncertainty with the method,
which is therefore unable to model pluvial flooding (Henonin et al.,2013). Qi and Altinakar
(2011) calculated the impact of a flood event in Georgia, USA, offering stakeholders infor-
mation on the likely damage, and therefore showing what flood-proofing was required.
However, to provide a more detailed simulation, incorporating overland flow and pipe
channel flow, a combination one-dimensional and two-dimensional method should be used
(Mahdizadeh et al., 2012).

20.4 One-Dimensional and Two-Dimensional Modelling

Incorporating both 1D and 2D modelling enables a more detailed analysis of overland
flooding in terms of both extent and depth, alongside a simple 1D pipe channel model
(Pathirana et al., 2011). The 1D-2D modelling is frequently used for both pluvial and
fluvial flood simulation, but is reliant on the factors that are input into the model (Henonin
et al., 2013). Ellis ef al. (2011) suggest that the method identifies critical areas of a site at
risk of flooding, enabling stakeholders to evaluate mitigation methods. The major limitation
with the method is that a coupled 1D and 2D model assumes that runoff is a result of
surcharging of the sewer system (Zhou et al., 2012); as a result, three-dimensional modelling
software was developed to provide more accurate data.

20.5 Three-Dimensional Modelling

A three-dimensional model involves more parameters than the previous methods, including
geomorphology and site conditions, with more detail of pluvial flooding not associated
with sewer surcharge (Poole et al., 2002; Chen and Liu, 2014). Limited research has been
undertaken using this method due to the large computational power required in order to
use the software, for example MicroDrainage® (MicroDrainage, n.d). However, it provides
a detailed simulation of rainfall-runoff, the likely areas of inundation, including depth and
extent, and methods of mitigation (Merwade et al., 2008; Lee ez al., 2011).

20.6 Modelling Uncertainty

As a result of the number of possible parameters that can impact runoff, including climatic
conditions, soil type and state, infiltration rate, underlying lithology, topography of the
area and the characteristics of the channel, there is an associated level of uncertainty
(Refsgaard et al., 2007). This can be reduced by field-based validation, which involves
comparing the model outputs with real-life scenarios to determine the overall accuracy of
the model. This adds further confidence in the results and ultimately, the outputs of the
model (Nativi et al., 2013).
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20.7 Validation of Models: Monitoring of SuDS Management Trains

Much of the field research related to SuDS focuses on the benefits generated from individual
SuDS devices with minimal monitoring of the impacts of a combined SuDS management
train (Gonzalez-Angullo et al., 2008; Stovin, 2009; Freni et al., 2009). In the UK, Heal
et al. (2009) analysed the long-term impacts of installing a SuDS management train,
consisting of multiple ponds, filter strips, swales and wetlands at Hopwood Park motor-
way service area. Results of monitoring (covering 2000-2008) determined that the system
was highly effective at improving runoff water quality. SNIFFER (2004) reported on the
monitoring of both individual devices and management trains at the Dunfermline Eastern
Expansion for water quality improvement and also provided anecdotal evidence of the
reduction of flood events as a result of installing SuDS.

The SuDS management train at Lamb Drove, Cambridge, UK, has been monitored since
its construction in 2006, focusing on all aspects of the SuDS triangle. The management train
consists of a green roof, detention pond, filter strip, swale, water butts, permeable paving
and a retention pond. Overall, it was calculated that the SuDS management train reduced
runoff in comparison to an impermeable pipe-based control site, and that the retention
pond reduced runoff most effectively, bringing it down to 3 I/s/ha. However, the impacts of
other devices at the site were not quantified (Cambridgeshire County Council, 2012).

20.8 Scale of Drainage Modelling

Modelling SuDS can replicate reduction in water quantity and improvements in water
quality (Bastien et al., 2010). It is an effective way of understanding likely impacts prior to
development and can be used to inform policy and best practice procedures (Elliott and
Trowsdale, 2007). Modelling is one of the most suitable ways of understanding the abilities
of a SuDS management train, as it allows the characteristics of the site to be examined,
combined with the necessary SuDS devices, to understand the reduction in runoff
(Viavattene et al., 2010). To obtain the full benefits, site characteristics need to be added to
the model to acquire more detailed data. There are a series of levels that modelling can
occur at: regional, strategic and local (Figure 20.1).

Regional
>10,000 ha

Strategic
100-10,000 ha

Local
1-100 ha

Figure 20.1 Series of levels that modelling can occur at: regional, strategic and local.
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Regional Level Modelling

Regional analyses are at the large catchment scale, and as a result are usually associated
with a reduction in resolution due to the amount of data required and the coarseness of
scale. Consequently, much of the modelling is related to overall flood risk, or the modelling
of a single characteristic related to the hydrological cycle, as opposed to the overall impacts
of SuDS (Wheater 2002). For example, Bell et al. (2012) modelled the impact that climate
change would have on flooding in the Thames Basin. In their study, the resolution for
climatic data was 25 km, while the river flow was 1 km. By reducing the scale of modelling,
increased resolution can be achieved.

Modelling at the Strategic Level

At the strategic or catchment level, better resolution is achieved; at this scale, Warwick
(2013) was able to create a SuDS feasibility map to enable decisions to be made concerning
choice of SuDS device to be used in Coventry, UK, and accounted for various site charac-
teristics, such as topography and geology. Mitchell (2005) was able to identify sites for
SuDS retrofit that could improve water quality in the Aire Basin, Yorkshire, UK, with the
following three outcomes:

1. production of a map locating diffuse pollution hotspots
2. identification of areas most at risk of pollution
3. Assessment of the impact of land-use change on runoff quality

Even at the strategic level, however, the scale is still too coarse to yield sufficient informa-
tion to assess any likely impacts (Moore et al., 2012), and significant amounts of data are
still required.

