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Preface

“Water in the city” has become a key theme of sustainable urban development. This
holds especially true with regard to fast-growing mega-agglomerations where
requirements of sustainable water management have often been neglected in the
past and infrastructures are thus under considerable “sustainability pressure.” When
it comes to tackling these challenges and developing sustainable urban water solu-
tions, China is certainly a hot spot with its rapidly growing agglomerations and an
equally dynamic technologic and scientific development. Like no other country in
the world, China combines high urbanization pressures with brisk technological
development. China’s cities will hence serve, in many regards, as examples and test
cases on our global quest for sustainable megacity solutions. With regard to rainwa-
ter management, for instance, China has become a pioneer in implementing the so-
called “Sponge City” concept by integrating innovative retention, drainage, and
reservoir technologies systematically into the urban context. From a European and
German perspective, there is, of course, a strong interest to participate in this excit-
ing development in terms of both research and applied technology — most notably
also in the water sector.

Against this backdrop and in order to intensify R&D cooperation, the German
Federal Ministry of Education and Research (BMBF) has sought close collabora-
tion with the Ministry of Science and Technology of the People’s Republic of China
(MOST) and linked a comprehensive funding program to sustainable water man-
agement directly to the vast Chinese water research program (Mega Water Program).
This “mega-water cooperation” with its three major projects SINOWATER, URBAN
CATCHMENTS, and SIGN (see sino-german-major-water.net), and in particular
the SIGN subprojects, which deal with urban water management, is forming the
framework of the collaborative research presented in the present volume.

It is an important specialty of both the above research cooperation and this vol-
ume that the urban water challenges are viewed from a multidisciplinary perspec-
tive including the various technical aspects and engineering approaches — in the first
part of the book — but also the seminal challenges regarding urban water governance
in its second part. The contributions related to urban water governance demonstrate
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the great significance of legal, financial, organizational, and capacity-related features
of urban water management. These contributions also show that China acknowl-
edges the need to foster developments in these regards, too, and they display a large
variety of development options.

All in all, we believe that this book is presenting a strong basis for further
research, development, and international exchange. It takes stock of the state of
affairs and research with regard to urban water management, and it provides both a
firm basis and rich inspiration for further collaboration in our global quest for sus-
tainable urban water management.

As editors we wish to thank all authors for their excellent collaboration and for
the exciting and fruitful exchange in the preparation of this book and in the frame of
the underlying research project. As to both the organization of the collaborative
research and the preparation of this book, we owe special thanks to our research
assistants Meiyue Zhou, Ting Feng, and Baixin Shen. This work would not have
been possible without their strong commitment and manifold support.

Hanover, Germany Stephan Koster
Leipzig, Germany Moritz Reese
Beijing, China Jiane Zuo

January 2019



Book Abstract

For several decades now, China has been experiencing rapid industrialization and
urbanization. Water infrastructures, however, were often incrementally amended
but not systematically developed to cope with steeply increasing demand, wastewa-
ter volume, and rainwater runoff from ever more sealed area. As a consequence,
many cities are increasingly troubled by water shortage, severe surface- and ground-
water quality problems, and pluvial floods. Climate change is often worsening the
situation. It is apparent that water infrastructures and management systems are not
meeting sustainability requirements and need further development in many cases.

Against that backdrop, this book features expert contributions on key sustain-
ability aspects of urban water management in Chinese agglomerations. Both techni-
cal and institutional pathways to sustainable urban water management are developed
on the basis of a broad, interdisciplinary problem analysis.

This analysis includes a comparative approach with Chinese experiences being
reflected from the perspective of German experiences and experts, respectively. The
contributions present the results of a great interdisciplinary and comparative
research effort made in the frame of a Sino-German Mega Water Project “SIGN”
(http://www.water-sign.de and http://sino-german-major-water.net/de/projekte/sign/).
The book is addressed to urban water managers and scholars in their quest for sus-
tainable water infrastructure for future megacities — in China and beyond.

Unique Selling Points

— Offers a platform to understanding China’s featured urban water management
challenges

— Provides lessons and inspiring experiences for other fast-developing countries,
via comprehensively analyzing China’s urban water issues

— Raises awareness in interdisciplinary/cross-boundary/international cooperation
on handling the complex urban water management challenges

vii
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Urban Stormwater Management )
and Sponge City Concept in China e

Wu Che and Wei Zhang

Abstract To mitigate the negative impacts of urban stormwater problems related to
rapid urbanization in China, a new term “sponge city”” was proposed, with related
practices and implementation approaches examined in depth. The components and
main goals of the sponge city concept and stormwater management criteria were
introduced, while the relationship and difference between sponge cities in China
and urban stormwater management systems in developed countries were compared
and analyzed. Moreover, the policy and regulations that have been released were
summarized, and recommendations for the future of sponge city development were
provided.

Keywords Low-impact development - Stormwater management - Sponge city -
China

1 Introduction

Over the last three decades, China has undergone a period of rapid urbanization, just
like in the developing world (Chauvin et al. 2017). Such growth, accompanied by
great achievements in construction, has also resulted in a series of problems of
urban ecology, environment, resources, and security in most Chinese cities. The
environmental issues are largely perceived as obstacles impeding sustainable eco-
nomic development (Wang et al. 2015).

Serious urban flooding and eutrophication in urban surface waters are common
problems in most cities in China. An investigation of urban flooding in large- and

W. Che - W. Zhang (P<)
Beijing Engineering Research Center of Sustainable Urban Sewage System Construction
and Risk Control, Beijing University of Civil Engineering and Architecture, Beijing, China

Key Laboratory of Urban Stormwater System and Water Environment, Ministry of Education,
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Beijing Advanced Innovation Center for Future Urban Design, Beijing, China
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4 W. Che and W. Zhang

medium-sized cities was carried out by the Ministry of Housing and Urban-Rural
Development of the People’s Republic of China in 2010. The results indicated that
urban flooding occurred in 62% of investigated cities, with 137 of 351 cities inves-
tigated having endured more than 3 flooding events during the period from 2008 to
2010.

Urban drainage problems result both from climate change and a low design stan-
dard of existing drainage infrastructure. Certainly, the rapid urbanization in China is
another important factor that should not be ignored. According to China Statistical
Yearbook, the urbanization rate of China grew from 19.4% in 1980 to 51.3% in
2011(China Statistical Yearbook 2012). The continuing growth of the urbanization
rate in China in future is foreseeable, and the negative effects of urbanization on
urban drainage will be more acute if no countermeasures are adopted.

A series of practices, including the publication of mandatory regulations, policy
support, standard updates and revisions, etc., have been proposed to address these
drainage problems in China since 2013. Besides the reconstruction and upgrading
of the traditional drainage infrastructures (gray infrastructures), such as sewer sys-
tems, detention tanks and pump stations, the green stormwater infrastructures (GSI),
and low-impact developments (LID), are other important components of modern
engineering practices (Che et al. 2014; Fletcher et al. 2015). The GSI provide an
alternative approach to urban sustainable stormwater management (Wang et al.
2013) and is a relatively new method even for developed countries (Fletcher et al.
2015).

The GSI have a greater application potential in developing countries such as
China. First, GSI practices are more feasible in newly developed districts than in
older urban sections. A large number of new districts are developing or will be
developed in the near future: these provide an important precondition for implemen-
tation of the GSI. Second, compared to developed countries, stormwater problems
such as nonpoint source pollution and local flooding are more serious in older urban
districts in China. The pressure and demand to mitigate the negative impacts of
urban stormwater problems are thus more urgent in these districts. Hence, the driver
to popularize and implement the GSI in Chinese cities is stronger than in developed
countries.

In order to address the problems of the urban environment and promote the con-
struction of GSI, a new concept and related technical methodology, called “sponge
city,” was proposed in 2013. A pilot city study was adopted to test the concept. Until
now, 606 km? of urban area has implemented sponge city-related construction in 30
national pilot cities and 90 provincial pilot cities. In total about 370 cities have pre-
pared special sponge city development planning; about 10,200 km? of urban area
will be developed or redeveloped according to sponge city requirements.

Combining the existing research and projects of urban stormwater management
and sponge city development in China, the framework and main component of
sponge city must first be summarized to provide a support to the future development
of the sponge city concept. Furthermore, the sponge city concept in China and urban
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stormwater management systems in developed countries will be compared and ana-
lyzed to find aspects which can be utilized and improved. Moreover, the policy and
regulations that have been heretofore released will be summarized, and the recom-
mendations for future development regarding urban stormwater management and
the sponge city concept will be proposed.

2 Sponge City and Urban Stormwater Management

There has been a rapid growth in the use of terms such as “low-impact develop-
ment” (Department of Environmental Resources 1999), “sustainable urban drainage
systems” (SUDS) (CIRIA 2000), “water-sensitive urban design” (Whelans et al.
1994), and “best management practices” (BMPs) (Schueler 1987) and alternative
techniques (Azzout et al. 1994). The history and evolution of each of the common
terms associated with urban drainage have been discussed according to scope and
principles in previous research (Che et al. 2014). There is significant overlap
between various terms, but there are also important differences between the terms
according to the focus and specificity (Fletcher et al. 2015).

Urban stormwater management research has been ongoing for at least the last
20 years, but GSI engineering implementation started relatively late in China (Che
et al. 2010, 2014; Zhang and Che 2016). Interestingly, China’s cities have experi-
enced a late development advantage, enabling them to incorporate new technologies
and experiences into their GSI implementation. Although a series of works have
been implemented in China, these represent only a preliminary attempt in this field.
However, the projects implemented were far from sufficient to solve the existing
stormwater problems. The GSI in China are more prevalent than before but still less
than needed.

The term “sponge city” proposed in China is similar to the popular new terminol-
ogy surrounding urban drainage, such as GSI and WSUD, but it is not limited to
urban drainage concepts, rather comprising aspects of urban planning, urban drain-
age, landscape, and more. From a broader perspective, the sponge city concept can
be considered as an approach to urban sustainable development and with the target
of livable cities including five water-related aspects, water ecology, water environ-
ment, water resources, water security, and water culture.

In addition to important measures to mitigate and solve environmental issues,
sponge city development can also be viewed as the birth of a new driving force
toward economic and social developments which must be nurtured and hastened.
Downward pressure on China’s economy has continued to grow, and there is enor-
mous potential in sponge city development. It will be a powerful force driving the
economic growth and urban development transformation in China.
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3 Framework and Main Components of Sponge City

3.1 Components and Goals

Through nearly 20 years of urban stormwater management research and nearly
3 years of sponge city practices, the sponge city theory and methodology have grad-
ually improved and been fundamentally established. Sponge city encompasses four
major components, including runoff source control systems, urban drainage sewer
systems, major drainage systems, and basin flood control systems. The four systems
are linked to each other and form a unified sponge city to address a series of urban
stormwater problems, such as total runoff volume control, runoff peak value con-
trol, runoff pollution control, and rainwater harvesting (Fig. 1). Urban stormwater
management is the core and key to sponge city, consistent with international prac-
tices of urban stormwater management such as WSUD, LID, BMP, SUDS, etc.
(Fletcher et al. 2015).

The approach will contribute to response to a series of urban water issues, includ-
ing ecology, security, environment, resources, culture, and other aspects. Urban
stormwater is one component of urban water, and forming practical solutions to
serious urban water issues requires cooperation and synergies between urban storm-
water system and other water-related systems (e.g., wastewater system, water sup-
ply system), as well as cooperation with urban planning, landscape design,

i Sustainable Urbanization and Development Goals <~—  Urban planning, landscape

""""""""""""""""""""""""""""""""" idesign, architectural design, road
i design, other related disciplines :
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Fig. 1 Components and goals of sponge city
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architectural design, road design, and other related disciplines within the sponge
city development. Furthermore, sustainable urban water development is a critical
base for future sustainable urbanization, which will provide key support to achieve
the sustainable development goals.

3.2 Stormwater Management Criterion

The stormwater management criteria include water quantity and water quality
aspects. For the water quantity, the criteria can be classified into four levels accord-
ing to the functions of four main components (Fig. 2).

The criterion of source control is targeted toward low rainfall (“little rain”), in
which the return period is normally less than 1 year, expressed as the volume cap-
ture ratio of annual rainfall, which is similar to the design rainfall (24 h) used in
WSUD, LID, and SUDS. Rainfall with return periods from 1 to 10 years will be
controlled by the urban drainage sewer system. This is the main form of the urban
drainage system, and its design methods and standards are clear in the current
national and industry standards in China. In urban areas, there were previously no
design measures enacted to respond to rainfall during larger return periods than
those of urban drainage sewer systems. The major drainage systems should be
planned and implemented in urban areas to encounter rainfall events which exceed
the current design standards in order to mitigate urban flooding. The major drainage
system is designed to convey runoff from a 100-year storm while minimizing health
and life hazards, damage to structures, and interrupted traffic and services. Major
storm flows can be conveyed through the urban street system (within acceptable
depth criteria), channels, storm sewers, or other facilities. Additionally, according to

Little rain Heavy rain Extreme rain
Basin flood
control
system
Major
drainage
System
Urban drainage sewer
Runoff system
source
control
system
1 10 100

Return Period (log scale)

Fig. 2 Stormwater management criteria of sponge city (water quantity)
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China’s current situation, urban flooding control and watershed/basin flooding con-
trol are governed by two different departments, respectively. Hence, urban flooding
control measures should involve cooperation with basin flooding control to promote
the sponge city development.

Besides water quantity, runoff pollution control (water quality) is another impor-
tant aspect of urban stormwater management criteria in a sponge city. Zhang et al.
(2016) discussed the relationship between initial runoff and volume capture ratio of
annual rainfall and introduced the requirements of runoff pollution of a sponge city.
It is noteworthy that the combined sewer system is used in older districts in Chinese
cities. Hence, pollution control through combined sewer overflows (CSOs) is one of
the primary focuses in a sponge city. The CSOs’ spill frequency is usually used as a
criterion to control CSO pollution, similar to common practices in developed coun-
tries (Blumensaat et al. 2012; Roesner and Traina 1994; Morgan et al. 2017).

