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Abstract: Flood defense strategies have evolved from hard-engineered systems to nature-based
solutions that advocate for sustainability to meet today’s environmental, social, and economic goals.
This paper aims to analyze the historical progression and evolutionary trends in flood control
strategies that have led to nature-based solutions. An evaluative literature review was conducted to
narrate the evolution of nature-based flood management approaches for different flood types, river
floods, coastal floods, and stormwater run-offs. The analysis reflected three evolutionary trends: the
transformation of hard measures to soft measures; secondly, the increase in society’s attention to
ecosystems and their services; and, finally, divergence from single-function solutions to multi-function
solutions. However, continuous monitoring and evaluation of the previous projects and adapting to
the lessons learned are the key to progress towards sustainable flood management strategies and
their societal acceptance.

Keywords: nature-based solutions; flood defense strategies; green infrastructure; ecosystem-based
approaches; building with nature

1. Introduction

Throughout human history, the availability of water resources has been essential to
humans’ well-being and survival [1]. The convenience of accessing water has been a critical
determinant of human settlements near water bodies. However, these settlements near the
water bodies have faced severe risks, such as floods, which could become more threatening
under future climatic and socio-economic vulnerabilities. Several approaches have been
tried and tested to cope with flood disasters over time. Traditional engineering solutions,
commonly called ‘grey infrastructures’, are considered practical measures and have been
used as defenses against different types of floods. Hard-engineered systems, such as
seawalls, dikes, levees, pumping facilities, floodways, etc., and stormwater management
strategies, such as gutters, storm sewers, tunnels, culverts, detention basins, etc., are some
of the grey infrastructures that have been used for preventing coastal and river floods.
The benefits of grey infrastructure are that it allows standardization and replication of the
engineered systems, which significantly reduces the project costs and delivery times and,
thus, ensures high performance standards. However, these systems also require continual
maintenance and often need to be renovated periodically.

In recent years, pressures on the quality and the quantity of water resources and
unprecedented flood risks have increased drastically. The current global issues, such as
increased urbanization, higher run-off volumes, and climate change, have put a strain
on the existing hard systems; thus, they have increased their designing, operating, and
maintaining costs [2]. Consequently, sustainable water management and flood resilience
have become critical challenges for coastal areas and the surrounding cities. The problems
have particularly escalated in the face of climate change that impacts rainfall patterns,
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intensities, and frequencies. Extreme precipitation events could produce frequent run-offs,
which could exceed the capacities of current urban drainage systems. Therefore, areas along
the rivers or the coastlines and inland areas that are not in vicinity of a water body are being
threatened by increased risks of flooding, rising sea levels, and uncertain precipitation
patterns [3].

The current climate and socio-economic conditions changes call for smart, nature-
based developments and innovations in flood and water management. The idea of the
sustainable use of nature to meet the current environmental, social, and economic challenges
is referred to as ‘nature-based solutions’ (NBS) [4]. The term NBS was mentioned by the
World Bank [5] and further defined by IUCN [6] and then explained more explicitly by
the European Commission [7]. NBS have been described by Cohen-Shacham et al. [8]
as “actions to protect, sustainably manage and restore natural or modified ecosystems,
which address societal challenges (e.g., climate change, food, and water security or natural
disasters) effectively and adaptively, while simultaneously providing human well-being
and biodiversity benefits”. NBS have been reported as efficient tools to tackle flood risks,
water security, and water quality issues by using a wide range of processes, such as
mimicking natural processes of infiltration, evapotranspiration, and phytoremediation.

The overall objective of the concept of NBS and other similar terms used for flood
management (such as ecosystem-based management, eco-friendly flood protection, sustain-
able flood management, natural flood management, etc.) is to meet the needs for resilience
against flooding. The concept aims to enhance community benefits (social objective), pro-
tect nature (environmental objective), and deliver resilience at an affordable cost (economic
objective) [9]. Sustainability in flood management is challenging to achieve with state-of-
the-art civil or hydraulic engineering in some intractable cases. Hence, interdisciplinary
co-operation is needed.