Local Level Modelling

The local scale can provide two separate but related levels: site and building. Site modelling
involves much smaller areas than the strategic level, but can use information generated
from strategic level modelling in order to design a drainage system and predict the impacts.
This scale requires more detail in comparison to the previous two levels and requires the
information at a high enough quality (Bastien ez al., 2010). Site level simulations have been
run both for specific devices and for the wider combined management train. For example,
Petrucci et al. (2012) modelled the potential impact on runoff of installing RWH butts to
a neighbourhood in Paris, using the Storm Water Management Model (SWMM). They
calculated that by installing RWH on 157 out of the 450 houses in the area it was possible
to limit runoff for all events up to the 1 in § year return period.

Both Bastien et al. (2010) and Hubert et al. (2013) addressed the whole of the SuDS
triangle related to management trains, but this breadth leads to a lack of detail. Furthermore,
Bastien et al. (2010) did not include site characteristics, such as topography, which are
required to model runoff routes and potential ponding sites. However, Viavattene et al.
(2010) modelled the local water quantity impacts of individual SuDS devices, such as PPS
and green roofs, applied to a site in Birmingham, UK. The study was part of the SuDS
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selection and location tool (SUDSLOC), and led to the conclusion that the installation of
PPS and green roofs had the potential to reduce runoff by 28% and 26 %, respectively.

At the building level, Ellis et al. (2011) were able to utilise high-resolution ground-based
light detection and ranging (LiIDAR) data to map small-scale topographic changes. This
information is useful to enable modelling of how certain structures impact flood flow
routes and it has the potential to be applied to the estimation of the benefits to water
quantity reduction of standalone devices. Other single devices include Freni et al. (2009)
who modelled infiltration trenches, concluding that they are more efficient at improving
water quality rather than reducing water quantity. Using the Model for Urban Stormwater
Improvement Conceptualisation (MUSIC), Khastagir and Jayasuriya (2010) found that
even a single RwH device was able to improve overall water quality.

20.9 Issues with SuDS Modelling

Modelling can supply information about the impacts of development on local drainage, or
the installation of a single device, thereby allowing for the optimisation of space (Moore
et al., 2012). However, there are some limitations associated with modelling, not least
of which is to what extent the model’s output bears any relationship to the real world
(Wheater, 2002; Merwade et al., 2008). A model is only as good as the data used to construct
it and if there are inaccuracies, the output will be inaccurate. There are also specific uncer-
tainties surrounding modelling SuDS. The type and density of vegetation may vary over the
chosen area, which is typically complex to model and can produce variable results (Elliott
and Trowsdale, 2007; Burszta-Adamiak and Mrowiec, 2013). Additionally, the results from
a modelled system are of a ‘perfect’ scenario, whereas models are based on consistently
maintained and non-clogged drainage plans, which are often not available and this there-
fore reduces their impact (Gonzalez-Angullo et al., 2008; Bergman et al., 2011).

The selection of software to be used is critical; some packages are more effective than
others and more appropriate to specific modelled scenarios. The following sections
consider some computer models that have been used to model drainage, have the potential
to model SuDS or have been used for that purpose.

20.9.1 Choice of Drainage Modelling Software

Typically, modelling software is used to simulate the impacts of imposing a predetermined
event on a catchment at the scales (Ellis ez al., 2012). Arguably, there are five commercially
available models that are widely used to model drainage and storm events: SWMM, MUSIC,
MOUSE, Infoworks and MicroDrainage®.

20.9.2 Stormwater Management Model

The Stormwater Management Model (SWMM) is a rainfall-runoff model designed by the
United States Environmental Protection Agency (EPA), which estimates potential water
quantity and quality improvements (Rossman, 2010). It has become a widely used freeware
model that can simulate both single and continuous rainfall scenarios (Burszta-Adamiak
and Mrowiec, 2013) and has a limited range of SuDS devices that can be incorporated,
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including green roofs, PPS, swales, infiltration trenches, bioretention zones and rain barrels
(Liao et al., 2013). Research by Lee et al. (2012) used infiltration trenches and rain barrels
in the SWMM to estimate that a potential reduction of runoff of 7-15% could be achieved
for the 50-year return period in Korea. Upon validation of the model, they found error
margins of up to 13.3%. The accuracy of the software for measuring the reduction in water
quantity has been questioned by researchers such as Burszta-Adamiak and Mrowiec
(2013), who concluded that the software underestimated the outflow from green roofs for
over half of their experiments. This conclusion coincides with that from previous studies,
carried out by Elliott and Trowsdale (2007), who found that water which would be able
to percolate into the ground under swales and infiltration trenches is not accounted for in
SWMM, and is therefore not added to groundwater flow.

Model for Urban Stormwater Improvement Conceptualisation

The Model for Urban Stormwater Improvement Conceptualisation (MUSIC), developed
by the Cooperative Research Centre for Catchment Hydrology in Australia, is an urban
stormwater modelling tool (Wong et al., 2002; Ellis ef al., 2012). It is widely used because
it has a variety of SuDS integrated into the package and has the ability to combine whole
life costing (WLC), with the hydraulic modelling tools, as well as an assessment of water
quality (Elliott and Trowsdale, 2007). It was constructed so that devices with known
impacts could be input and has been used in research projects to assess the effects of SuDS
on stormwater flows (e.g. Khastagir and Jayasuriya, 2010; Beck and Birch, 2013). Bastien
et al. (2011) used MUSIC, for example, to determine the impacts of installing a SuDS
management train at the local scale at the Clyde Gateway, Glasgow, Scotland, on the full
breadth of the SuDS triangle. However, while considerable improvements in water quality
were predicted, and the modelling was able to size the management train to deal with an
up to 1 in 30 year storm, nonetheless WLC, in terms of land-take and maintenance costs,
appeared to undermine the will of the local authority to implement a SuDS train at the site.

MUSIC can be used to design at the catchment scale; for example, Khastagir and
Jayasuriya (2010) used the model to estimate the impacts of installing RwH, finding that
hydraulic loading reduced by 13-75%, but there was also a 72-80% reduction in total
nitrogen, and total suspended solids export reduced by >90%. While MUSIC has therefore
been used to some effect, nonetheless there have been doubts as to its accuracy, with Dotto
et al. (2011) casting doubt over MUSIC’s rainfall/runoff modules’ ability to accurately
predict stormwater flows in a highly urbanised catchment. This is echoed by Imteaz ez al.
(2013), who completed a series of tests to validate the software, concluding that MUSIC
over-estimated several of the results.