Furthermore, as the requirements of the sponge city are applied nationally, it is
also necessary to take into account regional spatial differences. For cities in
Northwest China, for example, an indicator is proposed for water scarcity which
represents the situation with respect to rainwater harvesting and rainwater utiliza-
tion rate in these areas.

The stormwater management criteria are thus no longer determined according to
a single return period of design rainfall events in the traditional drainage system but
a series of criteria including water quantity and water quality in a sponge city.
Through the establishment and improvement of four major systems, the urban run-
off volume, peaks, and pollution will be more effectively controlled, and rainwater
resources will be better utilized.

3.3 Development and Implementation

Based on the defined goals, components, and related criteria, effective implementa-
tion is a crucial step toward sponge city development. Figure 3 illustrates the imple-
mentation approach.

The implementation of the sponge city concept is oriented toward actual prob-
lems and objectives. Combining aspects of the water ecology, water security, water
environment, water resources, and water culture (SW) goals, stormwater manage-
ment systems and related indicators are established, prioritizing local conditions
and local water problems. The stormwater management goals will be pursued using
stormwater management technologies, of which there are more than 30 types which
can be divided into 6 categories: infiltration, detention, retention, purification, har-
vesting, and drainage. Guided by the principles in Fig. 3, according to the approach
of “source+process+system,” the technical route can be determined through scien-
tific selection of technical measures.

The technical route determination should consider at least five relationships,
namely, water quality and quantity, decentralized and centralized infrastructure,
landscape and function, ecology and security, and green and gray infrastructures.
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Fig. 3 Implementation approach of sponge city development

Technology selections should include all categories and relationships to avoid sim-
plification. Additionally, new and old town/districts should be differentiated.
Buildings and districts, roads and squares, parks and green spaces, water protection
and restoration, and other types of projects will be addressed according to most
important characteristics in order to implement sponge city development and rede-
velopment. Through planning, designing, construction, operation, and maintenance
and whole process development, sponge city goals will be achieved to realize sus-
tainable urbanization and development.

3.4 Policy and Regulations

Policy and regulations are an essential means to guarantee the implementation of
urban stormwater management (Schuetze 2013). A series of measures and polices
have been proposed by the Chinese government since 2014. In early 2015, after a
suitability comparison process, 16 cities were selected as the first batch of national
pilot cities for sponge city development. In the next 3 years, a special financial assis-
tance (around 3.2 billion USD) will be provided by the central government of China
to support sponge city development in these 16 pilot cities. However, the special
financial assistance only accounts for a small part of the total investment of sponge
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city development. For example, the total investment of sponge city development for
Nanning, 1 of 16 pilot cities, is around 1.5 billion USD. It is estimated that the mar-
ket scale of sponge city construction and related aspects, including technical ser-
vices, materials, engineering, equipment, management, and residential environment
improvement, may be up to 300 billion USD in the period from 2016 to 2020. In
early 2016, another 14 cities were selected as the second batch of national pilot cit-
ies for sponge city development.

The development and implementation of the sponge city concept are only a part
of a series of measures to address environmental problems. The measures include
administrative requirements at both the local and national levels and sponge city
planning and design technical standards. These standards include national, local,
and industry specifications which cover the requirements of planning, designing,
operation, and maintenance for sponge city. Specific requirements and regulations
for different land use applications and various regional scales were proposed in
these specifications. The Sponge City Construction Technical Guide, the first
national guide of the sponge city concept (edited by Beijing University of Civil
Engineering and Architecture), was published in 2014. The mandatory provisions of
GSI application and promotion were proposed first at the national level in China.
Until now, more than ten sponge city-related national standards have been published
or amended according to sponge city requirements in China.

However, the actual performance and effectiveness of the mitigation measures
must be examined further in detail. Expectations are high, but there are still many
problems with respect to engineering implementation. Potential problems should be
taken into account, and a comprehensive and adequate preparation should be under-
taken. One important problem is the lack of cumulative experience for planning,
designing, construction, and maintenance of GSI practices. Moreover, GSI related
research is still insufficient in China. Some key scientific issues have not been effec-
tively resolved.

4 Conclusions

There is no doubt that there will be “a big market” in China’s sponge city implemen-
tation and construction brought by the national sponge city development over the
next few years. Although sponge city development has been implemented in pilot
cities only at present, the market potential will be larger once the concept is imple-
mented nationally in China’s 661 cities. In addition, there will be a huge demand for
both theoretical research and engineering applications.

The lack of engineering and research experience will be the main obstacles to
implement sponge city development. The engineering performance of GSI must be
further assessed to verify whether the design objective can be achieved.

Although there are still some problems with respect to sponge city development
in China, after years of practice and exploration, the concept shows tremendous
promise. China’s experiences will contribute to advanced urban stormwater man-
agement in other areas, especially in developing countries.
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Abstract Sponge City development is embedded in a realignment of urban devel-
opment with a strict focus on water. In recent years, especially China has under-
taken many concrete efforts and high investments in order to promote the Sponge
City approach and to galvanize the decision makers to action. China aims at shaping
water sponging cities to better cope with climate change and to especially mitigate
negative impacts of extreme rainfalls on urban spaces. However, the advantages of
green and spongy cities only will develop their full potential if operation and main-
tenance (O&M) are performed adequately and accurately. Especially, maintenance
must be seen as a core element of asset management. In the Sponge City case,
adapted preventive maintenance strategies should be pursued comprehensively con-
sidering the local (climatic) circumstances so that unnecessary performance losses
and further negative side effects do not occur in the Sponge City infrastructure.
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1 Introduction

In recent years, many slogans have been used in the imagining of future cities:
smart, green, eco, resilient, soft, spongy, and many more; all are used to promote the
idea that cities should become (more) sustainable, should assure the welfare of the
urban dwellers, and should offer well-functioning services for the public. However,
a sweeping look around the urban world reveals that we are still clueless about shap-
ing a sustainable city. Cities must be designed not only to become more sustainable
but also less vulnerable to relevant global developments. All countries and cities
will have to deal with the effects of climate change. The respective forms of this
change can vary greatly at the local level. However, in the ongoing urban epoch,
cities have turned out to be highly vulnerable in climatic terms — especially if water
issues remain disregarded in urban development. It has become apparent that there
is an urgent need for fresh solutions on how to better manage water in cities. In this
regard, urban surfaces increasingly have played a bigger role in sustainable urban
water management in recent years. Approaches such as water-sensitive urban design
(WSUD), low impact development (LID), or sustainable urban drainage systems
(SUDS) already promote measures on the surface and consequently promise a
higher flexibility in coping with heavy rainfalls and urban flash floods.

With regard to the matters raised, it is worth taking a special look at China.
Throughout much of its economic ascent over the past decades, China has turned
out in many regards to be a trendsetter within the age of urban-industrial societies.
China also must cope with difficult climatic changes and effects. Thus, it is impor-
tant to identify relevant factors and drivers that have led to a new Chinese focus on
both urban water management and urban development. The following points are
interesting statements and assessments from China:

e Repeatedly, extreme weather events (possibly as intensifying effects of ongoing
climate change) demonstrate cities’” vulnerability and heavily compromise cities’
resilience.

e “In recent years, urban flooding caused by extreme rainfall events have increas-
ingly occurred across China, with serious socioeconomic impact attracting wide
media attention” (Jiang et al. 2017).

e “China is a country with severe water problems” (Jiang et al. 2017).

e Renetal. (2017) speak of an urban water crisis in China.

As response, recently China has initiated the far-reaching approach of Sponge
Cities which represents a paradigm shift in urban development — away from con-
crete and land sealing toward green, “soft,” and spongy cities (Workman 2017). This
trend is attracting worldwide attention and rapidly taking root. In recent years the
phrase “Sponge City” already could be found sporadically in specialist literature;
however, since 2014 China has been the leading pioneer under this slogan. To this
end, China took wide political action in order to put this approach into practice, with
the main target to provide an impressive urban water storage capacity to locally
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contain 70% of surface runoff. By the year 2020, at least 20% of the constructed
areas in Chinese cities must achieve this goal; by 2030 this threshold must be
achieved by 80% of the constructed areas. In concrete terms, China pursues the
target to reshape urban spaces in order to improve rainwater storage and urban envi-
ronmental management. In addition to the objectives relating to urban flood control,
the Sponge City approach is also extended by the components of rainwater harvest-
ing, water quality improvement, and ecological restoration (Jia et al. 2016).

From the author’s point of view, there is a priority topic which will be crucial to
the long-term performance of the Sponge City approach and is currently not suffi-
ciently addressed by scientists and decision makers. This topic relates to the main-
tenance of the extensive green infrastructure that is currently under construction in
China. As part of the scientific review on Sponge City implementation, only very
few assessments are made with regard to the operation and maintenance of Sponge
City facilities. For example, Jia et al. (2016, 2017) point out that after the comple-
tion of a Sponge City project, maintenance of the facilities will become a decisive
factor affecting project sustainability and that “the lack of information on mainte-
nance requirements and costs would contribute to uncertainties in Sponge City bud-
get estimates.” Li et al. (2017b) evaluate operation and maintenance (O&M) as an
unaddressed issue in the Sponge City context. Compared to traditional stormwater
management systems, Sponge City measures may require more frequent, periodic
maintenance. Maintenance requirements vary depending on the specific measures,
their functions, and local conditions.

Finally, too little attention is paid to O&M issues with respect to the intended
size of Sponge City infrastructure. Thus, the real scale of O&M tasks has not
become evident yet. In view of the current pace in implementation progress, impor-
tant challenges will soon be addressed, and O&M issues inevitably will receive
more emphasis. This general view is followed up by specific questions in terms of
responsibility, financing, and qualified implementation:

— What is the appropriate O&M strategy?

— What is the real technical scale of the O&M tasks to be fulfilled?
- Who will be in charge?

— What is the economic scale of O&M tasks to be fulfilled?

- Who is paying for permanent and reliable O&M service?

In view of these questions, this chapter serves to give a first answer to the issues
raised. For that purpose the present study discusses the following key points:

- Implementation of Sponge City infrastructure

- Operation and maintenance issues and challenges

- Maintenance strategies and best practice for Sponge Cities

- Expected costs. How to finance Sponge City O&M measures?
- Conclusions and recommendations
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2 Implementation of Sponge City Infrastructure

2.1 Scope of Sponge City Elements and Functions

In the course of implementing widespread Sponge City urban ecosystems, based on
sporadic examples from previous attempts, green or even urban ecological infra-
structures have been incorporated — in some cases to a considerable extent. The
entire city becomes porous just like a sponge. The citywide comprehensive planting
on ground, roof, and facade surfaces increases water retention and storage capacity.
In addition, pervious surface materials further increase permeability and activate the
sponge function supplemented by a widespread network of retention, treatment, and
infiltration facilities. In the end, the entire Sponge City infrastructure must have
suitable interfaces to the underground drainage systems.

There are many descriptions concerning the services to be provided by a Sponge
City. Liu et al. (2017) stress the urban transformation in such a way that a new
“green infrastructure could capture, control and reuse precipitation in a useful, eco-
logically sound way.” According to Li et al. (2016), “the Sponge City concept devel-
opment promotes water security, water environmental protection, and water
ecological restoration.” Thus, apart from rapid draining services, the Sponge City
facilities serve to perform functions of retention, storage, cleaning, seepage, use,
and drainage of rainwater. Jia et al. (2017) call it the “six-word” principle: infiltrate,
detain, store, cleanse, use, and drain.

The overall aim is to create a comprehensive urban water landscape consisting of
manifold mostly green facilities (with hydraulic and biological functions) — in har-
mony with nature and, in terms of plant design, in accordance with functions known
from nature, e.g., compare (Liu et al. 2017). What can be seen from this? The
Sponge City concept measures, pushed by very ambitious political objectives, turn
China toward a more sustainable urban development. Nowadays, Sponge City is an
idea, a guiding principle. Such a far-reaching claim will inevitably have a consider-
able impact on the future configuration and aesthetics of cities.

To examine the concrete measures that will be used to achieve the Sponge City
objectives, it is first helpful to look at the numerous visual representations describing
the Sponge City approach. These are mostly eye-catching illustrations such as Fig. 1
which circulate in worldwide media coverage. As a commentary, it should be added
that these images — usually showing a large sponge as a substructure of a modern
city — do not accurately portray the entirety of main features of a Sponge City. Most
of the measures to implement the Sponge City approach take place on the surface.

To ensure infiltration, detainment, storage, purification, utilization, and discharge
of rainwater (Liu et al. 2017), main features will include citywide series of compo-
nents such as sunken greenbelts, permeable pavements, green roofs, regulative
ponds, wet ponds, stormwater wetlands, bioretention facilities, cisterns, constructed
treatment wetlands, and other elements. Hence, most of the individual technical
components/facilities used to implement the Sponge City concept are not actually
new and in fact are equally important components of the LID, WSUD, and SUDS
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Fig. 1 Typical Sponge City components

concepts introduced previously. In contrast to the latter concepts, however, the
Sponge City approach is a targeted and concerted aggregation of many well-
established individual measures under the umbrella of a comprehensive water-
oriented urban planning. Thus the novel aspect is the extensive and citywide
placement and distribution of all these elements and their interaction and integration
into urban development. For this purpose, further concept names have been recently
suggested, such as “Urban Water System 3.0” (Ren et al. 2017).

2.2 Individual Components Within Sponge Cities

On the way to a spongy urban fabric, a large number of permeable building and
surface materials, retention areas, green spaces, and water treatment facilities are
brought together. Four general fields of interventions can be identified (Liu et al.
2017); specifically these are measures (1) for in and around buildings, (2) for
increasing the permeability of traffic areas, (3) for the construction of green areas
with retention and purification properties, and (4) for the rehabilitation of urban
waters (Fig. 2).

Sponge City’s new infrastructure must be connected to and operated in close
interaction with existing urban water systems. Liu (2016) points out that “once
in place, the sponge infrastructure should be combined with conventional drain-
age systems, particularly in areas of medium- and high-intensity urbanization.”
Urban water bodies will be also connected, in particular by integrating and linking
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Fig. 2 Allocation of measures for Sponge City implementation — visualization according to speci-
fications of (Liu et al. 2017)

Fig. 3 Scope of features of the LID technologies used for Sponge City implementation

additional ponds, basins, wetlands, and water biotopes. The rehabilitation of
urban waters by excavation of sediments and by complete redesign of the river-
bank (in order to regain a natural appearance) also massively supports the Sponge
City approach. In individual cases, even river water treatment plants may be used
if the pollutant load from the urban catchment area cannot be sufficiently reduced.