In recent decades, many innovative flood defense strategies have emerged globally to
solve the different flood problems. These strategies, such as ‘building with nature’ (BwN),
‘low impact development’ (LID), ‘sustainable drainage systems’ (SUDS), ‘green infras-
tructure’ (GI), water-sensitive urban design (WSUD), sponge city, etc., have emphasized
sustainability, resilience, and climate change adaption. Even though abundant literature
exists for these solutions, only limited studies discuss the evolution of these approaches.
Ecological engineering (EE), a coin termed by Odum in 1989, was the earliest step in initiat-
ing ecosystem-based approaches to flood management, which focused on waste clean-up
and management (as cited in [10]). By the late 1990s, the term EE evolved to describe the
design of sustainable ecosystems [11].

Similarly, the term GI was widely popularized during the late 1990s to identify, protect,
and restore interconnected urban greenspaces; however, the concept was further developed
by the USEPA to manage stormwater and polluted run-off [12], using natural or engineered
systems to mimic natural systems. GI and LID are increasingly used in combination for
stormwater management, e.g., by the USEPA [13]. Similarly, BwN initially aimed for coastal
spatial optimization [14], and, today, it has expanded to designing flood safety measures for
rivers and cities. In addition to the lack of evolution of flood management terminologies in
literature, newer approaches, such as BwN, have not been mentioned very often. Therefore,
this study also elucidates on the ongoing European project ‘Building with Nature’, funded
by the Interreg North Sea Region Programme (2014–2020). The project aimed to use NBS
principles to make the North Sea region’s coasts, estuaries, and catchments more adaptable
and resilient to the effects of climate change.

Thus, the objective of our study is to review and analyze the evolution of nature-based
solutions for flood control strategies. Flood-prone areas are classified, and evolutions in
these areas are reviewed separately. The study also tries to indicate the common changes
of these areas, and it shows that all the areas are moving towards NBS from the existing
structural flood control strategies. The paper is organized as follows: Section 2 defines
the methodological approach of reviewing NBS literature. Section 3 onwards describes
the results obtained from the literature review and highlights the historical progression of
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flood defenses. Section 4 describes the evolutionary trends in flood management. Section 5
analyzes how NBS differ from traditional solutions in the objectives and functions. The
paper concludes in Section 6 and ends on a take-away note for the readers.

2. Materials and Methods

This study was conducted using an extensive evaluative literature review. Existing
research and practical cases were the major materials of the study. Specific scientific
publications, policy briefs, and project reports were then targeted for an in-depth review
and important points regarding each flood types and NBS approaches were noted. Since the
Interreg North Sea region funded BwN projects have also been researched and mentioned
across the study, the project website (https://northsearegion.eu/building-with-nature/
(accessed on 20 August 2021)) was used for the data and publications. Literature of the
topics related to historical developments of flood management, information about different
types of NBS, and studies on flood risks and infrastructure for defenses were collected
and analyzed for trends in flood management strategies which could have led to the
evolution of NBS. In addition, since it is a review of the evolution of management strategies,
older publications not available on the internet were extracted from different sources and
requested from the organization so that missing details or misinformation were avoided.