Model for Urban Sewers

The Model for Urban Sewers (MOUSE) was developed by the Danish Institute of Hydrology
(2002), and represents urban runoff well, but it is not particularly user-friendly (Viavattene
et al., 2008), resulting in it not being commonly used in the UK (Defra and Environment
Agency, 2005). In terms of integration of SuDS, MOUSE is limited to PPS, bioretention,
rain tanks, swales and infiltration trenches. However, like SWMM, it is does not incorporate
groundwater flows (Elliott and Trowsdale, 2007). For this reason, the use of the package
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in research is restricted to modelling surface flow from impermeable surfaces, ignoring the
need to measure groundwater characteristics (Semadeni-Davies et al., 2008). A review by
Elliott and Trowsdale (2007) concluded that the model was more successful than others at
simulating the improvement of water quality, but less effective with regards to water quantity.

Infoworks

Infoworks is a hydrodynamic package that focuses on a series of hydraulic structures,
primarily to model flow and runoff routes (Salarpour et al., 2011; Moore et al., 2012).
However, it is also capable of modelling reduction in runoff that is possible through imple-
menting SuDS (Bastien et al., 2010). Regarded as the industry standard tool for modelling
sewer flows, it is generally used to model existing structures (Atkins, 2008), although Moore
et al. (2012) used it to investigate the impact of installing retrofit SuDS, and the effect of
disconnecting of conventional drainage on runoff.

MicroDrainage®

MicroDrainage® by XP Solutions is a commercially available urban stormwater drainage
design model (MicroDrainage, 2009) and is the UK flood and drainage industry standard
system (Mott Macdonald Ltd. and Medway Council, 2009; RPS Group, 2012; Hubert
et al., 2013). The software enables interaction in the design procedure, since data is input
by drawings as opposed to numerically in a spreadsheet; this provides visual animations
and easier transfer of data between GIS packages (Afshar, 2007; MicroDrainage, n.d). It is
generally used to develop new designs, but it has the capability of incorporating SuDS
retrofit (Moore, 2006; Atkins, 2008) and to produce outflow hydrographs based on a
predetermined rainfall event, accounting for topographical features, and the presence of
housing (Bassett et al., 2007). MicroDrainage® is often used by stakeholders and consul-
tancies (Moore, 2006) when creating flood risk assessments (e.g. Mott Macdonald Ltd and
Medway Council, 2009). Hubert ez al. (2013) used MicroDrainage® to compare the over-
all site benefits of installing a SuDS management train to an office site, in comparison to
conventional pipe-based drainage.

Case Study: Modelling the Impacts of a SuDS Management Train

at Prior Deram Park, Coventry, UK, Using Microdrainage®

This case study is based in the Canley Regeneration Zone (CRZ), 6 km south-west of
Coventry city centre, and covers 5 ha in total, part of which was brownfield (Charlesworth
et al., 2013; Lashford ez al., 2014). Outline planning permission had been given for a total
of 250 dwellings, at a density of 50 houses/ha, with new community services and improve-
ments to the open space.

Using ArcGIS, a plan for the housing was designed, using an access road layout that was
provided by Coventry City Council. Two drainage scenarios were then developed: a pipe-
based conventional system and a SuDS management train, with all runoff routed into the
local Canley Brook. The conventional system was modelled to address the usual 1 in 30
year storm, with the SuDS system designed for the 1 in 100 year event, as is required by
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Table 20.1 Devices used in the SuDS management train at Prior Deram Park, Coventry, UK, their purpose
and modelled volumes.

Device Location Purpose Modelled Volume (m?)
Swale Alongside pavements Conveyance 729
Porous paving Every house driveway Source control 761
Green roofs Every house 2014
Detention ponds Five located around the site Detention 6890

Defra (2015). Table 20.1 lists the devices used and their purpose in the train, as well as the
modelled volume and location.

A throttle, such as a weir plate, was added to the outlet of the ponds in order to slow
water flow from the pond and ensure compliance with Defra (2015) to constrain the run-
off to greenfield runoff. The results of the modelling showed the pipe-based system would
have resulted in the equivalent of 40 of the 200 houses being flooded, amounting to 858
m? of excess water, but the SuDS management train would be able to successfully deal with
the 1 in 100 year (+30 years to account for climate change) storm easily, and would in fact
have coped with a 1 in 275 year storm (Lashford ez al., 2014).

20.10.1 Decision Support Tools

Decision support tools aid practitioners early in the decision-making process in their choice of
suitable SuDS devices; they do not make the final decision, but are a first pass, taking account
of some of the characteristics of the area to be drained, such as the degree to which water can
infiltrate, if the area is brownfield, or what the underlying lithology is (Stovin and Swan, 2007;
Scholz and Uzomah, 2013; Newton et al., 2014). For example, Todini (1999) improved flood
mapping by simulating flood flows and was then able to present potential management
options across Europe. The support system required high computing power, due to the com-
plexity of the area being modelled, but nonetheless it was able to provide reasonably accurate
results. Other systems, such as the support tool created by Shim et al. (2002), have also
attempted to enhance the flood management selection process, with a focus on river basin
catchment systems in South Korea. However, the models used by both Shim ez al. (2002) and
Todini (1999) were complicated, particularly when some SuDS devices were included.

Owing to the complexity of the different SuDS devices, a decision support tool factoring
in all their requirements and roles does not exist. However, there have been limited attempts
at producing a system that supports one facet of the triangle. Stovin and Swan (2007) were
able to quantify hydraulically efficient solutions for SuDS retrofit with a system whose
primary aim was to ensure cost-effectiveness and to provide stakeholders with a quick
understanding of eventual costs and cost savings, in an attempt to further incentivise the
implementation of SuDS. However, although the system was successful, aspects such as
the potential for high density housing were not accounted for, thus making it difficult
sometimes to estimate the number of devices required.