Regardless of their particular configuration, the Sponge City and associated LID
elements should perform the following multiple functions, retention, infiltration,
storage, treatment, and harvesting as shown in Fig. 3, which give examples of ser-
vices performed by multiple installation types.

With regard to the associated hydraulic functions, the following fundamental
distinctions have been recommended (Eckart et al. 2017):

e Retention-based techniques such as green/grass roofs, stormwater wetlands,
regulative ponds, temporary floodplains/multifunctional areas, and cisterns/stor-
age tanks for rainwater harvesting

 Infiltration-based techniques such as swales, low-elevation greenbelts/infiltra-
tion trenches, basins, unlined bioretention systems (rain gardens), sand filters,
and porous pavements
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Methods are constantly sought to reduce burden on the natural aquatic environ-
ment from urban catchment-derived substances. Urban runoffs play a decisive role
here because these runoffs can disperse significant concentrations and contaminants
(e.g., tire debris as microplastic source and vector for adsorbed pollutants and patho-
gens, etc.). Thus, besides the hydrological functions, the pollutant removal capacities
of the LID installations play a major role. Past experience has shown that reducing
pollution from the catchment area is a very demanding task. LID plants are intended
to contribute to improving the retention of substances in the catchment area. The
used individual LID systems can be simple or complex, depending on the intended
scope of water-, ecological-, and climate-regulating services. In order to effectively
provide retention of contaminants by LID systems, some questions have to be
answered beforehand: Where in the catchment area does pollution occur? Where can
the pollution be removed from the system? What are the main contaminants and
which technologies are particularly suitable for the treatment? For example, a filter
passage provides higher particle separation performance than sedimentation.
However, filters are more difficult to clean than sedimentation tanks. If the systems
are designed for water and pollutant retention and thus technically more complex
(e.g., “retention soil filters”), operational issues become increasingly important.

However, the greatest expectations exist with regard to flood prevention in urban
areas. Of course, there is a noteworthy effect with regard to the hydrological perfor-
mance of the Sponge City facilities. Authors have compiled rich performance data in
review articles (Eckart et al. 2017; Li et al. 2017a). Eckart et al. (2017) considered
concrete measurement results from large-scale applications as well as results from
simulations. The achievable hydraulic performances are very strongly dependent on
local conditions (e.g., climate, soil, plant operation). The team around Eckart compiled
several overviews of hydraulic performance of LID control measures and reduction
rates in pollutants loading — all taken from reports on field studies (Eckart et al. 2017).

The expert literature shows very large ranges in the plants’ assessments. An even
more important point is that individual plants are only mosaic pieces in the Sponge
City infrastructure. Thus, the quantification of the efficiency of individual plants is of
interest but not very meaningful in the overall Sponge City context. Finally, it is
important to assess the hydraulic benefits of a Sponge City, as they result from the
interaction of all plants. To this end, rather elaborate approaches are recommended,
which should be pursued before choosing the right design and final Sponge City
arrangements. For example, Jia et al. (2015) give an insight into how the composition
of the LID and related best maintenance practice measures can take place, always
with the goal in mind to achieve “best runoff control benefits and/or least costs.” This
includes, in particular, an I'T-supported scenario analysis, which can be carried out
using the EPA-tool SUSTAIN, for example. The authors propose a multilevel proce-
dure for the planning process, which they have summarized in a chart. Especially,
when designing the plants, particular attention must be paid to the following aspects:

*  What are the climate and rainfall patterns and what effect does the local climate
have on plant operation and performance?
*  What are the soil characteristics with respect to infiltration?



20 S. Koster

* How severe is the runoff pollution and to what degree should it be reduced?

* What is the sensitivity of receiving waters in terms of pollution from the
catchment?

* Is there a demand for rainwater harvesting?

*  Which links to the underground infrastructure must be created?

2.2.1 Some Illustrative Examples from Sponge City Implementation
in China

Especially in China, new green and blue elements will be prominent features of
future cities. The growing spongy infrastructure exclusively strives to control water
that can cause considerable damage in the city. In the first round, China’s central
authorities announced 16 pilot Sponge Cities. In 2016, another 14 were nominated
to be pilot cities (MoF). The implementation is in full swing at the pilot sites in the
selected cities, and China’s efforts to pursue the Sponge City’s approach continue
unabated. Thus, further (pilot) Sponge City (infra-)structures will be set up in the
future. Selected impressions of the most recent Chinese efforts are presented below.
Figure 4 shows different types of permeable road and parking surface coverings,
while Fig. 5 gives an impression of a rainwater garden during the construction phase.
Figure 6 introduces the Sponge City component of a “Sunken Greenbelt” which was
implemented in Jiaxing. In addition, Fig. 7 provides an impression of a showpiece
green roof in Beijing. Finally, Fig. 8 shows a construction site in Beijing where,
among other things, water-permeable materials for car parking lots were used.

2.3 Further Positive and Negative Impacts of Sponge City
Implementation

In addition to the above examples of the individual Sponge City components, rele-
vant positive and negative effects on the urban environment are described and dis-
cussed below.

Fig. 4 Examples for pervious pavement materials
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Fig. 5 Rain garden under construction in the first round Sponge City Jiaxing (September 2016)

Fig. 6 Sponge City component “Sunken Greenbelt” in Jiaxing (September 2016)
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Fig. 7 A showpiece green roof in Beijing (May 2017)

Fig. 8 Sponge City construction site in Tongzhou District, Beijing (May 2017)

First of all, the positive aspects: The Sponge City implementation provides vital
improvements for urban water management. As a new aboveground infrastructure,
new options for water management in the urban context are emerging. In this regard,
numerous researchers put a strong emphasis on the mediation of water flows in
urban centers and the maintenance of species life cycles, habitat, and gene pool
protection (Silva and Wheeler 2017). Thus, the potential positive effects can go far
beyond the improved handling of water or extreme rainfall events. Sponge City
implementation is a driver to pave the way for green(er) cities. The approach mas-
sively contributes to green urbanization, with introduction of additional urban
greening by using rainwater as new and additional water resource. Overall, urban
ecosystems are perceived very positively. Many publications propose ecosystems as
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infrastructure with positive effects delivering important ecosystem regulation
services. Green infrastructure is supposed to be flexible and serves multiple func-
tions (Li et al. 2017a). Attributed functions of the urban ecosystem (UES) are that
they improve ecology, cool down urban temperatures, increase humidity and thus
regulate the urban microclimate, and mitigate the Urban Heat Island Effect.
Furthermore the UES provide habitat service and assure accessibility of public
green spaces as a sociocultural service (Grunewald et al. 2016). Other effects are
supported by green elements such as carbon storage, air pollution regulation, and
noise reduction. Derkzen et al. (2015) provide a detailed analysis of selected urban
green spaces (UGS) and quantify their relative contribution to different environ-
mental services.

Another important point is that all abovementioned effects reduce the risks to
public health (Liu et al. 2017). The WHO has emphasized that there is an over-
whelming evidence of health benefits of green spaces (WHO 2016). Sponge City
concepts can bring green areas close to the citizens, which means they can be
reached within walking distance. This means that people can also come into contact
with urban nature outside their leisure time and, under certain circumstances, even
involuntarily. This can result in unintended health benefit effects, such as stress
reduction (Ekkel and Vries 2017). The extent to which a social benefit of urban
green spaces is achieved depends in particular on the factors of access, mainte-
nance, amenities, and perception of aesthetic attractiveness and safety (Ives et al.
2017). Further research indicates that the different types of urban green spaces are
to be considered individually when describing the relationship between green
spaces and the mental health of the urban population. This should not lead to a sim-
plifying aggregation, which classifies green spaces as “simply green” or according
to the size of forested areas in urban areas (Akpinar et al. 2016). According to
Andersson-Skold et al. (2018), “natural environments are known to have positive
health effects and stimulate physical activities (therein referring to (Bell et al.
2008)), but few quantitative correlations between these effects and specific bio-
physical structures (trees, shrubs etc.) have been published.” The first individual
findings are available on the effects that blue spaces in cities can have on the health
of the urban population. Thus, these results point to potential health benefits of out-
door blue spaces, particularly in terms of mental health and well-being and the
promotion of physical activity (Gascon et al. 2017). For example, the “enactment”
of water in urban recreational areas can become a more beneficial contribution to
improving public health. In view of the published results, the conclusion may be
drawn that a greener and bluer urban environment is evidenced by numerous posi-
tive health effects such as stress reduction, improved mental health, improved cog-
nitive functions, reduced cardiovascular morbidity, and a general reduction in
mortality (WHO 2016).

For the sake of completeness, it should be noted that “living with nature” (Jia
et al. 2017) in urban environments does not solely lead to benefits but also to certain
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inherent risks. The risks which potentially go hand in hand with Sponge City imple-
mentation are to be found in the categories of accidents, diseases, and exploitation
risks. In the first category, there is a fundamental risk of injury when entering or
using the facilities. The multi-functionality of these places may mean an increased
danger potential, as was discussed intensively, for example, when the first play-
grounds were planned and implemented, which were designed for increased reten-
tion during heavy rainfall but carried increased risks of child injury/drowning.
Disease risk would be increased when using the wrong selection of plants (e.g.,
highly allergenic trees), which can be a starting point for an increased occurrence of
allergies and asthma. All plant protection and pest control measures (pesticides, her-
bicides) can result in increased exposure of city dwellers to these substances. A fur-
ther mechanism of potential pathogenic effects of green spaces can be the exposure
to disease vectors (standing water surfaces are the cause of an increased occurrence
of mosquitoes) and zoonotic infections that are shared between animals and people.
The issue of unforeseen and unwelcome wildlife problems such as animals, vermin
activities, and also mosquito problems has to be considered in detail (US EPA et al.
2009; US EPA 1999). Other risks relate to the use or exploitation of the rainwater
collected. If rainwater is insufficiently treated or stored, warm climatic conditions
can have a considerable effect on the quality of the rainwater to be used. For this
reason, the storage and delivery of rainwater — depending on its intended use — must
be subject to an appropriate quality control. Indeed, wherever there is standing water,
the extent to which the following phenomena occur must be checked: waterfowl,
undesirable plant communities, water quality degradation, and mosquito problems.
In general, the health benefits including stress reduction are unlikely to be enjoyed if
the area is not perceived to be safe (Ekkel and Vries 2017). The latter point in par-
ticular justifies a more detailed look at the maintenance issues raised in this paper.

2.4 Lessons Learnt So Far

In China a unique and massive experiment is currently going on. It is therefore all
the more important that the Sponge City implementation is complemented by a
simultaneous scientific feedback. Encouragingly, the Sponge City implementation
recently has found increasing scientific review and follow-up. In the relevant publi-
cations, a general consensus has been reached that the Sponge City concept is a
decisive step forward toward greener and more sustainable cities — as already
described in detail above. From a scientific perspective, many positive effects have
been attributed to the Sponge City approach. Besides these positive appreciations,
also some critical observations were made. Thus, when listening to (mostly Chinese)
scientists, it is of particular interest what the essential challenges discussed are to be
overcome. The following points are addressed by most scientists:

1. The conceptual approach: What can the concept actually achieve?
2. Planning and design: Are there enough tools in the toolkit?
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[O8]

. Implementation: Can everything be implemented as planned?
4. Financing: Where do the funds for investments and O&M come from?

1. The Conceptual Approach

“The Sponge City approach is a complex concept that not only includes urban
flooding inundation control and water utilization but also relates to water environ-
ment protection and water ecology restoration even though it was originally devel-
oped from the LID concept” (Li et al. 2016). Or even more philosophical: “Seeking
a long-term balance between urbanization and natural environment, the wisdom of
‘design with nature’ has been seriously taken into account by the Sponge City con-
cept” (Liu et al. 2017). Thus, it can be concluded that Sponge City implementation
stands for an amalgamation of many individual measures in different contexts which
will take on the dimension of a new infrastructure. Professor Che Wu is quoted
(Workman 2017) as saying that the Sponge City must simultaneously achieve the
goal of protecting the water environment, water ecology, water resources, and water
safety. Li et al. (2016) point out the complexity of the Sponge City approach by
emphasizing that the approach not only includes flood protection and water use but
also includes water pollution control and water ecology. The pilot implementation
soon made it clear that a large variety of actors had to be involved. This is not always
easy, despite political pressure. Jia et al. (2017) point out that the inertia of tradi-
tional approaches and the associated resistance to change had to be lifted, and the
lack of close cooperation between agencies had to be overcome at the local level. In
addition, the pace of implementation has been called into question. Only a few years
lapsed between the programmatic announcement in 2013, the competitive selection
of the first 16 Sponge Cities in 2015, and the evaluation of the pilot settlements
which began at the beginning of 2018. However, this high implementation speed
does not only offer advantages.

2. Planning and Design

From a technical point of view, there are certainly some measures that can be
implemented in a short period of time. Long-term testing and adaptation to local
conditions, however, will not be sufficiently successful. Thus, Jiang et al. (2017)
also refer to experiences elsewhere in Sponge City implementation by emphasizing
that unrealistic and inappropriate planning significantly increases the risk of poor
project quality. They also point out the importance of taking into account local con-
ditions in the planning and design phase in order to achieve maximum impact
through innovative technical measures for urban water management and consider
this link to be insufficiently taken into account in China. In fact, there was insuffi-
cient time remaining to plan locally adapted technologies. The lack of site-specific
technical guidance and product certification, outdated supporting technologies, and
the limited availability of technical instructions for the planning, design, and evalu-
ation of LID systems often resulted in a lack of site-specific technical design (Jia
et al. 2016; Jia et al. 2017; Xia et al. 2017). Another impression from a European
perspective is that scientific support is lagging behind in the execution of the large-
scale engineering projects. There is little possibility of influencing or correcting the
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ongoing projects. However, scientific monitoring can provide important inputs and
can ensure that local conditions are sufficiently taken into account. In China, the
construction of Sponge Cities is mainly concentrated on the LID approach in the
order of magnitude of city cells, such as residential areas. Therefore, a deeper
embedding in the “theory of an integrated urban water system” is necessary. The
team of authors around Xia therefore calls for a special “Sponge City Plan” (Xia
et al. 2017). Ren et al. (2017) propose to use the Sponge City concept to establish
an “Urban Water System 3.0” (Ren et al. 2017). And in general, many scientists
hope for a better coordination between the numerous planners and implementation
actors as well as a better integration of the Sponge City approach in an overarching
planning (Xia et al. 2017; Jia et al. 2016; Jia et al. 2017).