3. Flood Typologies and Related NBS Approaches

An extensive non-systematic literature review into flood management strategies and
NBS approaches was conducted to highlight the different flood typologies and analyze
specific typologies in this study. The NOAA National Severe Storms Laboratory (NSSL)
lists five types of floods on its website (https://www.nssl.noaa.gov/education/svrwx1
01/floods/types/ (accessed on 11 November 2021)). These include ‘river floods’, ‘coastal
floods’, ‘storm surges’, ‘inland floods’, and ‘flash floods.’ A handbook on good practices for
flood mapping [15] in Europe broadly classified different types of floods as ‘river flooding in
flood plains’, ‘seawater flooding’, which includes storm surges, ‘mountain torrent activity
or rapid run-off from hills’, ‘flash floods’, ‘groundwater flooding’, and ‘lake flooding’.
Finally, IPCC’s 2012 report classified floods as ‘fluvial floods’, ‘flash floods’, ‘urban floods’,
‘pluvial floods’, ‘sewer floods’, ‘coastal floods’, and ‘glacial lake outburst floods’. This
study extracted coastal floods (including storm surges), river floods (i.e., fluvial floods),
and stormwater run-off (pluvial floods, surface water floods, flash floods, etc.) based on the
literature reviewed and tried to correlate the flood types to different regions of a landscape.
For example, river floods are a characteristic of inland water bodies, such as a river or a lake.
Different management approaches for each flood type were reviewed from the literature in
the following sections and presented comprehensively in Table 1 below. Only nature-based
management approaches were reported for each flood type, and their multi-functionality
was highlighted.

https://northsearegion.eu/building-with-nature/
https://www.nssl.noaa.gov/education/svrwx101/floods/types/
https://www.nssl.noaa.gov/education/svrwx101/floods/types/
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Table 1. Classification of different flooding areas and corresponding NBS approaches.

Flooding Area Flood Typology Flood Characteristics Corresponding NBS
Approaches Multiple Functions

Coastal areas Coastal floods

Storm surge and tsunamis can
cause inundation of seawater’s

land areas along the coast, which
causes coastal flooding. Usually,

water overwhelms the coasts,
which are low-lying areas, and

can cause coastal erosion,
massive destruction of property,

and loss of lives.

BwN ecosystem-
based coastal defense

(e.g., sandy
nourishments)

Coastal erosion
prevention, habitat

restoration,
biodiversity
conservation

River areas
(including all

freshwater bodies
inland to the cities)

River floods

Increased water levels of a river
or a lake due to excessive rain

or snowmelt can overflow onto
the surrounding banks and

neighboring lands, causing river
floods. Usually, precipitation

levels, river levels, and terrain
conditions are considered when

forecasting river floods.

River restoration (e.g.,
river re-meandering),
BwN (e.g., ‘room for
the river’ program)

Riverbank erosion
prevention, river
structure damage
mitigation, habitat

restoration

Built environments
(including both
rural and urban

settings)

Stormwater
run-offs

A stormwater run-off occurs
when an extreme precipitation

event leads to a flood even in the
absence of an overflowing water

body in the vicinity. They are
most common in built

environments of rural or urban
areas. Flash floods are a type of
stormwater run-off caused by

high intensity of rainfall within a
short period. Devastating

torrents characterize them after
heavy rain in an area.

GI, LID, SUDS,
sponge city

Water source
protection, water

pollution control, water
quality improvement

3.1. Coastal Areas

Coastal management aims to protect the shore from sea level rise and storm surges
and create a defense against flooding and erosion. The history of coastal engineering
is not easily traceable and might have existed since the time man inhabited the coastal
areas [16]. The first recorded beach nourishment project was in the United States at Coney
Island, New York, in 1923 [17]. Even though it was a large project, the design was just
rudimentary dumping of sand on the beach, which integrated 2 miles of shoreline. This new
shoreline helped the county gain economic benefits by creating a new recreational area [17].
There have been significant advances in planning, monitoring, and maintenance of beach
nourishment projects [18]. In recent decades, artificial nourishment has been promoted as
one of the significant coastal defense schemes, mainly because of its cost-effectiveness and
technical improvements [19]. Sand nourishment can be in the form of dune reinforcement,
beach nourishment, and shoreface nourishment. However, several studies have pointed
out an increasing demand to maintain consistent nourishment [20,21].