There are also decision support tools for determining the benefits of specific devices; for
example, Scholz and Uzomah (2013)’s rapid assessment system was able to quantify any
improvements to the local ecosystem by installing trees in close proximity to PPS. The
overall aim of the tool was to increase the implementation of PPS and enhance the ecology
of the urban landscape.
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Kahinda ez al. (2009) developed a tool for assessing RwH, called RHADESS (Rainwater
Harvesting Decision Support System), to indicate site suitability for RwH in South Africa,
using a combination of ArcView 3.3 and Microsoft Excel. The project was driven by the
inclusion of the concept of water security in the Millennium Development Goals, and
hence promotion of the wider application of RwH. A successful SuDS decision support
tool can ensure a more resilient site, whether the design is to tackle flooding or pollution,
or to provide more amenity potential, assisting in the design of a site.

Case Study: Decision Support Tool for Coventry, UK

A decision support tool for Coventry, developed by Warwick (2013), determined the spa-
tial distribution of each factor driving SuDS device choice across Coventry in the West
Midlands, UK. The information required was accessed using data from a number of
sources, including the British Geological Survey, Coventry City Council, Ordnance Survey,
National Soil Resources Institute and the Environment Agency. Rules were created for each
of the factors; for example, different rock types were assessed in relation to their capacity
for infiltration or detention of runoff. Figure 20.2 shows a flowchart of this process using
rules based on the ability of the geology to infiltrate of detain excess stormwater. The sites
deemed to be suitable present the best options for above-ground vegetated devices, whereas
those that are less suitable would need extra effort and/or expense to install suitable SuDS.

These rules were agreed in collaboration with local government, environmental regula-
tors and the responsible water utility, all of whom had local knowledge, and the were rules
coded so they could be applied spatially. These spatial relationships were then analysed in
a GIS, to determine appropriate locations for the SuDS devices across the city. An example
of one of the set of maps it produces as a result of this exercise is given in Figure 20.3,
which shows that detention is possible over most of the city apart from where there are
already lakes or streams. The ‘engineered” detention would be located on brownfield sites
where it would be necessary to avoid infiltration, and therefore tanked porous paving
could be used, lined ponds or hard infrastructure bioretention, and also the Nottingham
rain gardens as shown in Figure 20.4. As shown in Figure 20.3, in Coventry, approximately

If impermeable: If permeable:
more less
opportunity to opportunity to
detain detain

Geology

Determination of Determination of
suitable areas less suitable areas

" Design of
SuDS devices

suitable to
detain Exclude

Figure 20.2 The map creation process in the GIS system using geological data for the detention SuDS
map as an example. More and less suitable areas were determined independently, and their geographical
overlaps removed.
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Figure 20.3 The output map for Coventry, UK, with potential locations for both vegetated (darker colours) and
engineered (lighter colours) detention SuDS. Unshaded locations (in white) are regarded as unsuitable for any form
of detention or retention SuDS.

Figure 20.4 Daybrook rain garden, Nottingham, UK.



280 Sustainable Surface Water Management

one-third of the city’s area is suitable for vegetated SuDS, while some form of engineered
solution is likely to be necessary in two-thirds of the area.

By using a GIS approach, the maps were scalable; they could be viewed at different
resolutions from full city scale to that of individual development and regeneration sites.
They were intended to support local government officers to assess the use of SuDS in new
developments and areas of regeneration during early discussions with developers. However,
it is acknowledged that in order to submit a more detailed planning application, more
technical tests and modelling would be required. However, the decision support tool is able
to provide readily understandable information, which can support initial discussions
between planning officers and developers, using a form that local governments are already
familiar with. Consequently, it might be able to reduce some of the barriers currently limiting
SuDS uptake.

20.12 Site Design

Designing a site properly that effectively integrates SuDS to achieve the requirements
of the SuDS triangle is critical (Charlesworth, 2010). Ensuring that they are designed
successfully reduces the likelihood for large future maintenance costs (Jefferies et al.,
2009), and ensures that they do not deteriorate too quickly (Wilson et al., 2004) and that
they meet site requirements (Woods Ballard et al., 2007). Factors that need to be considered
to ensure that the site is designed effectively are the optimal rainfall scenarios that will be
modelled, taking account of the potential impacts of climate change and the overall site
characteristics.

20.12.1 Designing for the Optimal Rainfall Event

The storm event that will have the greatest impact on the site, termed the critical storm
duration, is the event that produces the largest amount of discharge (Kanga et al., 2009).
In the UK, this can be broken down into two events: summer and winter. The winter event
provides the greatest volume and velocity of runoff, due to changes in ground conditions,
which further promote runoff. The duration of the event is also a key factor to be consid-
ered; Scholz (2004) discovered that it was shorter events, of about one hour, that usually
triggered the critical storm duration. In addition, the return period needs to be selected
which decides the magnitude of event that will be modelled, and therefore what the SuDS
device of management train needs to be able to withstand. The Defra (2015) non-statutory
technical standards suggest that a 1 in 100 year event should be designed for, with runoff
less than greenfield runoff. As well as the critical storm duration, climate change must be
factored into the design, since it is accepted that it will have an effect on the climate of
the UK for the design life of the management train (IPCC, 2007). For this reason, a 30%
increase should be added to any storm event to provide resilience against climate change
(Environment Agency, 2009).

In terms of site-specific characteristics, infiltration is an important consideration. This
has a large bearing on what type and how many SuDS can be used (Kirby, 2005), as different
soils have different infiltration rates (Ward and Robinson, 2000). Furthermore, Merwade
et al. (2008) suggest that topographic and site elevation data is required for detailed flow
route modelling to provide accurate outputs.
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20.13 Conclusions

There are a number of techniques that can be applied to drainage modelling, each presenting
different benefits dependent on the output requirements and available resources. Models
can integrate SuDS at various scales to identify their role at reducing runoff. However, due
to the complexity of modelling and their data requirements, there are a number of uncer-
tainties with the outputs.