3. Implementation and Monitoring

Although these are still pilot projects, the demonstration areas for the Sponge
City implementation in China may be insufficient (Xia et al. 2017). The accompa-
nying and subsequent monitoring shows which water management effects may be
assumed in the future. The first success stories that have already been reported refer
almost exclusively to runoff attenuation for individual urban areas. For example:
“after an initial implementation round, several of these sponge city projects were
tested by the Ministry of Housing and Urban-Rural Development (MOHURD). The
results so far have been positive. As far as flood protection is concerned, the
researchers found out that 85 percent of precipitation runoff can be controlled”
(Shepard 2016). However, these successes do not entirely satisfy public expecta-
tions, which might anticipate a Sponge City to provide a complete solution to the
urban flooding problem. In this way, the public sometimes takes a critical view of
the program, especially if, despite the measures taken in the Sponge City, there are
still incidents of flooding within the city. The fact that the new Sponge City infra-
structure alone is not enough to solve the problem of urban flooding shows that the
implementation of the Sponge City concept forces the cities equally to deal inten-
sively with existing deficits of the underground sewer system and to fix the detected
deficits. Since the systems are complementary and cannot be operated indepen-
dently of each other (Li et al. 2016), it is not advisable to create a Sponge City on
the surface as long as the underground infrastructure has considerable shortcom-
ings. Only if all systems are functional and interactive will the Sponge City be able
to fully exploit its potential to reduce the effects of (heavy) rainfall. However, there
is still a need for further development in order to integrate the required interaction
of both systems into modern control concepts. It should also be noted that in many
Chinese pilot cities, the Sponge City concept is being implemented in so-called new
areas, i.e., new districts. In this case, there are other and much more diverse design
possibilities than in existing urban districts, whose transformation is often carried
out under public objection. In summary, the challenges of implementation will only
be overcome if China succeeds in establishing suitable technical and locally adapted
measures, institutionalizing the implementation in compliance with good water
governance and making available sufficient financial resources (Jiang et al. 2017).
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4. Financing

The sums invested in China are and will be considerable. The Sponge Cities’
initiative can be effective if China commits to appropriate technical, governmental,
and financial measures to overcome the implementation challenges (Jiang et al.
2017). In this context, Jia et al. (2016) refer to insufficient investment and yield
estimates. While the necessary investments are gaining momentum, questions of the
return on investment remain largely unanswered. The PPP initiative launched to
involve private companies in the development of Sponge Cities shows the current
uncertainty of those in charge with respect to how plant O&M can be financially
secured in the long term.

3 Operation and Maintenance Issues and Challenges

When dealing with problems and challenges in operation and maintenance (O&M)
of Sponge City components, it is appropriate to distinguish between two operating
states: standby times and system load in cases of (heavy) rainfall.

Sponge Cities are made for extreme weather conditions. Under load the desig-
nated technical performance must be fully available. This draws attention to the
standby times (between load cases) which must be coped with without compromis-
ing performance. Even in prolonged standby phases under adverse climatic condi-
tions, the functionality of the systems must be maintained. This is a considerable
challenge in view of the large number of services that the individual plants may
provide — as indicated in Fig. 9.

It is worth taking a closer look at the circumstances in which O&M must take
place and to determine the most relevant influencing factors in the Sponge City
context, to be utilized in the later definition of a suitable maintenance strategy for
the Sponge City infrastructure. It is safe to assume that the following factors deter-
mine the essential O&M efforts:

- Local climate and extreme weather conditions
- Appropriateness of technical and biological design
- Adequacy of the operation and maintenance approach

Fig. 9 Operating states and potential features of LID elements in a Sponge City
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3.1 Local Climate and Extreme Weather Conditions

The Sponge City concept is based on many biological components such that the
whole system is highly climate-sensitive. However, Sponge City is being built
according to the local climate, and the climate is not a constant predictable param-
eter. Of course, there are often strongly developed variations.

All in all, the local urban climate should be described as precisely as possible and
used as an essential basis for planning. Of particular interest is the description of the
load cases for which the spongy infrastructure is designed. Here, extreme weather
conditions are inevitably the focus of attention. All serious climate forecasts assume
an increase in the frequency and intensity of weather extremes. However, at the
local level, it is hard to capture the real threat of climate change. Most of the experts
are in agreement that extreme weather conditions make the operation of a Sponge
City even more complex and lead to even more substantial efforts required to main-
tain system’s functionality. Long periods of dryness, drought, or heat can impair or
even cause lasting damage to the basic functionality of the infrastructure (increasing
risk of subsequent dysfunction). Heavy rainfall events can in turn lead to overload-
ing of the Sponge City infrastructure, which also increases the risks of minor and
major damage to the system.

In the Chinese capital Beijing, the average annual precipitation is a little less
than 600 mm. If this amount of rain would fall evenly distributed throughout the
year, there would be few problems; however, it is not so. For many years now, there
have been extreme annual heavy rainfall events in Beijing, which can account for
up to one third of the total annual precipitation. According to NASA and with refer-
ence to news agencies and newspapers “the heaviest rainfall in 61 years fell on the
Chinese capital city of Beijing on July 21, 2012. The state news agency Xinhua
reported that rainfall over Beijing averaged 170 millimeters, and reached 460 mil-
limeters in the city’s Fangshan District” (NASA 2012). Li et al. (2017c) also high-
light this rainfall event and note that “the Beijing metropolitan region (BMR) has
experienced heavy rainfall events exceeding 20mm/h from time to time during
warm seasons (i.e. from 1 May to 30 September), resulting often in severe urban
flooding.” The actual extent to which climate change will result in a deteriorating
situation with regard to heavy rainfall events will continue to be observed. Referring
to many years of research, Zhou et al. (2017) point out that for the Jing-Jin-Ji City
Cluster, all cities show downward tendencies in extreme rainfall. However, the
effects of heavy downpours are flooded streets and underpasses with collapsed traf-
fic, flooded subway tunnels, and many more. Pictures of local flash floods are
widely distributed in Chinese media, and the resulting economic damage can be
enormous.

Heat waves can also be dramatic, particularly with respect to biological and soci-
etal systems. For example, the summer of 2003 is considered one of the biggest
environmental disasters in Europe accounting for many heat deaths. “The fairy tale
summer, which was celebrated in the media, was indeed one of the biggest natural
catastrophes in the history of the European continent” (Gunkel 2013). Despite noble
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intentions, the Sponge City concept is not expected to deal with all extreme weather
events perfectly. Even in a Sponge City, precipitation events can be so severe that
urban drainage systems collapse under the strain of the heavy downpours.

3.2 Appropriateness of Technical and Biological Design

When selecting technical and biological systems, much attention must be paid to
site-specific factors that can impair the functioning of biological systems in particu-
lar (e.g., cold winters, dry periods).

The more goals to be achieved with a single LID plant (Fig. 9), the more complex
the plants become. The plant design does not only include hydraulic dimensioning
but also complex and essential biological components. The following aspects can be
detrimental if they apply:

(i) Faulty technical and biological design
(i1) Insufficient coordination with neighboring infrastructures
(iii) Inaccurate implementation:

(i) Anincorrect technical design can usually be traced back to inaccurate planning
data. Unreliable or incorrect information increase the risk for fundamental
errors in the selection of technologies and composition of the biological sys-
tems. In this context, the achievement of Sponge City objectives largely
depends on biological systems. The biological systems and vegetation used are
highly dependent on the local climate; for example, plants may not receive
adequate precipitation during prolonged periods of drought. Thus, it must be
confirmed whether the biological components are designed to withstand the
local climate. What are the side effects of the selected biological systems? Do
the plants cause allergies? Was the hydraulic design done in a way to avoid
mosquito infestation? Such aspects demand a painstaking selection of the
appropriate vegetation. An incorrect estimation of the general pollution and/or
specific substance loads from the catchment area can lead to the overloading or
even insufficient loading of the facilities. How do the systems react when loads
change? Are all important pollutants and pollutant groups addressed? Urban
runoff is often quite polluted, e.g., by tire debris which contains microplastics
and polycyclic aromatic hydrocarbons (PAHs). Other important factors that
may cause errors are the following:

— Errors in design due to too many objectives to be achieved

— Insufficient experience with the cross-linking of all (individual) Sponge
City measures

— Implementation of system enhancements not envisaged in the planning
phase
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(i) An insufficient coordination with neighboring infrastructures applies if the
individual Sponge City components are not correctly connected to each other,
and in addition, the connections to the other water infrastructures have not
been properly established.

(ii1) It is not always easy to determine the true causes of dysfunctionality. Are they
planning or execution errors? Certainly, many malfunctions are due to the lat-
ter aspect, and inaccurate implementation can be a big problem. Specialist
companies are required to guarantee the necessary execution quality.

3.3 Deficient or Unsuitable Operation and Maintenance

All aspects and shortcomings mentioned above are decisive factors in determining
the amount of time and effort required to operate and maintain the Sponge City
system. Shortcomings due to unsatisfactory design and execution will present a
long-lasting burden and will have to be compensated by greater efforts and higher
O&M expenses. “If maintenance does not take place facilities will lose function”
(Hering 2017). Many problems such as malfunction and reduced life span are
caused by the absence of a maintenance strategy. Thus, the decisive step appears to
be to pursue an appropriate maintenance strategy in order to assure an adequate and
tailored asset management. Chapter “Urban Drinking Water Challenges and
Solutions: Energy Nexus” presents the main outlines for developing a customized
strategy.

Below are some examples that illustrate some positive and negative examples
and highlight the challenges that may arise when implementing an O&M strategy
for Sponge Cities. Figure 10 shows the excessive land sealing in conflict with urban
vegetation. Figures 11 and 12 show two cases of an unclear situation with regard to
undesired wastewater discharges. Figures 13 and 14 show two neighboring wet-
lands, one in a good and functional state and the other in a dysfunctional state.
Figure 15 illustrates the widespread problem of littering in open urban waters.

Given the examples above, it becomes apparent that the Sponge City infrastruc-
ture has some special features that distinguish it from the underground sewer sys-
tems. The following two points should be emphasized in particular:

- Green vs. gray: Sponge City infrastructure is largely based on biological sys-
tems — compare considerations in 3.2.
- (Intended) public access to most Sponge City facilities.

On the latter point, aboveground facilities of urban water management show
increased vulnerability per se. Since a Sponge City is mainly built on the urban sur-
face, it inevitably takes place in public. A Sponge City is thus a living space for the
city dwellers and becomes an integral part of the inhabitants’ lives. Sponge City
assets are designed in such a way that they also serve partly as urban recreational
areas. Therefore, these open-to-the-public facilities are easily accessible and there-
fore vulnerable to all types of human interference. The facilities’ setup on the surface
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Fig. 10 Excessive land
sealing in conflict with
urban vegetation

Fig. 11 Unclear situation with regard to undesired wastewater discharges
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Fig. 12 Further unclear situation of undesired wastewater discharges

Fig. 13 Wetland in Shenzhen — in a good condition
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Fig. 14 Wetland in Shenzhen — in a bad condition

Fig. 15 Littering of urban waters
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leads to more far-reaching external interferences than in an underground system.
Human nature and its bad points must be taken into account here. It is necessary to
clarify how the installations can be protected against vandalism, littering, illegal
waste dumping, and other negative effects (as illustrated in Fig. 15). In addition,
there is an increased duty of care toward the citizen, e.g., by ensuring safety espe-
cially in case of multifunctional spaces and temporary floodplains.

4 Maintenance: Strategies and Best Practice for Sponge
Cities

Maintenance is a core task of asset management, which keeps the entire system in a
good condition and helps to achieve the longest possible life cycle by carrying out
inspection, repair, and replacement. The most important prerequisite for a success-
fully practiced maintenance is that exact knowledge is available regarding the real
condition of a system. This must be ensured by a regular check of the condition of
the systems and by regular monitoring of system performance.

Collecting and making such data available in order to provide a basis for strategy
development shows the significant efforts required for proper maintenance. Many
criteria influence the choice of appropriate maintenance approach. Thus, to keep the
systems in the best possible shape, the correct maintenance strategy must be defined
and implemented. How to proceed is described below.

4.1 Eligible Maintenance Strategies

When dealing with maintenance strategies, corrective and preventive maintenance
must be distinguished. Corrective maintenance refers to a reaction to damage and
other incidents that affect the operation, i.e., immediate action is taken when a prob-
lem occurs. It is more or less a “firefighting” strategy based on quick reaction times.
Major damage is usually detected quite quickly. However, problems are more likely
to be caused by repetitive small damages, which are not obvious and sometimes
difficult to detect.

In any case, preference should be given to a preventive approach to maintenance,
since it seeks to avoid the occurrence of technical problems. By definition the pre-
ventive approach aims for maintaining equipment in satisfactory operating condition
by providing systematic inspection, detection, and correction of incipient failures
either before they occur or before they develop into major defects. The preventive
maintenance approach comprises two complementary concepts: (1) planned mainte-
nance and (2) condition-based maintenance as briefly introduced in the following:

(1) Planned (preventive) maintenance (PPM): In this case, measures are implemented
according to a previously created maintenance plan (scheduled maintenance).
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The current condition of the plant does not play a decisive role. One example
could be the replacement of still functioning plant components to promote a lon-
ger system life span.