For sustainable management of coastal areas, ‘integrated coastal zone management’
(ICZM) was introduced in 1992 during the Earth Summit at Rio de Janeiro. The European
Commission [22] describes ICZM as a sustainable process for coastal management that is
multidisciplinary, iterative, and dynamic. The principles of ICZM emphasize incorporating
the functions of natural processes while respecting the carrying capacity of ecosystems
to achieve sustainability [22]. The need for protection strategies and infrastructures has
increased as societies continue to urbanize rapidly, and coastal areas are becoming more
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vulnerable to sea level rise and other extreme weather events [23]. The need for sustainable
coastal protection arose from the thought that hard engineering systems may increase
societies’ vulnerabilities in the long run [24]. In recent years, ecosystem-based coastal
management solutions are being used as a regional solution since they are more sustainable
and cost-effective than conventional engineering methods [25]. Under ICZM principles,
many BwN approaches are being implemented in coastal areas. The BwN strategy utilizes
natural processes and materials to bring additional benefits to the communities, such as
recreational and economic benefits, while restoring the coast. The BwN principles have
been gradually spreading over Europe and Asia since 2002 [26,27]. In the Netherlands,
around 1000 hectares of coastline have been reclaimed using the BwN principles with sand
dunes and beaches [14]. The Delfland Sand Engine project (2006–2011), Netherlands, was
an experimental coastal maintenance project using mega-nourishment concentrated in time
and space [28]. It was expected to reduce the engineering and construction costs, create a
more natural coastal profile in the long run, and provide several ecological and recreational
benefits to the societies along the coasts, thus using core BwN principles. Five years after its
implementation, monitoring and evaluating the project show positive results and multiple
benefits, including improved coastal protection, room for new habitats, new dunes, and
leisure and safety for visitors, as hypothesized [29].

3.2. River Areas

River restoration was initiated around the 1970–1980s, particularly for water quality
issues and good ecological status. River restoration started being applied as a flood
protection mechanism only in the late 1990s [30]. After the devastating floods in the
1990s (1993, 1995, 1997), the European Union started to value their river systems more
from the perspectives of flood events [31]. This was reflected in the EU’s flood directive
of 2007. Political agendas focused on the re-development of natural rivers and their
courses [32]. During the same period, researchers attributed the causes of flood disasters
to the loss of wetlands and floodplains. Thus, it started to promote river restoration for
both ecological value and flood reduction [33,34]. At the same time, many case studies
highlighted the disadvantages of traditional flood management for river areas, such as
longer implementation time [35], maladaptation to climate change with energy-intensive
structures, such as desalination plants, or high construction and maintenance costs for
structures, such as riverine dikes [36]. Speed et al. [30] suggested that interventions blend
conventional engineering with other disciplines such as ecology. Thus, river restoration
is now considered to be more than just the building of traditional hard structures such as
tall and heavy dikes, but also aims at restoring ecosystem functioning. For instance, the
‘Room for the River’ project was proposed in 2006 by the Dutch cabinet [37]. The project
planned to modify the existing structures of different floodplains that encompass the four
rivers: the Rhine, the Meuse, the Waal, and the Ijssel. This project included a combination
of centralized and decentralized governance approaches for water management [38]. This
project has become one of the major contributions of the BwN approach. Thus, the BwN
approach also aims to improve the safety of riverine areas from flooding and to improve
the spatial quality of the riverine regions.

River restoration today aims to increase natural storage capacity and reduce flood
risks by re-connecting streams and rivers to floodplains, restoring the original meandering
river morphologies, and re-constructing wetlands. The river restoration process can be
of two types: active restorations, which include physically changing the river landscape,
and passive restoration, which provides for altering policies to affect human behavior [30]
indirectly. River restoration has evolved from the one-dimensional response, such as water
quality, to inter-related issues, such as flash flooding and ecosystem degradation. This
evolution is a consequence of adopting the NBS principles.
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3.3. Built Environments