While previous research has utilised MUSIC and Infoworks (Bastien et al., 2010),
MicroDrainage® is more widely used by practitioners for new-build sites (Atkins, 2008;
Mott Macdonald Ltd and Medway Council, 2009), and is the industry standard for UK
drainage and flood systems (Hubert et al., 2013). Attempts have been made to model
management trains, but accounting for water quantity has been problematic (Bastien et al.,
2010; Hubert et al., 2013). These few studies indicate that overall, a SuDS management
train is an effective strategy for mitigating flood risk (Hubert et al., 2013), but the relation-
ship between this effectiveness and the devices that make up the train is not known.
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Public Perceptions of Sustainable Drainage Devices
Glyn Everett

21.1 Introduction

This chapter will argue that people’s perceptions and understandings of the purpose,
function and wider potential benefits of sustainable drainage systems (SuDS) are central to
their performed sustainability. These perceptions and understandings will affect people’s
understanding of, and desire to perform, good and bad behaviours that will encourage or
discourage function, and thereby impact upon performance, expected product life cycle
and the accrual of associated benefits. These will, in turn, cycle back to influence percep-
tions and so the development and mainstreaming of individual inclinations and social
norms to perform good behaviours and contribute to maintenance.

The chapter considers how people are engaging with flood risk as an issue. It presents a
literature review of works that have focused on public preferences and behaviours regarding
approaches to sustainable flood risk management (FRM), before it then highlights a prom-
inent case study of sustainable FRM, which considers perceptions and behaviour towards
‘bioswales’. It then considers public awareness and understanding of bioswale functions
and how these may affect perceptions of amenity, costs and benefits, and so impact upon
behaviour. Finally, the chapter argues that maximising opportunities for involving citizens
in the development and tailoring of SuDS could help encourage the take-up of more
appropriate — sustainable — behaviours. Without such efforts, comprehension of the
purpose and nature of installations might rest at such a level that inappropriate behaviours
remain commonplace, reducing the efficacy, cost-effectiveness and sustainability of nominally
more ‘sustainable’ approaches.

Sustainable Surface Water Management: A Handbook for SuDS, First Edition.
Edited by Susanne M. Charlesworth and Colin A. Booth.
© 2017 John Wiley & Sons, Ltd. Published 2017 by John Wiley & Sons, Ltd.
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21.2 Public Preferences and Understanding of Flood Risk Management

Around 5.5 million properties currently stand in areas at risk of flooding from rivers, the
sea and surface water in England and Wales alone (Environment Agency, 2009a, 2009b),
yet action to install flood protection measures remains surprisingly low. Only around 1 in
4 of those who have been flooded have since taken action, while for those that have not
experienced anything this drops to 6% (Thurston et al., 2008; Harries, 2012). Some fore-
casts predict that with climate change, UK flooding may increase dramatically over the
next 75 years. If so, this could cost tens of billions of pounds every year in repairs and
protection work (King, 2004). This will be mirrored across the world as climate change
impacts upon built environments.

As Lamond and Proverbs (2009) have argued, people must go through a number of
stages of thinking before they can accept the realities of possible flooding and begin to
engage with this. That is, there needs to be a developing of the desire to act through aware-
ness, perception and ownership of the problem, as well as of the ability to act in developing
the knowledge, the available capital and a belief that acting will alter the situation. Public
ownership of flood risk is apparently low; respondents sometimes demonstrate aversion to
acknowledging the scale of risks faced (Speller, 2005; Defra, 2011). This may stem from
what Harries (2010) has referred to as preferences for feeling secure over and above
actually being more secure, and being constantly reminded of potential risk by measures
put in place (seeing flood doors and so forth).

This may be no less true regarding the perceived utility of municipal defences such as
household adaptations; communities might not accept labelling and actions that acknowl-
edge and work to reduce the risk, for fear they could negatively affect property prices
(Burningham et al., 2008). Nonetheless, trends have been observed of people perceiving the
responsibility for installing flood protections as being a government-level one rather than
that of households (Correia et al., 1998; Werritty et al., 2007), with people remaining
passive and expecting government or insurance to cover the costs (Brilly and Poli¢, 2005;
Wedawatta et al., 2011; Ludy and Kondolf, 2012). Other studies have found that publics
tend to recognise at least joint responsibility for managing flood risk with designated
authorities (Laska, 1986), but findings have, in turn, shown that people’s willingness to pay
for mitigations can be as low as one-off payments of less than £100 (Kazmierczak and
Bichard, 2010), which would not cover the cost of effective measures, and this strongly
implies that the problem still remains.

It could be, however, that there are some in-built preferences within society towards
more sustainable approaches to managing flood risk. A number of studies have shown that
increasing green space and biodiversity, or wildlife corridors, within the built environment
is generally perceived positively (Coley et al., 1997; Dunnett and Muhammad, 2000;
Chiesura, 2004; Fuller et al., 2007). Thus, it could be that sustainable approaches to FRM
will be perceived more positively due to their increasing available green space and contrib-
uting to biodiversity, while not presenting, in the first instance, as flood-risk defences; this
is something that is considered in the next section.

21.3 The Sustainability of SuDS

Policy in both the UK and the USA now favours employing more sustainable approaches
to FRM (Scottish Government, 2003; Defra, 2005; EPA, 2013). Implementing this shift
away from hard ‘grey’ infrastructure will require the involvement of all stakeholders,
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including local publics who will be affected, in developing new practices and behaviours to
ensure functionality and sustainability. This raises questions around where public prefer-
ences lie, and whether — and if so, how — they might develop, positively or negatively, with
the wider adoption of SuDS.

In contrast to generally more hidden grey infrastructure, SuDS will frequently alter the
visible urban environment: ‘green’ SuDS, such as green roofs, swales and rain gardens, will
involve locating green spaces within or atop the built environment, while rain barrels will
alter aspects of home aesthetics, and permeable paving may change aesthetics and the ‘feel’
of the ground. All will, therefore, involve developments in thinking with regard to what
flood risk management should involve and look like (Shandas ef al., 2010), and will neces-
sitate shifts in behaviour to enable them to carry out their function over the medium to
long term. Furthermore, perceptions of SuDS could influence homebuyer preferences,
house values and so developer practices (Netusil et al., 2014; Bolitzer and Netusil, 2000;
HR Wallingford, 2003).