(2) Predictive maintenance or condition-based maintenance (CBM): This approach
is based on condition assessment and prediction. Continuously updated indica-
tors are used to predict, as precisely as possible, when devices or plant compo-
nents will fail or their performance will deteriorate. Compared to the other
strategic maintenance approaches, condition-based maintenance leads — at least
in theory — to the largest cost savings.

Figure 16 recaps the different maintenance approaches and shows their effects on
equipment life span.

Preventive maintenance approaches are thus preferable to corrective approaches.
As these approaches do not lead to or significantly reduce the number of system
failures, maintenance costs are usually significantly lower than those for corrective
maintenance. The reason for this is that the maintenance tasks are triggered only on
the basis of the detected status of a plant. This means that especially the more com-
plex maintenance tasks (esp. repair and replacement) will only be carried out when
it becomes apparent that a system is going to fail. Thus, this approach largely
exploits the potential life span of an installation or equipment. And this approach is
also suitable for the maintenance of the Sponge City infrastructure. How to config-
ure this approach to suit the Sponge City case is discussed below.

Fig. 16 Different types of maintenance approaches and effects on equipment life span



36 S. Koster

Fig. 17 Proposal for the procedure for defining a maintenance strategy according to specifications
of Lee und Scott (2009)

4.2 Basic Considerations for the Maintenance Strategy
of Sponge Cities

It is essential to avoid the testing of different maintenance alternatives via trial and
error. A basic agreement is required as to which type of maintenance is valid for the
Sponge City. Figure 17 gives a concrete form to a possible procedure for defining a
suitable maintenance strategy.

In view of the problems and challenges outlined above, it becomes clear that
there is no off-the-shelf solution for maintenance of Sponge City infrastructures.
Primarily, Sponge City maintenance must assure that 100% of the hydraulic and
substance retaining performance is available when needed. In addition, there are
other tasks to be considered such as removing negative impacts on the habitat, solv-
ing problems of plant safety and urban health, and ensuring that the installations
have the most aesthetic appearance possible. Some preliminary and basic consider-
ations for the necessary maintenance, taking into account the special requirements
in a Sponge City, are given below — referring to the following aspects:

1. On-off operation of Sponge City facilities
2. Preservation of complex biological systems
3. Citywide expansion of Sponge City infrastructure

—_

. On-Off Operation of Sponge City Facilities

Two operating states have been discussed above. Over longer periods of time, the
main basic functions of the Sponge City components are not used as long as no
significant rainfall event occurs. It is not possible to predict how long the respective
on and off phases will take, in order to be able to reliably align a long-term operat-
ing concept. Ultimately, a strategy is needed to handle both operating modes well.
The (after) load-case phase indicated in Fig. 18 requires particular attention with
regard to the maintenance tasks. It represents a clear exception from routine work
during the standby phases.
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Fig. 18 Maintenance of a retention soil filter for the standby phase and unpredictable operational
case for which the system was designed

2. Preservation of Complex Biological Systems

A Sponge City contains a high proportion of vegetation and is thus highly
dependent on the local climate. The individual plant design and the O&M support
must ensure that there is no loss of performance due to prolonged standby periods.
In this regard, on-off operation mode is a quite relevant aspect. If precipitation
events, for example, do not occur sufficiently often, this should have considerable
implications for the selection and O&M requirements of the plant species used
(e.g., irrigation requirements, specific measures to preserve and protect the bio-
logical system).

3. Citywide Expansion of Sponge City Infrastructure

The Sponge City system encompasses a mosaic of green elements, biotopes,
tanks, wetlands, and pavements ready for heavy-duty operation, i.e., being soaked
by rainwater as response to heavy rainfall events. Thus, Sponge City denotes a city-
wide aboveground infrastructure with numerous single elements which are in part
interconnected. In the case of megacities, “citywide” means enormous areas requir-
ing a vast comprehensive maintenance effort. Li et al. (2017b) also emphasize “one
unique maintenance challenge posed by sponge city measures is that they are often
scattered around a large area, and some are located on private property, making it
difficult for public agencies to ensure that proper maintenance is carried out.
Sometimes sponge city projects may be filled in or removed during other projects
by private owners.”
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Technical design and layout measures must shape the Sponge City system in a
maintainable format. This means that the design must already consider the extent to
which it is suitable for the simplest possible maintenance. For the entire life span,
there are many reasons to implement a predictive maintenance approach in the
Sponge City context. However, there is still a need for further diversification. Many
Sponge City facilities will require much routine and seasonal work. Thus, there is
also some evidence for planned maintenance activities, especially when it comes to
plant service. Finally, the planned maintenance appears to be preferable for plant
service supplemented by condition-oriented and also corrective maintenance tasks
especially after the occurrence of extreme weather events. Therefore, the best main-
tenance practice (BMP) for Sponge Cities resulting from the above considerations
is introduced below.

4.3 Best Maintenance Practice for Sponge Cities

Regarding the scope of Sponge City’s maintenance, it must be stated clearly: Simple
gardening is not sufficient. For example, Li et al. (2017b) point out that the “tasks
may be as simple as weeding a vegetated swale and removing debris from curb cuts,
or as complex as maintaining a large-scale wetland or an underground storage tun-
nel with multiple functions.” As an example, Fig. 19 shows a selection of tasks that
are required for the maintenance of a LID component whose functional principle is
(also) based on a biological system.

The following (quality) features of a comprehensive maintenance system for
Sponge Cities are specified:

Precise task definition and allocation

Definition of responsibilities and provision of skilled maintenance staff
Documentation and appropriate data management

Maintenance planning

Maintenance execution

Dk e =

Fig. 19 Inspection, upkeep/plant service, repair, and replacement
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* Inspection
* Plant service
* Repair and replacement

1. Precise Task Definition and Allocation

It should be noted that all the maintenance measures mentioned must be placed
in an entire infrastructural context, which means that citywide maintenance work
planning and execution must be carried out. An isolated approach to individual
installations would be completely inadequate; in this regard, all plant-related mea-
sures must be coordinated. They are to be grouped and combined into routes.
Financial, logistic, and human resources planning must be provided so that the work
can take place as effectively as possible. Concrete guidelines also should determine
how other functions such as that of an ecosystem also can be taken into account
when carrying out maintenance. Furthermore, convincing solutions must be identi-
fied when it comes to the disposal of residues such as mowed material and debris
collected during maintenance while also considering possible contamination of
these residues which would require special disposal. Finally, in view of the existing
abundance of tasks to be carried out, the recommendation is to also use computer-
aided management tools. For this purpose, computerized maintenance management
systems (CMMS) are available on the market that would require adaptation to the
Sponge City needs.

2. Responsibilities and Maintenance Staff Skills

Proper maintenance requires a responsible party. Potential stakeholder for main-
tenance can be (US EPA et al. 2009):

- Professional engineers and specialized contractors
- Municipal inspectors and maintenance crews

- Commercial, institutional, and municipal owners
— Concerned citizens and adjacent homeowners

- Homeowners associations

- Property managers

Tasks should only be delegated if the person(s) responsible is/are capable of car-
rying out this task. Obviously, the qualifications of the persons in charge can vary
widely. EPA defines skill levels from “0” to “3.” “0” means that there is no special
training but a basic training of the person in charge. “3” means that it is a profes-
sional engineer or consultant who is responsible (US EPA et al. 2009).

3. Sponge City Documentation and Appropriate Data Management

In the absence of data acquisition and management, preventive maintenance can-
not be successfully done. Availability of accurate data is a crucial prerequisite for
modern and smart O&M, especially when supported by data processing systems
and adapted software solutions. For example, Shao et al. (2016) explain the advan-
tages that comprehensive data integration and its computer-aided application in
Sponge City construction can have. Thus, documentation of the existing assets and
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Fig. 20 The cycle of data acquisition, evaluation, and maintenance planning

all operational and maintenance measures carried out is essential. The technical
documentation from the construction phase is to be transferred to the operating
phase and must be available for planning of maintenance tasks. In this context, any
changes made during the construction phase with regard to technical planning must
also be entirely documented. The documentation includes, for example, the spatial
distribution of the facilities, the actual technical equipment, hydraulic calculations,
operating instructions, etc. The documentation or database must be up-to-date and
reliable. This means that the condition described in the documents should always
correspond to reality. The indicators describing the (age-related) condition of an
installation must be continually maintained and refined. In the operating phase, the
subsequent data management and planning cycle are made up as follows: data
acquisition, data assessment, if necessary alignment of maintenance approaches,
and concrete planning of maintenance activities — as visualized in Fig. 20.

In addition to this, Table 1 specifies important data management activities and
defines them as essential preparatory work for maintenance planning and
implementation.

4. Maintenance Planning

The maintenance planning ensures that the chosen approach/strategy is consis-
tently implemented by a robust scheduling and route planning. Based on the col-
lected and evaluated data, a precise and component-specific planning should be
carried out. This comprises also a detailed allocation of necessary resources (e.g.,
staff, funds, spare parts, tools, logistics). Thus, maintenance requires an excellent
stock management maintaining the necessary or most frequently used spare parts.

5. Maintenance Execution

During the actual implementation of maintenance, the preparatory work
described above is thoroughly considered. Thus, implementation includes both rou-
tine work and the condition-based tasks. In the Sponge City context, maintenance
must ensure constant readiness for operational cases the system was designed for
(i.e., extreme weather conditions). This results in an alliance of the following activi-
ties: inspection, plant service, and repair and replacement, which are described in
more detail in Table 2.

Finally, maintenance will be a core element of Sponge City asset management.
Without maintenance the Sponge City approach cannot work in the long run.
Performance losses and further potential negative impacts of Sponge City imple-
mentation can be massively increased due to insufficient maintenance quality.
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Table 1 Important data management activities as preparatory work for maintenance planning and
execution

Activity Subjects

Data Ensure data collection which records all data from inspection measures

acquisition based on the implementation planning and documents the condition of the
plants

Monitoring system, including in particular the following steps:

Current condition (written and visual documentation)

Exact documenting structural changes

Exact documenting maintenance measures

Regular update of previous records, esp. failure frequency, failure track
record, etc.

Data Paper documentation

processing Modern/electronic data storage including regular backups
tools

Use of modern software tools such as

Mapping, geo-referencing by GIS, using (specific Sponge City) layers to
combine identical or related space-related objects

Use of computerized maintenance management system in order to assure
a systematic support of maintenance procedures by software solutions

Integration into building information modeling (BIM) solutions

Data Data interpretation by queries/targeted assessments

assessment How extensive are the works?

How often must this work be carried out?

‘What kind of maintenance does each component actually need?

How can the resources be used as effectively as possible?

Can imprecise information be dealt with using experience?

Approach If necessary, flexible adaptation of maintenance approach (i.e., adjustment
alignment of inspection intervals, repair needs)

An adapted preventive Sponge City maintenance strategy must consider specific
local circumstances (climate, type and frequency of load cases, achievement of fur-
ther goals such as habitat function and recreational use) with the aim to achieve best
stormwater control performance when it is actually needed. The following exam-
ples indicate the efforts that will be required for Sponge City maintenance.

4.4 Examples for Best Maintenance Practice

The complexity of spongy elements selected in the course of implementing the
Sponge City concept varies widely. Alongside simple measures such as sunken
green belts in urban streets, there are also much more complex components that
collect rainwater, store it temporarily, and qualify it for local reuse by means of
(wide) cleaning (see Fig. 9). Below are some examples of what maintenance of
individual elements can look like. However, please note that the entire Sponge City
infrastructure must be maintained. This means that the necessary work will be
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Table 2 Contents of the maintenance implementation

Activity

Description

Inspection

Inspection reveals structural and functional deficits which must be remedied.
However, it is best to avoid any damage through repair before a failure occurs.
Hence, inspection plays a particularly important role in the context of the
preventive maintenance approaches. Inspection serves to record the actual
condition and to detect problems needing maintenance attention. A central
question that can be answered by means of the inspection is which cleaning
requirements exist, i.e., additional or nonperiodic cleansing measures due to
outlet blockages, leakages, or (clogged) low-flow conditions. It can also be seen
whether any constructional repair work is required due to, e.g., structural damages
or rodent activities. In addition, inspection also serves to monitor the success of
previously implemented maintenance measures. The maintenance log should
describe in detail all the maintenance measures carried out, particularly repair and
replacement. It should be stated what types of pollution were found and what type
of cleansing was carried out. If (functional) tests have been carried out, the results
must be explicitly documented. General and specific observations must also be
noted in the log. Another aspect is that not only the water management
functionality must be considered but also other functions such as that of an
ecosystem. It must be determined which suitable inspection methods are to be
used for the eco-components and ecological urban areas

Plant service

Plant service must meet operational requirements. This type of upkeep includes
work that serves to maintain functionality but does not constitute repair or
replacement measures. In daily practice routine, work includes measures such as
cleaning (removing debris/trash), vegetation care (mowing, harvesting, and
removal of invasive plants), clearing of blockages and hydraulic obstacles, and
sediment and muck removal by means of dredging, fighting rodents, and others

Repair and
replacement

The repair of a plant or (broken) system/mechanical components restores a good

and functional condition after damage. This includes tasks such as repair of pipes
and conduits or the repair of eroded and bare soil surfaces as well as the repair of
damages caused by animals. Replacement becomes necessary when a repair is no
longer practical or economically favorable. This includes, for example, structural

restoration or even structural modifications as well as replacement of components
and replanting vegetation

coordinated in such a way that the costs are kept as low as possible by optimizing
routes, creating synergies, and through predictive maintenance, improving the life-
times of the installations and their components. However, the following examples
do not replace maintenance manuals, are not complete, and are only used to show
the scope of the necessary maintenance tasks. In the following, three examples (of
increasing complexity) are provided — also referring to the fields of intervention
shown in Fig. 2:

Pervious pavement (traffic areas)
Green roofs (communities)
Constructed wetland (green areas)

These examples show that in addition to hydraulic integrity, the preservation of
ecosystem functions also constitutes a significant part of the maintenance work.
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Table 3 Activities for maintenance of pervious pavements (NRMCA 2015; Department of
Environmental Protection of Montgomery County 2013)

Activity Specifications®
Regular/planned Monthly visual inspection to ensure that it:
inspection Is clean of debris

Dewaters between storm events

Is clean of sediments

Annual inspection of the pavement surface for deterioration or
spalling

Plant service Planned/routine debris removal: Work to be repeated at fixed
intervals, removal of weeds and vegetation

Keep the pervious pavement surface free of sediments by blowing,
sweeping, or vacuuming

Condition-based: Vacuum or pressure washing — As necessary

Maintain upland and adjacent grassy areas

Repair and replacement Replace pavement

Seed upland and adjacent bare areas

“This list serves to identify examples of maintenance and is not complete

Example 1: Aspects of Maintenance of Pervious Pavement
Permeable/pervious pavement is considered to be an important component for
including traffic areas (see Fig. 2) in the Sponge City concept. However, this also
results in special requirements with regard to their maintenance. It is obvious that
the “drainage capacity of pervious concrete pavements will be greatly decreased
once the pores become clogged” (Zhang et al. 2017). In this way, everything that
could lead to clogging of the pores must be avoided or remedied. For example,
blockage of the pores can be triggered by misuse of abrasives (sanding), by reseal-
ing or resurfacing/re-paving activities with non-pervious materials, and by the
application of flawed washing/cleaning methods (Department of Environmental
Protection of Montgomery County 2013; NRMCA 2015). Furthermore, there is the
recommendation to divert “excessive water flow carrying debris towards the pave-
ment” (NRMCA 2015). This reflects the fact that heavy rainfall and urban flash
floods can cause a considerable (possibly longer lasting) impairment of the water-
permeable coverings. To what extent diversion of solid-loaded water flows will be
feasible for citywide applications of porous materials, especially in extreme weather
conditions, is still under question.