Traditional urban drainage systems have been used to control floods and to store
rainwater since the third millennium BC [39]. Urban drainage systems were integrated with
the aqueducts in ancient Rome (eighth century BC) to create an urban water cycle structure
that could import freshwater into cities and protect the low-lying areas from excessive
rainfall [40]. The modern urban drainage systems were first instilled in the nineteenth
century in western Europe [40], which helped prevent flooding and drainage through
a system of catch basins and pipes which efficiently delivered the run-off to the nearest
water bodies [41]. However, flaws with these systems were soon realized, including severe
downstream flooding and bank erosions [41]. Moreover, flood disasters also degraded the
water quality. By the 1970s, flow control structures, such as detention basins, were installed,
which had issues such as clogging. Thus, the recent goal of stormwater management
has been to manage the volume of the urban run-off to avoid flooding and better the
water quality of the cities [42]. This marked the beginning of sustainable designs for
stormwater management which could manage the stormwater as close to the source as
possible. Landscape architect Ian McHarg [43] came up with a conservation design for
stormwater management called low impact development (LID) in 1975. This included rain
gardens, disconnected roof drains, porous pavement, narrower streets, grass swales, etc.,
for maintaining the stormwater closer to the source and, thus, avoiding run-offs. Since the
1980s, other techniques, such as best management practices (BMP), ‘green infrastructure’
(GI), ‘sustainable urban drainage system’ (SUDS), ‘water-sensitive urban design’ (WSUD),
‘sponge city,’ etc., started emerging around the globe with similar principles and processes.

Many studies, such as those of Fletcher et al., Kabisch et al., Mguni et al., Raymond
et al., Zhou, etc. [13,36,44–46], documented these terminologies and explained the sig-
nificant overlaps and differences between these terminologies. There is a growing focus
on the sustainability aspects of stormwater management, which could include natural
hydrological processes and considers the multiple benefits of these techniques on society
and the environment. For example, the LID has been defined as the interaction of natural
process with the urban systems to protect water quality and aquatic ecosystems [12]. The
modern urban drainage systems are also being referred to as SUDS, which have focused on
employing science and engineering disciplines to ensure economic, social, ecological, and
environmental sustainability [47]. The present popular NBS techniques include filter and
infiltration trenches, permeable surfaces, water storage, swales, water harvesting, detention
basins, wetlands, and ponds [48–50].

Thus, the progression of flood management strategies in different risk areas highlights
how different NBS are being accepted and implemented. Looking at the progression of
strategies from grey to green infrastructure, three key trends were observed about NBS that
are discussed in the next section.

4. Evolutionary Trends in Flood Management

Three major trends are recognized from different flood management approaches. The
first trend is the transformation of flood control strategies from traditional measures to more
sustainable measures or soft measures, which consider the role of natural processes in cop-
ing with flood risks. The second trend defines how peoples’ willingness and consideration
towards the importance of the ecosystem and its services has increased ecosystem-based
adaptation to natural disasters. The last trend depicts the evolution of single-function
strategies into multi-functional strategies for flood control. These trends belong to three
different changes: the change of the application materials and measures, the change of
social requirements and concepts, and the change of functions provided. The following
sub-sections describe these trends in more detail.