For this reason, understanding public perceptions and behaviours is vitally important.
Crucially, SuDS will only ever be as sustainable as the behaviour surrounding them.
Mistreated permeable paving or swales might last only a few years if people allow their
cars to leak oil onto paving or use swales as convenient places to dispose of refuse, thereby
blocking water flows.

Looking back to the SuDS triangle (Chapter 1), water quality and quantity make up a
substantial part of the research that has been conducted around SuDS. Yet, as Singleton
(2012) acknowledges, the third arm of the triangle, amenity (and biodiversity or wildlife),
is frequently less considered. Indeed, ‘sometimes it is sidelined, or even forgotten completely’
(Singleton, 2012). This is possibly because, as Singleton (2012) acknowledges, targets for
amenity can be hard to set, and outcomes in turn vague. Biodiversity is furthermore a quite
separate consideration without overall agreed measurement metrics, scales of assessment
(Purvis and Hector, 2000; Franklin, 2008) or formulae for connecting this back to how it
would benefit amenity (Hanley et al., 1995).

Yet the amenity arm of the SuDS triangle is arguably the most important from both
social and sustainability perspectives. People need to understand the direct functions of
SuDS (reducing flooding and improving water quality), as well as their more indirect
benefits, such as adding to the urban environment’s green infrastructure, in order to be
cognisant of how they contribute to amenity (such as reducing water consumption and
enabling more access in times of drought, improving aesthetics and air quality, providing
wildlife corridors to encourage biodiversity and creating leisure and recreation spaces that
frequently benefit mental and physical health, etc.). If they do not feel the devices contribute
to their lives, people may be more unwilling to alter behaviour to encourage longer-term
functioning, and to pay for the wider rollout as well as maintenance of such approaches.

Amenity is a frequently referenced benefit of using SuDS (Defra, 2011; Anglian Water,
2011; Graham et al., 2012), yet the preferences and perceptions of those who live around
devices are under-researched. A few studies have produced findings indicating that publics
prefer structural defences to SuDS. Werritty et al. (2007) found over 90% of respondents
preferred structural defences to proposed alternatives, these being viewed as ‘the first line
in flood defence’. In looking at the potential benefits of SuDS, Johnson and Priest (2008)
also concluded that the public, media and insurance industry remained heavily focused
upon structural defences.

In contrast, Kenyon (2007) found participants preferred rural SuDS approaches such as
regeneration of woodlands, with structural defences the least favoured option. Three other
studies also noted public preferences lying with more sustainable approaches to FRM; HR
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Wallingford (2003), Apostolaki and Jefferies (2005) and Bastien ez al. (2011) all found that
SuDS ponds were valued by local residents for their aesthetics, amenity and contributions
to wildlife, with wildlife being rated as the most important factor, but aesthetics being a
deciding factor.

Apostolaki and Jefferies (2005) found low levels of awareness of local schemes’ functions,
with many respondents unaware of either the term ‘SuDS’ or the ponds’ contributions to
flood-control. It was observed that people’s views about SuDS ponds related, at least in part,
to their awareness of functions and services. Bastien e# al. (2011) found that public aware-
ness of ponds’ functions was much higher than in Apostolaki and Jefferies’ (2005) research,
with almost 75% of those surveyed having an understanding. However, safety was a major
concern of residents, and large differences were observed between perceived and actual
safety levels (McKissock et al., 1999). Tunstall et al. (2000), however, evaluated several
flood risk and amenity improvement river restoration projects, concluding that ‘well-
presented’ schemes could be implemented, alongside consultation and awareness-raising,
without raising safety concerns. The overriding conclusion of these studies is, therefore, that
education and consultation are vital to the effective pursuit of sustainable strategies.

Studies from the USA were often more around green infrastructure (GI) generally than
SuDS specifically, but with findings of central relevance, and these indicate similarly that
awareness and understanding can be quite low (Barnhill and Smardon, 2012; Everett et al.,
2015, 2016). Barnhill and Smardon (2012) provide a concise but extensive literature
review of the situation in the USA. They cite LaBadie’s (2010) findings of poor knowledge
regarding the design, construction, maintenance and funding of such techniques in
Albuquerque, New Mexico, as an example of how core understanding is generally lacking,
and how this can negatively impact upon willingness to consider SuDS alternatives.
Similarly, Shandas et al. (2010) stress the need to improve knowledge of stormwater
management techniques, having observed some significant variance among neighbour-
hoods in their studies in Portland. Others have observed misconceptions regarding SuDS
harbouring increased populations of mosquitoes (Traver, 2009; Everett, 2016), which
could in turn negatively affect perceptions.

Barnhill and Smardon (2012) point to related potential issues to be acknowledged and
dealt with, such as how interventions might affect the socio-economic profile or the felt
safety and security of areas (Seymour et al., 2010; Pincetl and Gearin, 2013). However, they
also point to studies that reflect upon the potentially positive social equity impacts of increas-
ing access to green spaces (Floyd et al., 2009; Pincetl and Gearin, 2013) and how this could
develop safer and healthier neighbourhoods (Abrahams, 2010; Qureshi et al., 2010; Shandas
et al., 2010). Similarly, Dill et al. (2010) observed in their Portland study that residents saw
children playing outside more on green streets, felt they were better places to live and found
walking in their neighbourhoods more pleasant. The overall outcome is a sense of the sig-
nificant potential positive or negative impact of designing GI SuDS into urban environments.
In the next section, we will look to a series of case studies that have been conducted around
the use of sustainable approaches towards flood risk management in Portland, Oregon.

Attitudes and Behaviour: Portland, Oregon, USA

In the USA, green infrastructure (Benedict and McMahon 2006) has been promoted for
around 20 years for environmental, economic and social reasons. Portland, Oregon has a
history of flood events with an expected 10-year return period known as ‘nuisance
flooding’ - relatively minor floods, which nonetheless cause road blockages and basement
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and house flooding, and contribute to worsening water quality through runoff from roads
and industry (BES, 2001). As a result, the Portland Government’s Bureau of Environmental
Services (BES) has been developing more sustainable approaches to managing stormwater
throughout this time (Reinhardt, 2011).