Water-permeable surfaces require periodic maintenance in order to avoid a (per-
manent) blockage of the porous structure (Chandrappa und Biligiri 2016). From
this, the following essential maintenance activities can be derived (Table 3).

Example 2: Aspects of Maintenance of Green Roofs

The roof greening system consists of numerous components in which together form
a multilayered structure. The structure from top to bottom comprises the following
layers: “vegetation (landscape materials), growing medium (substrate), filter, drain-
age material (moisture retention), root barrier, water proofing membrane, insulation
layer and structural layer” (Besir and Cuce 2018). The danger of dry periods, even
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in humid locations, requires robust combinations of vegetation and substrates for a
long-term roof function (Johannessen et al. 2017). Green roofs treat exclusively the
rainwater from the roof surface. “The increase in green roof area directly and lin-
early increases the percentage of roof runoff being treated and therefore the overall
peak runoff reduction” (Chui et al. 2016). As far as the use of green roofs under
difficult climatic conditions is concerned, there are still further points to be clarified.
For example, green roof systems which are able to maintain the retention capacity
of the roof permanently even in cold and wet regions have so far been largely unex-
plored (Johannessen et al. 2017).

Besir and Cuce (2018) refer to information on the classification of green roofs
according to type of use, design, and maintenance requirements. Maintenance
requirements vary depending on the complexity of the design. Extensive green roofs
are considered to be low-maintenance, whereas intensive green roof are seen as
high-maintenance (Vijayaraghavan 2016). In principle, there is a requirement that
extensive green roofs should be as low-maintenance as possible after construction.
For another example, the design of the (prefabricated) building materials should be
such that a sustainable plant community is supported from the very beginning by
means of suitable green roof substrates (Rumble et al. 2018). However, all green
roofs require maintenance to ensure that the basic functions remain operative. Silva
et al. (2015) distinguish maintenance measures for green roofs into three phases,
which are oriented to the requirements of vegetation. The actual maintenance phase
begins after the third or fourth year — when the post-implantation phase (1 and
2 years) and maturing phase (2 and 3 years) are completed and the vegetation covers
about 90% of the roof surface. Table 4 summarizes (phase-independent) work asso-
ciated with the maintenance of (intensive) green roofs.

Example 3: Aspects of Maintenance of a Constructed Wetland or Bioretention
Pond

Constructed wetlands are particularly designed to fulfill a variety of tasks and objec-
tives, such as improving water quality and urban hydrology, as well as satisfying
biodiversity and aesthetics needs. Correct installation and regular maintenance are
critical to effective constructed stormwater wetland operation (Hunt et al. 2011).
Hunt et al. (2011) also note that many constructed wetlands are unlikely to achieve
all their design goals due to lack of supervision and proper maintenance. Constructed
wetlands are regarded as resilient systems that, if well designed and sufficiently
inspected, can operate efficiently over long periods of time and with minimal main-
tenance. Thus, even after a longer period of time with regular inspection but only
minor plant service, constructed wetlands can offer satisfactory performance in
terms of the reduction of peak runoff and also of pollutant removal (Al-Rubaei et al.
2016). Table 5 shows how extensive the inspection and subsequent maintenance
tasks can be in the case of constructed wetlands. In this regard, Table 5 highlights
regular as well as immediate maintenance activities using the example of a vege-
tated bioretention system. The frequency of implementation of the regular measures
should be condition-based. Immediate action must be taken after all heavy rainfall
events.
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Table4 Activities for maintenance of (intensive) green roofs (Kelly Luckett 2009; Vijayaraghavan
2016), completed by own specifications

Activity Specifications®

Regular/planned inspection | Structural state and hydraulic inspection

Inspect drains

Inspect holes or depressions in soil media

Ecological check

Inspect vegetation-free zones

Inspect irrigation system and moisture levels

Plant service Structural and hydraulic care

Remove debris

Care of vegetation

Hydration — the requested level of irrigation depends on the
green roof type

Fertilizer application

Weeding

Invasive species control

Control of plant pests

Repair and replacement Repair work on the green roof

Replacement of components/layers

“This list serves to identify examples of maintenance and is not complete

5 Costs for Implementation and Maintenance of Sponge
Cities

As far as investment costs are concerned, relatively precise statements can be made.
However, only rough estimates can be made for the costs of O&M. Nevertheless,
the following is an attempt to estimate the costs of maintenance and to provide ini-
tial evidence of the expected costs.

5.1 Investment Costs of Implementing the Sponge City
Concept

Rough estimates assume that investments of 100-150 million RMB (EUR 12-19
million) per square kilometer are required for the construction of Sponge Cities.
These cost estimates are below the costs actually incurred to date for pilot cities. Li
et al. (2017a, b, c) give a city-by-city overview of the scope of the investments for
the 30 pilot implementations, resulting in an average investment of 200 million
RMB/km? (EUR 25 million/km?). The highest specific investment volume calcu-
lated is EUR 53 million/km? (Changde), and the lowest is EUR 13 million/km?
(Jiaxing). Each of the pilot cities receives an annual special grant of 600 million
RMB from the central government (for the provincial capital) or 500 million RMB
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Table 5 Maintenance tasks for a vegetated basin — specifications based on US EPA et al. (2009),
Heal (2014), and US EPA (1999), augmented with own entries

Activity Specifications®
Regular/planned Structural state and public safety
inspection Access possible or not?

Can the basin and its function be identified?

Mechanical elements are functional?

Damages

Erosion at shoreline, bare soil

Broken signs, locks, and other dangerous items

Debris and trash accumulation

Hydraulic inspection

Standing water: Even after longer dry periods, water remains in the
basin and is not discharged away

Inadequate filtration/ponding due to clogged filter surface, pipe
leaks, and blocked inlet and outlet as well-clogged underdrains

Any low-flow orifices

Any clogged pipes

Permanent pooling

Any dry pond areas

Short-circuiting and deep zones

Sedimentation buildup/deposition

Floating debris

Ecosystem/ecological check/inspection

General state of vegetation

Overgrown surface/uncontrolled plant cover

Wetland plant composition and health: Undesirable/invasive plants,
plant diseases

Irrigation requirements for hydrophytes or obligate wetland species
in case of dry conditions

Health inspection

Mosquito production, wildlife problems

After heavy rainfall

Is the rain event over? Did it cause urban flooding? Did the structure
function as planned?

Has damage occurred? Documentation of the damage and
quantification of the necessary maintenance work including
immediately required repair

(continued)
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Table 5 (continued)

Activity Specifications®

Plant service Structural and hydraulic care

Remove litter and plant debris

Complete forebay maintenance and sediment removal when needed:
Dredging and muck/sediment removal

Ecosystem care

Irrigation (condition-based): e.g., irrigation throughout periods of
persistent drought

Mowing — mow turf areas

Weeding and pruning

Harvest wetland plants

Treat plant diseases

Remove invasive plants

Repair Structural

Correction of damaged tank/basin inlets and drains

Repair of pipe leaks
Repair of further specific components

Repair undercut, eroded, and bare soil areas

Pipe and riser repair

Vegetation

Repair of eroded areas

Remove and replace dead and diseased plants

Further repair activities: Replace tree stakes and wires if needed
Replacement Structural

Add new mulch and/or re-mulch void areas

Removal of the upper soil layer and replanting

Removal of top 2-3 inches of discolored planting medium and its
replacement with fresh mix, when ponding of water lasts for more
than 48 hours

Replacement of specific components — pipe replacement if needed

Vegetation

Replant wetland vegetation

“This list serves to identify examples of maintenance and is not complete

(for the municipality directly under the central government) or 400 million RMB
(for other cities), cf. (MoF). According to this information, the Chinese govern-
ment’s 3-year grants are in principle not sufficient to cover investments alone, such
that the cities still must to raise their own funds. In addition, there are other govern-
ment incentive and reward mechanisms. For example, there is an additional 10% for
the realization of public-private partnerships (PPP) and a further 10% for a positive
evaluation.
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Table 6 Specific capital costs for implementation of individual LIDs (Houle et al. 2013)

LID measure capital cost (US$ per hectare of IC
Item treated)
Porous asphalt 53,900
Bioretention 53,300
Vegetated swale 29,700
Gravel wetland 55,600
Wet pond 33,400
Dry pond 33,400
Sand filter 30,900

*IC treated = impervious cover (IC) treated

If the target for 2030 is to convert 80% of the city areas into a Sponge City in all
Chinese cities, the calculated total investment for China amounts to around EUR 1
trillion. This figure is based on a total urban area to be transformed in China of
43,465 km? (80% of 54,331 km?, Area of Built District for the whole of China
(MOHURD 2018)) and around EUR 25 million investment volume per km? of
Sponge City. This magnitude is realistically estimated, as Dai et al. (2017) state that
the Sponge City projects will require investments of hundreds of billions of RMB
(Dai et al. 2017) and represents a considerable investment for China. For compari-
son: In Berlin, with a built-up area of 892 km?, this would result in an investment
volume of more than EUR 20 billion. Based on the 3.6 million inhabitants of Berlin,
this would correspond to specific costs of almost EUR 6000 per inhabitant. The
above area-related figures do not provide information on the costs for individual
installations. The absolute costs for a single installation are also not especially
meaningful. Only specific costs allow proper allocation. For example, there are spe-
cific “unit costs” that indicate the cost per hectare or per square meter of connected
urban catchment area. Table 6 lists some examples of specific capital costs for the
implementation of individual LIDs.

One cost element that should not be underestimated is the cost of acquiring land.
Especially in inner-city locations, the land prices can be high, so that acquisition
costs would be extreme. Further cost information has been elaborated in recent
works (Joksimovic und Alam 2014; Chui et al. 2016).

5.2  Cost for Sponge City Maintenance

As stated above, it is even more difficult to provide generally applicable information
in terms of maintenance costs. The costs for personnel and logistics vary greatly.
Houle et al. (2013) showed that annual maintenance expenses as a percentage of
capital costs ranged from 4% to 19%. The same authors also point out that these
estimates may vary, of course, and that economies of scale may arise with larger
systems. If such shares are included, substantial costs are incurred, especially when
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Table 7 O&M maintenance USS$ per year and

costs for selected LID Item hectare

elements taken from Houle
Vegetated swall 2280

et al. (2013), ha of IC treated c8e a. il

(IC = flow from impervious Retention pond 7830

cover) Dry pond 6150
Sand filter 7210
Gravel wetland 5550
Bioretention pond | 4940

Porous asphalt 2270

looking at the abovementioned investment costs of up to EUR 25 million per km?.
Further examples of costs for individual systems can be found in the literature. For
example, the annual costs listed in Table 7 refer to individual LID systems and the
connected impermeable or effluent inducing covers in the catchment. Further infor-
mation concerning costs for O&M of LID items can be found in Chui et al. (2016).

There are repeated references in the specialist literature to the fact that Sponge
City maintenance should be lower in cost in comparison to the other urban water
systems. Geiger states that “compared with the customary gray infrastructure, not
only LID construction and maintenance costs are lower, but also it provides more
effective protection for urban environment” (Geiger 2015). There is no convincing
argument for this presumption, however. No existing infrastructure will be replaced
in the case of Sponge City transformation. In addition to the existing infrastructures,
additional costs will be induced. Therefore, cost reductions are not to be expected.
It can only be emphasized to keep the unavoidable additional costs as low as pos-
sible with the best possible results. In this context, efforts are being made to create
self-sustaining structures for O&M of the entire Sponge City infrastructure.

For a several years now, public-private partnership (PPP) has attracted wide
interest in China, and there are high hopes for the success of the PPP market. In
examining the suitability for such schemes with regard to Sponge City, it is recom-
mended to consider the experiences made so far with PPPs in other countries.
Substantial amounts of money are currently being invested in the Sponge City
implementation as an additional protection system. In terms of stormwater manage-
ment, it helps to avoid damage, but it is not necessarily productive. When looking at
the growing Sponge City infrastructure, the risk of the cities’ authorities being con-
fronted with essential follow-up (O&M) costs is quite high. Thus, the question is,
where is the promising PPP business model? Would it also work without lavish
incentives and initiatives to attract PPP investments, especially in cases of the state
being unable to obtain loans at a lower cost than companies that are active in PPP
schemes? The PPP option in association with Sponge City infrastructures is also
seen rather critically in the scientific discussion. Considering the fact that PPPs are
officially demanded and promoted for Sponge Cities (Jia et al. 2016), it is neverthe-
less evident that “a business model attractive to the investment from private sector
is needed but is currently lacking” (Jiang et al. 2017). Jia et al. (2017) come to the
same conclusion by finding that there is “no clear economic incentive for using
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LID” in the PPP context. A glance at Germany shows that PPP projects have been
criticized for several years now. Most of the former expectations in terms of PPP
and more (cost-)effective water services have faded. To put it concisely: PPP has
proven not to be thoroughly satisfactory in terms of high-quality public water ser-
vices. Nowadays, there is an obvious trend to “undo” the PPP projects. In numerous
cases the public sector takes over the tasks of public services again by rebuying the
infrastructures and taking over O&M responsibilities.