4.1. The First Trend: The Transformation of Hard Measures into Soft Measures

The evolution of flood defense strategies for each flood type was explained with a
timeline constructed from the 1900s to the present, 2020, marking essential milestones.
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Figure 1 below depicts the timeline that indicates the gradual transformation of coastal
defense strategies: from hard structures to nature-based strategy for the different flood
types. The dawn of modern flood control began in the 1900s [51].
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Flood control during the early 1900s was more about protecting an individual area
than understanding the benefits of harnessing the floods. Extreme floods in the US in
the 1920s, in China during the 1930s, 1940s, and 1950s, and in Europe during the late
1950s pushed societies to build sturdier dams, raise dikes, etc., and reminded them of
the fragility of structural defenses. Finally, in the 1980s, the UN put forward sustainable
development, which directed flood management solutions towards a mix of hard and
soft measures. This idea was backed mainly by developed countries, such as the United
States [51], many European countries [52,53], Australia, and Japan [54], which had started
working on various flood control strategies before the 1980s. This is evident in the timeline
of different flood control terminologies that evolved globally (Figure 1). By the 1990s,
developing countries, such as China, also realized the need for approaches that work in
harmony with natural flood processes [54]. For instance, ‘sponge city’ has become a popular
expression in China [55]. One major underlying reason for the global transformation was
the increase of social awareness that the impact of natural hazards might be irreversible [54].
Sayers et al. [50] observed that beliefs, policies, and practices had been learned from the past
flood events, e.g., flood events in the 1990s on the Rhine and in the UK, the Asia tsunami in
2004, and 2005 in New Orleans, USA. These disasters enforced that hard structures, such
as levees, were failing in flood protection, and, thus, countries across the globe started to
combine structural and non-structural approaches for sustainable flood management [56].
Thus, 1990s saw a global emergence of sustainable, nature-based, ecosystem-led solutions
(such as land use changes, wetland storage, and floodplain reconnection) for coastal floods,
riverine flooding, and urban drainage systems.

However, the effectiveness of the implementation of the NBS is still unclear and not
fully quantified, and that is why they are not yet mainstreamed for global usage. Thus,
these approaches need to be tested according to engineering standards for the probability
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of failure. Even though hard structures are still being constructed, their environmental
impact assessment is now a pre-requisite, which can pave the way for testing with newer
NBS. One of the significant barriers to this implementation is societal acceptance of NBS,
which we discuss in the following sub-section.

4.2. The Second Trend: Increase in Society’s Attention towards Ecosystem-Based Adaptation

Ecological and environmental studies are relatively new compared to the develop-
ment of hydraulic and civil engineering. The term ‘ecology’ was first coined by Hackel
in 1866, and Tansley first introduced ‘ecosystem’ in 1935. Traditional ‘hard-engineered’
infrastructure and adaptation measures are being rendered as inflexible, unsustainable,
and expensive in the past decades [57–59]. The value of natural resources and nature-based
engineering is thus being recognized. This has led to the emergence of “ecosystem-based
adaptation” (EbA), which can be a comprehensive, multi-functional, and potentially cost-
efficient form of natural flood management [57]. EbA is not only a tool for climate change
adaptation, but it also offers a ‘no-regret’ solution for other co-benefits. EbA has been
evolving under the umbrella of NBS since 1995 [57,58] and has worked towards societal
resilience. However, ecological values and societal development have been contradic-
tory since the beginning. The attention to EbA has brought in more research and related
practices in the engineering fields; however, public perception has not favored EbA and
has met with ‘NBYism’ (not in my backyard-ism) [60]. For example, the idea of turning
valuable land into tidal marshes has been met with social and political objections in the
Netherlands [25]. The socio-economic factors might be why ecosystem-based defenses
have been implemented majorly in Europe and the United States and only on more minor
scales in Asia [25]. However, citizen engagement [61], community education [62], and
public communication [63] have shown promising results on public acceptance of EbA. This
approach can also be experimented with for NBS. Santoro et al. [64] studied stakeholder
risk perception for implementing NBS for flood protection at the Glinščica river (Slovenia).
The study concluded that, even though stakeholders needed the quantitative assessment
of the effectiveness of NBS measures for supporting the approach, qualitative scenarios
were considered suitable for supporting the initial discussion. Thus, public perception
can be changed in favor of NBS, provided they are included in some or all the stages of
implementation of these approaches. One of the major points that can tip the scale in favor
of NBS, other than risk perception, is the multiple benefits provided by these approaches,
which are discussed below.