The BES’s Grey to Green initiative (2008-2013) focused on expanding the use of storm-
water management techniques that mimic natural systems, to restore and protect existing
natural areas, improve water quality and reduce problems with street and basement flood-
ing (BES, 2010). This has included, firstly, a ‘willing seller land acquisition program’,
targeting three specific areas that experienced regular nuisance flooding, to buy up houses
and return the land to a more natural state: restoring wetlands, improving flood storage for
surrounding areas and benefitting wildlife and leisure activity opportunities (BES, 2015a).
Secondly, the ‘clean river rewards’ program has offered households up to a 100% reduc-
tion in their stormwater utility fees when stormwater is managed at property level rather
than feeding into the drainage system, as well as the city offering free workshops on how
to register and how to manage stormwater at a household level (BES, 2014a).

This has previously included offering reductions if households disconnected their down-
spout, (roof drainpipe), so that rainwater fed directly into their garden or rain bucket
rather than entering the drainage system (Wise, 20105 BES, 2014b), as well as reductions
for using green roofs (BCIT, 2006). Portland has a mandatory policy of installing green
roofs on city-owned buildings, unless this would be impractical (BPS, 2009). Further, plan-
ning policy allows for increases in building density where green roofs are used (BCIT,
2006). Although the city no longer offers free work or such incentives, they do still proudly
assert that these programmes have led to 56,000 downspouts being disconnected, which
has removed 1.3 billion gallons of stormwater from the combined sewer overflow systems
each year within the city (BES, 2014).

Portland is now considered one of the leading cities in the USA in its pursuit of using
green infrastructure to improve many aspects of city life (improving liveability, promoting
sustainable development practices and helping to prepare for climate change — see Slavin
and Snyder, 2011 and Mayer and Provo, 2004). Portland, for example, receives a high
score for sustainability endeavours in Portney’s (2013) review of US cities.

The city adopted its first stormwater management manual in 1999 (SWMM) (BES,
2005) and then officially assumed a green streets policy in 2007 (BES, 2007). As a result of
this, one further key element within their approaches to dealing with stormwater runoff,
bioswales, have been being installed on city streets for over ten years. Bioswales, or biore-
tention gardens, are highly engineered SuDS stormwater management facilities similar to
rain gardens, but with drainage installed underneath to transport the filtered water, using
native plants to extract pollutants before the water returns to the main watercourse (Figure 21.1).
These have been used extensively in Portland for reducing street and basement flooding
and for improving water quality, both as city retrofits to developed areas and through
changes to legislation that require developers to undertake GI SuDS work wherever more
than 500 sq. ft (46 m?) of hardstanding is to be laid down (BES, 2014).

In Portland, Shandas et al. (2010, 2015) researched the ‘Tabor to the River’ (T2R)
programme, a series of works involving extensive tree-planting, bioswale installation,
habitat improvements and sewer pipe restoration, to improve the area’s ability to cope
with the limits of a historic combined sewer overflow pipe system in the face of increases
in urbanisation, hardstanding and climate change. Shandas et al’s (2010, 2015) work
looked at resident understandings and attitudes in areas within the T2R programme, where
bioswales had been installed, and compared this with areas where no closer engagement
work had yet been undertaken.
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Figure 21.1 Bioswales in Portland, Oregon and preplanting information.

The surveys they conducted found respondents, in general, to be well informed about the
nature of the programme. They found that people in areas with bioswales rated their sur-
roundings more highly on every variable considered (walkability, safety, aesthetics and
green space), pointing to a positive relationship between resident satisfaction and green
infrastructure SuDS, as posited in the previous section. In terms of willingness to engage



Public Perceptions of Sustainable Drainage Devices 291

with maintenance of devices, Shandas et al. (2010) found that, as a rule, higher income
households were more likely to engage, and more likely still if (a) they were already
involved with the other environmental projects, (b) they had developed social interactions
with others in their neighbourhood or (¢) they rated the neighbourhood lower regarding
the presence of parks and open space. Lower income households were more likely to
engage when younger or with a graduate education.

Church (2015) also studied T2R, finding strong awareness of and support for the use of
bioswales, crediting this to outreach work undertaken by the BES. Church (2015) found
support for the statement that bioswales were ‘a good idea’ (82%), but weaker support for
the notion that bioswales improve aesthetics and act as an amenity (32%). A large propor-
tion of the sample (63 %) understood the function of bioswales. Church’s (2015) work did,
however, discover mixed views of bioswales as ‘nature’; around two-fifths felt that they
were, and the same number felt they were not, the rest considering them a purposive
‘manufactured’ nature — highly engineered city interventions, rather than natural, or
providing green space or wildlife corridors.

Dill et al. (2010) looked across several sites in Portland to assess whether green streets
impacted upon ‘active ageing’. They found green streets residents walked more than in
other areas, even controlling for demographics, attitudes and nearby destinations, and
were more likely to concur that walking in their neighbourhood was more pleasant since
facilities were installed. It was further found that green streets residents stopped and talked
with their neighbours more often than on other streets. Concurring to some extent with
Shandas et al’s (2010) work, Dill et al. (2010) found that older residents tended to hold
more negative opinions about facilities.

Everett et al. (2015, 2016) also researched public perceptions and behaviour regarding
Portland bioswales. They looked outside of the T2R programme area, and possibly due to
demographic differences and a different methodological approach, findings differed
somewhat from those of the authors detailed above. Everett et al. (2015, 2016) adopted a
point of opportunity interaction (POI) approach, talking without prior notification with
people on the street or in their gardens, to avoid self-selection bias, whereby residents
might respond only if they were already aware of the installations and had strong opinions
about them (Whitehead, 1991; Hudson et al., 2004). The interactions produced valua-
ble insights from people who may not otherwise have volunteered for more formal
engagements.