Clear advantages are seen on the economic system side. Jia et al. (2017) state that
“under the current economic climate of over-capacity-reduction (in China), the
Sponge City projects can offer good business opportunities for manufacturers pro-
ducing pervious concrete, permeable bricks, infiltration pipes, etc.” However,
someone must pay for these materials and products. If spongy schemes are also
used for rainwater harvesting, then a business idea could emerge there. This requires
that the local water management system permits such solutions and does not make
it more difficult, for example, due to too low and subsidized fresh water prices. As
long as operator models for Sponge Cities have only poor economic prospects, then
it is difficult to see which business model could attract private investors. However,
the immature nature of the considerations on long-term infrastructure financing
entails essential risks. A lacking revenue source can lead to lower efforts to be put
in O&M. This could substantially weaken the entire Sponge City system. In the
absence of a source of revenue which attracts investors, perhaps the Sponge City
should be understood as a pure public service.

6 Conclusions

In recent years, China has undertaken many concrete efforts and high investments
in order to promote the Sponge City approach and to galvanize the decision makers
to action. Sponge City development is embedded in a realignment of urban develop-
ment with a strict focus on water. Thus, China aims at shaping water sponging cities
to cope with climate change and to especially mitigate negative impacts of extreme
rainfalls on urban spaces. In this respect China’s efforts have surpassed those of all
other countries. The Chinese public strongly supports Sponge City policy (Wang
et al. 2017), but there are also high expectations regarding the improvement in flood
prevention. The Chinese government’s campaign must now find its way to long-
term success.

The advantages of green and spongy cities only will develop their full potential if
O&M are performed adequately and accurately. It is unfavorable if a maintenance
strategy is completely absent and/or maintenance is carried out improperly. Reasons
for an immature maintenance strategy can be, for example, a lack of money or even a
fundamental misunderstanding regarding the tasks to be fulfilled. The emerging
Sponge Cities must be understood as very complex hydraulic systems, which are able
to effectively cope with even extreme situations with regard to both the hydraulic
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loads and nutrient/pollutant loads. The essential investments made for Sponge City
implementation also must be safeguarded in the long run by minimizing risk of
failure ensuring functional integrity and robustness of the Sponge City facilities. In
other words, without maintenance, Sponge Cities cannot work. Maintenance is a
core element of asset management. Moreover, simple gardening work is not enough
to maintain Sponge Cities. Professional service is required. Adapted preventive
maintenance strategies should be pursued comprehensively considering the local
circumstances. Should responsible administrations wish to achieve real success,
they must consider how to ensure long-term functionality of the entirety of Sponge
City assets. In particular, faulty technical design and inaccurate implementation can
massively impair performance. Thus, the design review and follow-up remain as
critical additional tasks. Technical design is a decisive factor in determining the
extent to which future maintenance work will be necessary. In order to minimize
future efforts and costs, the findings from previous maintenance activities will be
crucial for design modifications or adjustments. The specifications for the technical
design must be formulated in such a way that it is not possible to come up with off-
the-shelf solutions but rather that the local characteristics are adequately taken into
account.

Currently, the forerunners are in the phase of building and construction. A con-
vincing concept for the long-term operation phase should be presented. This
includes a clear definition of who pays for the necessary maintenance. Further rea-
sonable financing models must be developed here, which should not consist solely
of rough PPP considerations.

If done in this way, there are substantial opportunities offered by maintenance. It
stimulates innovation, assures feedback, shows weak points, and enhances reliabil-
ity. And it is essential for the further development of the approach. Where is all this
going to lead? Probably to Sponge City 2.0. The experiences with the implementa-
tion of Sponge City are very important to further develop the concept so that finally
all expectations may be satisfied. In any case, there is a need for further develop-
ment of the urban water systems in Sponge Cities in order to find even better answers
to the questions arising from the (increasing) occurrence of heavy rainfall events in
urban areas. The ambitious goals of coping with heavy rainfall events can only be
achieved if large volumes of rainwater storage are available. Perhaps the Sponge
City idea subsidizes the climate change gamble through a finally still insufficient
approach. Even though the urban area will increasingly be covered with extensive
water landscapes — interconnected and serving as large volume interceptors — in
addition, suitable interfaces to the (existing) underground infrastructure must be
created. Thus, the Sponge City implementation provides reason to improve the
entire urban water system. In this regard, the actual aboveground retention capacity
determines to which extent potential reserve discharge capacities in the sewer sys-
tems must be made available. To maintain long-term performance of a Sponge City
demands a completely new type of urban ecosystem service.

Sponge City will also trigger other urban developments. For example, measures
are also being taken to mitigate the high level of land sealing that is typical for cities.
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Here, the focus is on traffic areas in particular, with the aim of achieving water per-
meability, e.g., through the use of suitable materials. It can be expected that the
Sponge City will be the starting point for further developments that fuel urban trans-
formation. The consistent continuation of the implementation of the Sponge City
concept will undoubtedly entail a number of innovations, such as vertical greening
of buildings, redesigned traffic areas, and improved interfaces to underground infra-
structure. In view of the actual vulnerability of cities, development must be handled
with greater care. This means deeper integration into urban development concepts
by routine, utilizing new urban areas for implementation. If this is successful and the
“proof of concept” is completed, the Sponge City approach can have a profound
impact on future urban development and thus play a decisive role in determining the
appearance of future cities.
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Future-oriented Strategic Planning
of Wastewater Treatment Plants

Nina Manig, Maike Beier, and Karl-Heinz Rosenwinkel

Abstract Current planning situations in Europe and China include upgrading or
replacing of existing WWTPs (mainly in Europe) and the construction of new
WWTPs (mainly in China). Both planning situations are increasingly confronted
with future uncertainties due to high system complexity and rapidly changing con-
ditions. In contrast to this, the long service life of over 30 years and the high capital
commitments required lead to entrenched wastewater treatment concepts fixed over
decades by the first design decision. In order to complement established WWTP
planning methods, a methodology of future-oriented strategic planning focusing on
WWTPs is presented in this chapter. The main purpose of this methodology is to
define, simulate and evaluate potential long-term technological strategies for a
WWTP. The basic steps of the methodology include (i) defining long-term technol-
ogy concepts and (ii) corresponding transformation paths of a WWTP under differ-
ent future scenarios. Finally, the methodology allows (iii) an ongoing control of
scenario assumptions and (iv) an early support to start adapting the defined long-
term technological concepts to current conditions. By this, the methodology will
support the finding of robust and economic transformation paths and evaluated con-
struction steps.

1 Introduction

The main questions in the planning and decision-making process of WWTPs are the
following: What is an appropriate future treatment concept of an existing or newly
built WWTP, and when is the best time to invest in new technologies under rapidly
changing conditions to avoid expensive disinvestments? Moreover, what are useful
WWTP upgrades or expansions to fulfil all future requirements, and how can these
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expansion steps be controlled and adapted before final decisions on long-lasting
technological installations are made? These questions arise for both European coun-
tries and China, who are subject to different WWTP planning challenges. In
Germany, many of the structural components of existing WWTPs will reach the end
of their originally designed lifetimes in the upcoming years. Around 9300 public
WWTPs are operated to treat an average daily amount of wastewater of approxi-
mately 26.9 million m? (in 2013) — this corresponds to 97% of the population being
connected to the mostly centralized wastewater system (Destatis 2015). Operators
and planners are currently facing the task to upgrade their existing plants and make
corresponding long-term reinvestments in the starting investment cycle. In contrast,
planning and design of entirely new WWTPs is one of the major topics in urban
water management in China. Fast-growing cities and economic growth result in
rapidly increasing amounts of wastewater and, therefore, the need to build appropri-
ate wastewater infrastructure to treat it. By the end of 2013, 3508 WWTPs had been
built in 31 provinces and cities with a total treatment capacity of 148 million m*/d
(Zhang et al. 2016). The technologies used most often in WWTPs are AAO and
oxidation ditches, which together account for over 50% of the existing WWTPs
(Zhang et al. 2016).

In both planning situations, challenges arise due to the long service life of around
30 years and the high capital commitments required. Moreover, European countries
as well as China are increasingly confronted with higher construction and design
risks due to future uncertainties due to high system complexity and rapidly chang-
ing conditions in the WWTP environment. These risks are amplified due to the wide
variety of already available and innovative technological options, e.g. for extensive
carbon recovery and utilization, elimination of micro-pollutants, disinfection as
well as the deammonification process for N-elimination.

To integrate long-term future uncertainties in decision-making processes, strate-
gic planning approaches have become more and more popular in various water and
wastewater infrastructure projects. Different methodologies, tools and implementa-
tions are available in literature, e.g. the “Dynamic Adaptive Policy Pathways
approach” (Haasnoot et al. 2013; Kwakkel et al. 2015), the “Regional Infrastructure
Foresight method” (Stérmer and Truffer 2009) and others (Dominguez 2008;
Dominguez et al. 2011; Truffer et al. 2010; Lienert et al. 2006; Henriques et al.
2015). This chapter presents a novel methodology of future-oriented strategic plan-
ning, focusing on the decision-making process on WWTP upgrades and expansions.
The general idea is to integrate an additional future-oriented strategic planning level
as internal controlling process into existing organizational structures of the WWTP
operator. In this way, existing traditional WWTP design procedures will be comple-
mented by a more strategic technological perspective. The main goal is to continu-
ously support WWTP operators and local decision-makers in the definition of
potential long-term technological directions of the overall WWTP. Moreover, spe-
cific transformation paths from the current plant situation to future-oriented techno-
logical plant concepts can be defined. The following issues will be addressed in this
chapter: (1) overview of traditional WWTP planning methods, (2) main principles
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of the developed future-oriented strategic WWTP planning process and (3) over-
view of potential influencing factors.

2 Overview of Traditional WWTP Planning Methods

The existing and established WWTP planning methods enable a detailed technical
planning of preselected technological alternatives using state-of-the-art guidelines
(e.g. design of activated sludge tanks using the German guideline DWA-A 131
2016) and state-of-the-art technologies. Cost analysis and comparisons of the
designed technological alternatives are used as basis for the final decision-making
(e.g. German guideline DWA 2011).

Beside investments (as capital costs including depreciation and interest rates), it
is of crucial importance to consider operational costs (energy, personnel, materials
and effluent charges) in the economic evaluation of different technological alterna-
tives. The significance of operational costs is illustrated in Fig. 1, which contains
exemplary annual cost structures of two German WWTPs.

The distribution of annual costs of the two exemplary WWTPs shows that opera-
tional costs can vary significantly with treatment concept and location. Although the
variations among percentages of operational costs can be wide, capital costs are
maintained around 50%, while operational costs are a significant portion of annual
costs.

This detailed technical planning process is usually initiated after the identifica-
tion of a specific planning reason (event-driven planning action). These planning
reasons include, among others, the fact that effluent requirements cannot be met
anymore or technical components have passed their technical service life. Moreover,
the traditional WWTP planning process is completed with the successful implemen-
tation of one selected technological alternative (one-time planning action).

Fig. 1 Exemplary distribution of annual costs of two German WWTPs
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The required database of the traditional WWTP planning process usually includes
real past and present data received during plant-specific process monitoring.
Furthermore, the preselected technological alternatives are usually oriented to the
existing WWTP concept (tendency to a more present-oriented planning). The estab-
lished WWTP planning is traditionally applied as a stepwise design approach that is
usually based on point forecasts of specific design parameters including loads and
fixed effluent requirements. Figure 2 illustrates the principles of the traditional
WWTP planning process.

The traditional WWTP planning process, with its strong orientation towards the
current situation, usually favours an adherence to the existing predominant techno-
logical system with a tendency to focus on replacement investments. A systematic
consideration of potential long-term technology directions that are independent
from the current WWTP concept is usually not included in traditional WWTP plan-
ning. Therefore, it is difficult to include the wide range of rapidly changing condi-
tions or unexpected future changes in these planning approaches (e.g. changing
socio-economic, environmental or political conditions).

Overall, traditional WWTP planning is essential to design and construct techno-
logical alternatives in a detailed and comprehensive manner. But to integrate a
higher flexibility in the decision-making process and a long-term planning perspec-
tive considering the increasing future uncertainties, additional methods are needed
to support WWTP operators and planners. This is especially important as WWTP
operators and local decision-makers in European countries and particularly China
are increasingly confronted with uncertain planning conditions that require a more
flexible approach.

Specific
planning reason
is given
v
i Specific Specific
Collection of real design parameters design parameters
operating data using
past and present data
v v
L > -
il =g |
Existing 1. WWTP 2. WwTP
WWTP expansion step expansion step
< l + } >
Past Today Future

Fig. 2 Principles of traditional WWTP planning. (According to Manig 2018)
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3 Main Principles of a Future-Oriented Strategic
Planning Process

The developed methodology of future-oriented strategic WWTP planning can be
seen as a supplement to existing traditional WWTP planning approaches. The main
goal is to continuously support WWTP operators and planners by integrating a more
future-oriented planning perspective in their decision-making processes. This
means that broader long-term visions of possible technical future concepts of a
specific WWTP are systematically integrated in the decision-making process con-
sidering a wide range of possible future uncertainties. In general, the methodology
is a plant-specific planning process addressing individual catchment characteristics
as well as local conditions of a specific WWTP. This is important, as these charac-
teristics and conditions are strongly regionally dependent and WWTPs in different
locations will face different future developments and challenges.