4.3. The Third Trend: From a Single Objective Solution to a Multi-Objective Solution

As discussed above, the increasing global flood risks cannot be solved with a single
solution or a management strategy. Literature and case studies have highlighted how
NBS can mitigate floods and provide multiple benefits to the area and local communi-
ties [22,54–57], such as enriching biodiversity, improving landscape benefits, creating more
jobs, soil erosion control, delivering public goods, etc. The multi-functionality of NBS is
accredited to the inter-disciplinary knowledge of ecosystem-related fields that combine the
interactions of water and ecosystems, such as water ecology, ecological engineering, and
eco-hydrology, which have provided innovations to solve flood-related problems [58,59].
The switch to inter-disciplinary solutions has been triggered by the weaknesses of the
traditional flood defense methods. However, without advanced knowledge of ecological
engineering, this transformation is unlikely to happen [60,65]. Thus, understanding the
ecological complexity of local ecosystems is the first step towards developing a suitable NBS
for that area. However, evaluation of the impact of NBS on the ecosystem is also necessary
to understand its interplay with the whole ecosystem. This can also help understand the
multi-functionality of a NBS approach. The Eddleston Water Project (in Scotland), under
the Interreg BwN project, tried to achieve natural flood management and monitor the
biodiversity of the catchments while working with stakeholders, such as farm businesses
and governments.
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5. Edge of Nature-Based Solutions

The trends in Section 3.2 reveal some buzzwords that are becoming the stakeholders’
demands for flood control strategies: resilience, sustainability, and multi-functions. The
encompassing literature we reviewed in Section 3 also shows that NBS are the emerging
solution for the coastal, river, or built environments areas and have a certain edge over
traditional the grey solutions that are further discussed in this section.

However, a big issue is converting state-of-the-art to NBS instantly. In the early stages,
NBS are likely to be considered as a radical novelty. Still, the delineation of the boundaries
of the technologies is particularly problematic (i.e., low levels of coherence). For example,
the BwN approach was limited to coastal areas when it was initiated, but it has recently
expanded to the riverine areas. Additionally, newer practices in this field are emerging
at a fast pace. So, with the increasing applications of these practices, the definitions of
these strategies have become more explicit with fewer uncertainties. Many NBS used in
stormwater management have different terminologies depending on the regions they were
established in; however, the concepts are profoundly similar, such as sustainable drainage
systems (SuDS) in the United Kingdom, which are a similar concept to water-sensitive
urban design (WSUD) in Australia. On the contrary, the most avant-garde idea of BwN has
not reached its final stage since several types of research and experimental applications are
yet ongoing, and, thus, its uncertainties are high.

In general, NBS have the edge over traditional solutions in many criteria. In theory,
NBS aim to design a resilient and multi-functional infrastructure that works intercon-
nectedly with vulnerable areas for a longer duration than their grey counterparts. NBS
approaches try to have sustainable and adaptive resilience-based planning and design-
ing processes compared to grey solutions that are risk-based and robust but for shorter
durations.

Traditional solutions, basically generally referring to those concrete structural con-
trol solutions (dikes, revetments, etc.), have been adopted for decades but showed some
common disadvantages in both flood resistance and environmental issues (Table 2). Sum-
marizing the disadvantages of the three areas, the most common problem is the flood
problem transfer to another adjacent area and the destruction of landscape and ecosystems.
Literature ([66–69]) also showed that the two major reasons for replacing traditional meth-
ods can be, firstly, that these traditional methods are not enough to reduce the flood risks in
the face of changing climatic and socio-economic conditions. Secondly, that the traditional
methods have a negative impact on the environment.

Table 2. Summary of disadvantages of traditional methods for different flood areas.

Area Flood Risks Environmental Issues

Coastal Areas
Instead of damping wave energy, deflect it to

adjacent areas. Wave action erodes soil or sand
at the base of a wall and causes it to collapse.

- The ecosystem and social and
biological habitats are destroyed

- Waterfront landscape destruction

River Areas

The hydraulic conditions and the balance of
sand transport were changed, which

transferred the problems upstream and
downstream.