Everett et al. (2016) found a lot of low awareness of the purpose and function of
devices. Those with some awareness spoke much more about reducing flood risk and
cleaning the water than they did about possible wider benefits of the devices, such as
providing wildlife corridors or helping with adaptation to climate change. Importantly, a
significant minority of residents in areas not at direct flood risk did not connect with how
devices local to them might help mitigate risks elsewhere, or the city-wide economic
benefits of avoiding flooding. Others were rather cynical about city claims for flood
reduction and water cleaning, indicating lower awareness. With regard to maintenance,
some respondents took part in basic litter clearing, but very few were aware of the exist-
ence of the green street steward programme. The city publishes materials advising on how
to clear facilities (BES, 2012, 2013), and encourages members of the public to sign up as
stewards, where they gain training and then ‘adopt’ bioswales. These points again reem-
phasise the importance of engagement and awareness-raising taking place prior to, during
and following the installation of devices.

Everett et al’s (2016) study also demonstrated some pronounced dissatisfaction with
plant choice and maintenance on certain streets, with some residents thinking plants looked



292 Sustainable Surface Water Management

like weeds, others that they looked overgrown and unkempt and a final group asking why
they could not plant edible produce in the bioswales. Dialogue in such cases might allow
for local aesthetic adaptations and negotiation as well as awareness raising. Finally, as a
result of poor bioswale understandings and perceptions, Everett et al. (2016) heard stories
of people emptying their trash into the devices, cutting back or removing plants that had
been placed there for a reason, and diverting water away from bioswales so that it remained
on the street. While such stories were in a minority, they were frequent enough to cause
some concern regarding levels of awareness and buy-in to city strategy, and how this might
affect longer-term performance and sustainability of devices.

21.5 Co-development and Co-ownership

An increasing number of authors advocate adopting what might be termed a knowledge
co-construction approach, where all interested parties can discuss and learn from each
other in developing together solutions that all might be more satisfied with, over a ‘deficit
model’, expert—public knowledge-transfer approach (Fielding e al., 2007; White and
Richards, 2008; Evers et al., 2012; O’Sullivan et al., 2012). Engaging and involving locally
affected communities should be a fundamental first step in looking to encourage the
community buy-in needed for device longevity. ‘Deliberative participation strategies’ need
to be employed alongside efforts at community education in order to effectively empower
and involve publics (Ryan and Brown, 2000). As Tunstall ez al. (2000) noted, publics
expect to be consulted about changes to their local environment, especially ones that will
negatively alter aesthetics in the short term and that some may regard as negatively affecting
their flood risk.

Dialogue and consultation around engagement work could help to bring in local
knowledge, concerns and preferences, with the aim of constructing devices that local
people feel greater ownership of and investment in, improving awareness to improve
acceptability (HR Wallingford, 2003; DTI, 2006; Hostetler et al., 2011). Consultation
could also allow people to input to modifications that could potentially improve prefer-
ences and give them a sense that these were ‘their’ spaces, thereby hopefully encouraging
interest in adopting stewardship roles (Larson and Lach, 2008; Dill ef al., 2010; Shandas
et al., 2010; Everett, 2016).

Conducting engagement could be challenging, and costly; it would be important to try
to get beyond the ‘usual suspects’, as Larson and Lach (2008) and Shandas et al. (2010)
found with their studies that higher income and more highly educated respondents were
more likely to engage with consultation exercises and other city interaction efforts. Henning
(2015) presents an interesting approach to thinking about engagement in looking to break
down the catchall of ‘homeowners’ into a more textured analysis of motivations. Henning
(2015) arrives at a six-point typology relating to people’s concerns, or lack of, with the
adoption of green infrastructure and stormwater management techniques. This ranges
from those more concerned with maintaining clean aesthetics, through ‘the greens’
concerned to do what they believe is good for ‘the environment’, to ‘early adopters’ of
stormwater management techniques, such as rain barrels. This more textured and nuanced
attempt at understanding ‘the public’ could, Henning (2015) argues, allow for more tar-
geted communications pitched at top-level preferences (reducing flooding, increasing green
space, improving biodiversity or aesthetics, and so forth). This could, in turn, work to bring
more people in to conversations around SuDS and GI.
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21.6 Conclusions

This chapter has looked at what we know so far of public understanding, preferences and
behaviour around sustainable drainage systems. It has been shown that understanding of
the purpose, function and wider benefits of such systems does exist, but that it appears to
be far from mainstream. Published literature supports this belief that a strong majority of
the public are unaware, or insufficiently aware, of the reasons why these systems are put in
place, unless they are engaged with, early and in an ongoing manner. As a result, prefer-
ences will frequently be developed based upon the aesthetics and perceived amenity or
disbenefits of systems. Yet if people are unaware of the wider potential benefits, while costs
such as reduced parking space or perceived reductions in safety are more obvious, this will
feed back towards negative preferences regarding SuDS.

As a result of low awareness, further, people have been argued to be often poorly informed
about behaviours required to ensure continued functioning and the development of the mul-
tiple potential benefits from established devices, as seen in Portland, USA. This will tend again
to feed back to reduced functioning, worsened aesthetics and further negative preferences.

We have acknowledged and agreed with arguments from the literature that to encourage
more positive preferences it will be important to bring potentially affected, or concerned,
publics in to conversations around SuDS as early as possible. Where people are involved,
they can express their personal preferences, share their local expert knowledge, learn from
professional stakeholders and negotiate towards maximally preferred solutions for all
parties. In so doing, members of the public will hopefully become more disposed to assume
ownership over devices, and therefore be more willing to engage with both good behaviour
and maintenance practices.

Engagement efforts around the Tabor to the River programme in Portland serve as an
example of best practice, where local voices have been listened to, awareness is high and
behaviour generally good. However, the further Portland research that was cited demon-
strated that where such engagement work was not undertaken, awareness remained low.

Engagement will cost in the short term, but engagement of publics with the development
and implementation of their local devices might save money over the longer term. A greater
desire to have devices that have been co-developed and people feel ownership over along-
side improved awareness and appreciation of the devices’ multiple benefits could encour-
age more widespread appropriate behaviour (and community-level disapproval of
inappropriate behaviours). Such desire could further help inculcate community-level
endeavours at low- to medium-level maintenance work in the manner of Portland’s green
street stewards.

Engaging communities as early on as possible, and in an ongoing manner, in the co-
development and implementation of SuDS solutions is perhaps the best approach for
ensuring that sustainable drainage systems truly are sustainable, as well as more cost-effective
in the long term.
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