Built Environments Severe downstream flooding. Green spaces disappear

The general objective of all NBS flood control methods is to manage the amount of
water or the energy flow or the wave during flooding or rainfall events (Table 3). However,
the traditional solutions and the NBS have entirely different approaches to coping with
flood events. The general strategies of traditional solutions may be simplified into three
principles: (1) to restrict the water by structures, (2) to consume the energy or power of
flow and wave, and (3) to drain out the water from the urban areas rapidly. On the contrary,
the principles of NBS strategies are: (1) to provide more room back to the water flow, (2) to
utilize nature and natural processes, and (3) to increase urban water absorption capacity
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via the storage water environment. These NBS principles are expressed as measures used
in different area scales, such as floodplain reconnections, wetland restorations, removing
debris in the river, or local practices, such as porous pavement in urban environments,
detention basins, rain gardens, oyster reefs, etc.

Table 3. General objectives of flood control in different areas.

Aim of Flood Control Coastal Areas River Areas Built Environments

Controlling the amount of water (volume) X X
Controlling the energy of flow or wave (momentum) X X

Note: X indicates the objective of flood control in different areas.

Integration between the traditional measures and NBS is sometimes necessary, even
though the principles might be contradictory. This is because NBS lack in some areas, such
as, NBS cannot be standardized and replicated as efficiently as the traditional solutions.
Even though NBS provide high social and environmental benefits to society in theory,
their economic efficiency is still argued since traditional infrastructures have been well-
accounted for over decades. Therefore, decision-makers need to evaluate the environmental,
social, and economic factors and benefits of NBS, and attempt to find a balance in the
infrastructures by combining the hard and the soft measures.

6. Conclusions

This study has briefly described the evolution of contemporary flood management in
the river, coastal, and built environments. The study recognizes three significant trends
in NBS. Firstly, some of the hard measures are being gradually replaced by soft measures.
Secondly, society’s attention to the ecosystem and their services has increased. Thirdly,
multi-functional solutions are being advocated instead of single-function solutions. These
slow but steady transformations are triggered by the call for ‘resilience’ and ‘sustainability’
in flood defense infrastructure designs. They are fueled by the knowledge related to
advanced ecology-related engineering. Many NBS terms used in flood control realms
appear, and the literature of these terms shows that studies in this domain have been
increasing over the decades.

Although the principles of NBS are different from traditional engineering, their coali-
tion is possible and is considered the mainstream of flood defense strategies. Challenges
and barriers of NBS are numerous, but they might disappear over time after more prac-
tices and applications are initiated and implemented with constant evaluations in the
background. In the meantime, the employment of traditional complex measures and
their limitations—especially their lack of resilience to changing climatic or socio-economic
conditions—are hard to break through since they have been implemented for a long time.
A combination of hard and soft measures has been on the rise for the past few decades,
indicating a rapid future transformation of flood defense strategies.

Furthermore, monitoring NBS performance and evaluating the ongoing BwN pilots
will be crucial for building the evidence base to support wider uptake of similar projects.
This review highlights how NBS are more resilient-based approaches for designing flood
defense infrastructure and, at the same time, provide multiple benefits to a wide range of
stakeholders, including the local population. They are also cheaper and more sustainable
than grey solutions since they can be low maintenance. However, accountability, capacity,
and acceptance gaps exist for such approaches since there is a lack of a sturdy framework for
designing, implementing, and evaluating these solutions. Natural or man-made conditions
preventing their implementation definitely exist and are the barriers to overcome. The
review of the literature highlights that an operational framework for NBS should be
designed with factors such as the evaluation of direct societal benefits, adaptive governance,
consideration of long-term stability of these approaches, ecological complexity, and scale of
the ecological organization before implementing a new structure. In addition, continuous
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monitoring and evaluation of the previous projects and adapting to the lessons learned are
crucial for sustainable flood management strategies and their societal acceptance.
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