The main principles of the future-oriented strategic WWTP planning process are
illustrated in Fig. 3. The definition of future-oriented WWTP expansion strategies
independent from the current plant situation is of significant importance in this
methodology. These WWTP expansion strategies include on the one hand different
potential long-term technology concepts and on the other hand specific transforma-
tion paths acting as bridge between the current WWTP and potential future con-

Definition of

future-oriented Control of Control of
WWTP expansion strategic strategic
strategy assumptions assumptions
v v v

—{Actual /déi)(%l opment of Strategic
B i::a/ssumpti’dns made

Significant Significant
deviations recognized? deviations recognized?

Adaptation of Adaptation of
defined WWTP defined WWTP
expansion strategy expansion strategy
required? required?
»
Corresponding '
o Transformation paths
Existing Long-term
WWTP Technology concepts
f >
Future

Fig. 3 Principles of future-oriented strategic WWTP planning. (According to Manig 2018)
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cepts. Instead of taking into account a single point forecast, a wide range of possible
future developments at catchment and global scale (as scenario funnel) are
considered in the planning process as strategic assumptions. The methodology
allows for an ongoing control of these assumptions and an early adaptation of the
defined long-term technological concepts to current conditions before starting the
construction of a WWTP upgrade or expansion.

As basis for the developed methodology, already established strategic manage-
ment methods mainly developed for commercial companies are used (e.g. Gotze
and Rudolph 1994, Krystek and Miiller-Stewens 2006). However, some of the basic
principles have been adapted to the special situation of wastewater treatment infra-
structures. As the methodology of future-oriented strategic WWTP planning can be
seen as a continuous and forward-looking planning and controlling process (see
also Beier and Manig 2017; Manig et al. 2018), the major steps form a control loop
that is presented in Fig. 4. Beside this control loop, the interfaces between the super-
ordinate strategic planning level and the traditional WWTP planning methods are
illustrated.

The main output of the strategic WWTP planning process is the continuous anal-
ysis of potential future-oriented WWTP technological directions of a specific
WWTP under different future scenarios. In addition, specific recommendations on
the next WWTP upgrade or expansion step can be derived to support the traditional
WWTP planning process.

— Future-oriented strategic WWTP planning level

Definition of
strategic goals

Continuous data
collection (real data and
scenario data)

Control of strategic
assumptions

Continuous

control and
adaptation of
future-oriented
WWTP
) ) expansion L.
Evaluation and selection strategies Definition of
of a future-oriented WWTP future-oriented WWTP

expansion strategy expansion strategies
p g

Future-oriented WWTP technological direction

Traditional WWTP planning level

Recommendation on next WWTP expansion step_l

I— New information situation

Identification of a Technical design of a pre-selected Implementation
specific planning | = technological alternative after —>| of the selected
reason economic comparision alternative

Fig. 4 Major steps of the future-oriented strategic WWTP planning level as complement to the
traditional WWTP planning process. (According to Manig 2018)
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The major steps of the control loop are explained briefly in the following:
1. Definition of strategic goals

In this step, long-term objectives which the WWTP aims to achieve in the next
decades are defined. These strategic goals directly determine the criteria for the
evaluation of future-oriented WWTP expansion strategies. For example, a strategic
goal can be an increasing overall economic efficiency of the future WWTP. Hence,
minimum annual costs consisting of investment and operational costs are identified
as evaluation criteria. Beside economics, possible strategic goals could include
increasing energy efficiency by minimizing the external energy demand.

2. Continuous analysis of real and forecast data

In this step, the basis for continuous collection and processing of planning data
and assumptions required in the strategic planning process is provided. This includes
real data and information on the specific WWTP to describe the current WWTP and
catchment situation including, for example, available technologies, WWTP inflow
conditions, but also the current cost situation. On the one hand, this real data is used
as basis to develop scenarios for potential future developments at catchment or
global scale. On the other hand, real data is required to compare the actual situation
with strategic assumptions made during the controlling process. Besides real data, it
is of crucial importance to provide appropriate forecasting data describing potential
future developments (using scenario planning). For scenario planning, the main
influencing factors in a specific region must be identified, and their future develop-
ment must be predicted.

3. Definition of future-oriented WWTP expansion strategies

In this step, potential future-oriented WWTP expansion strategies are defined.
Based on developed scenarios, potential long-term technology concepts that are
independent from the current WWTP concept must be developed based on expert
knowledge. Moreover, the WWTP expansion strategies include specific transforma-
tion paths acting as bridge between the current WWTP and their potential future
concepts. These transformation paths describe the chronological order in which the
selected technologies should be introduced and implemented. To integrate already
established or innovative technologies in the strategy formulation and evaluation
(see next step), it is necessary to collect and document relevant technical and eco-
nomic information on potential technologies in the form of “technology profiles”.
These “technology profiles” include information such as specific energy consump-
tion and necessary specific investment costs of the technology.

4. Evaluation and selection of defined WWTP expansion strategies

In this step, the defined WWTP expansion strategies must be evaluated based on
the defined evaluation criteria (see first step) and the strategic assumptions made
(see second step). In order to estimate the evaluation criteria of each WWTP expan-
sion strategy under different scenarios, a simplified plant-wide mass balancing/
design model is utilized. This simplified model must be extended by a rough
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dimensioning of all considered technologies. Furthermore, a cost estimation tool is
required in order to calculate cost effects of strategies as one major input criterion
for the evaluation process. It is of crucial importance to keep the model as simple as
possible as there can be a wide variety of possible strategies and future develop-
ments, and, hence, a higher number of required simulation runs.

5. Continuous control of strategic assumptions

The final step of the control loop describes the continuous control of the selected
future-oriented WWTP expansion strategy. This step is critical as it allows an ongo-
ing control and early adaptation of the selected WWTP strategy according to future
changes, before the design and construction planning of a next WWTP expansion
step begins. A careful and systematic scanning of the main strategic assumptions is
needed in order to identify whether it is reasonable to continue to pursue the selected
strategy or reject it due to expected changing conditions.

Table 1 summarizes the main characteristics of both planning principles, the tra-
ditional and the future-oriented strategic WWTP planning. A significant difference
of both planning procedures is the overall reason for planning. Traditional planning
is usually a noncontinuous process with the clear objective to plan and design
appropriate technology alternatives. It ends with the final decision for one alterna-
tive and its realization. In comparison, the methodology of strategic planning can be
seen as a continuous process which encourages WWTP planners and operators to
constantly focus on possible long-term technology options for the specific WWTP.

Table1 Characterizations of future-oriented strategic WWTP planning compared to the traditional
design and construction WWTP planning

Future-oriented strategic WWTP
planning

Established WWRP design and
construction panning

Planning purpose

Continuous understanding and
adaptation of potential long-term
technological WWTP directions

Plan and design of WWTP
technology alternatives and final
construction of one alternative

Planning reason

Identification of planning reasons

Specific planning reason is given
= event-driven planning

Planning process

Proactive

Tendency to reactive

Planning frequency

Continuous process: Frequency
repeated to control and adapt
long-term WWTP strategies to future
changes

One-time planning action:
Planning process ends with the
final decision

Forecasting
principles/Future
uncertainties

Scenario technique with ongoing
control and adaptation of assumed
future developments

Point-forecast of load parameters
and fixed effluent requirements

Level of detail

Rough dimensioning and cost
estimation of developed future-
oriented strategies

Detailed dimensioning and
economic evaluation of
technology alternatives

Considered
technologies

Wide variety of established and new
WWTP technologies and treatment
concepts

Limited number of mainly
established WWTP technologies
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In this manner, the strategic planning highlights resulting technological and eco-
nomic consequences due to changing future developments in the specific catchment
and global environment. The longer time horizon of strategic planning and the wide
range of possible future developments in terms of technology options or catchment
conditions allow WWTP planners and operators to gain a deeper understanding of
existing or newly created technological path dependencies.

4 Overview of Potential Influencing Factors

In the second planning step of future-oriented strategic WWTP planning (Step 2:
Continuous analysis of real and forecast data), it is of crucial importance to identify
relevant influencing factors and their potential future developments using scenario
analysis. These influencing factors are used as “warning” indicators for ongoing
control of selected future-oriented WWTP expansion strategies and the assumptions
made therein. If a warning indicator is no longer within the assumed range, then the
recommendation on the next WWTP expansion step must be adapted. Generally,
influencing factors and their corresponding critical values are highly plant-specific
depending on the existing WWTP concept and catchment situation, the predefined
strategic goals and the selected long-term technology concept.

Figure 5 shows a schematic view of both (1) key parameters of the traditional
WWTP design and construction process including investment and operational costs
of defined technology alternatives for economic evaluation and (2) additional exem-
plary influencing factors that should be integrated in the strategic WWTP planning
process.

The uncertain influencing factors of the strategic planning process can be clas-
sified into two major categories. The first category includes future trends in the
specific catchment area, e.g. social, economic and environmental conditions as
well as possible infrastructure management measures. These future trends have a
significant impact on future WWTP inflow volumes and composition, which in
turn influence the required WWTP technologies and their dimensions (invest-
ments) and the plant performance including operational costs. The second category
includes future trends of the global environment such as political and legal stan-
dards as well as technical and financial conditions. Further requirements as well as
rising concerns over scarce resources can also lead to changing design values.
Conditions in the catchment area and global environment are highly dynamic, and
some of them may change drastically over long WWTP lifetimes, for example,
population development due to demographic change or the number of extreme
rainfall events as a result of climate change. Because the number of influencing
factors can be huge, it is crucial to reduce the number to only consider the domi-
nant parameters by prioritization. Dominguez et al. (2006) take a first step in the
development of a method to guide the practitioner through the identification of
project-specific driving forces.
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Global environment

Political/Legal Technical Financial
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order Service lifes indices
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Key parameters (influencing annual costs)
of traditional design and construction
WWTP planning

Influencing factors (defining uncertain future trends)
as additional input in the future-oriented strategic
WWTP planning

Fig. 5 Examples of required key parameters for traditional planning processes and influencing
factors for future-oriented strategic planning

S Summary

This chapter presents a brief overview of the developed methodology of future-
oriented strategic planning, focusing on WWTP upgrades and expansions. The con-
tinuous planning and controlling process should be implemented as an additional
superordinate planning level in already existing organizational structures of the
WWTP operator. The implementation can be time-consuming and can vary with the
plant operator as responsibilities must be clarified and internal planning processes
adapted. To evaluate potential long-term technology concepts, a simplified plant-
wide mass balancing/design model is required. Moreover, there is a need to build up
a systematic data management system to manage the required databases of real and
forecast data.

Overall, the developed methodology can be seen as a new approach before the
detailed traditional WWTP design and construction planning phase begins. The
idea of the methodology is to continuously support WWTP operators and planners
in their long-term investment decisions by getting a deeper understanding and
transparency of long-term investment consequences and technological path
dependencies.
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Urban Drinking Water Challenges
and Solutions: Energy Nexus

Kate Smith, Ying Liu, and Shuming Liu

Abstract The water-energy nexus describes the connection between water and
energy. Here we focus on energy for water supply to urban areas of China. Electricity
use is one of the main costs for water companies and tends to be the main source of
greenhouse gas emissions during water supply. In a country where reducing energy
use and emissions is now an important part of the national agenda, managing energy
use will become a major focus for the water industry. This chapter provides an over-
view of energy use at each stage of water supply in China: sourcing and transfer,
water treatment, central distribution, and distribution within high-rise buildings. We
then focus specifically on water distribution, which is a major energy user, and use
statistical data from four cities in China and Japan to draw conclusions on how city
layout affects the energy needed to supply water.

1 Introduction

The water-energy nexus is a term used to describe the connection between water
and energy. The number of studies focusing on this topic has increased over the past
decade in China. One side of the nexus is water for energy, meaning water con-
sumption as a result of energy production and capture. Energy is a large water user,
particularly in a country like China where most electricity is produced by coal-fired
power stations which require large volumes of water for cooling. The other side of
the nexus is energy for water, meaning energy consumption throughout the water
cycle. Transferring water from the source to the water treatment plant, treating
water to potable standards, distributing water from the treatment plant to the user,
and treating the resulting wastewater all require energy for pumping, aeration, or
other processes.

This chapter focuses on energy for water supply and provides an introduction to
the energy requirements of water supply to urban areas of China. In China many
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cities are affected by water scarcity, and contamination of water bodies is a major
problem. As such, the main priorities for the Chinese water sector have been to
assure that demand and quality standards are met. But electricity use is one of the
main costs for water supply companies and tends to be the main source of green-
house gas emissions during water supply. In a country where reducing energy use
and emissions is now an important part of the national agenda, managing energy use
will become a major focus for the water industry.

The chapter consists of two sections. The first section provides an overview of
energy use at each stage of water supply in China: sourcing and transfer, water treat-
ment, central distribution, and distribution within high-rise buildings. The second
section focuses specifically on water distribution, which is a major energy user in
water supply. We use statistical data from four cities in China and Japan to draw
conclusions on how city layout affects energy consumption for water supply within
cities. We consider the impact of various spatial factors on energy use for municipal
water supply, secondary water supply (i.e., pumping within high-rise buildings),
and overall energy use for water supply.

2 Energy Use for Water Supply to Urban Areas of China

Electricity use is a major cost for water companies and one of the main sources of
greenhouse gas emissions from the water sector in China. This section discusses
energy use for water supply for both conventional water sources (groundwater and
surface water) and alternative water sources (desalination, wastewater reclamation,
and water transfer), which account for an increasing percentage of water usage in
China, and provides suggestions for reducing energy use for water supply.

2.1 Energy Use for Water Sourcing and Transfer in China

There are three main origins of freshwater in China: locally sourced surface water,
locally sourced groundwater, and surface water transferred from one province to
another.

Of total freshwater withdrawals, the majority (around 80%) is withdrawn as sur-
face water, with the remainder groundwater (Food and Agriculture Organization
2016). Groundwater use is most common in the north of China, where surface water
resources are limited and demand is large. For example, as shown in Fig. 1, only 6%
of water used in Beijing is local surface water, whereas 46% is local groundwater
(Beijing Bureau of Statistics 2016). Surface water is the main water source in the
south, where water is generally more plentiful. Around 95% of water used in
Guangzhou is surface water (Guangzhou Water Authority 2015).

Abstraction of groundwater tends to require more energy than surface water due
to the requirements of pumping water against gravity. In Beijing, where almost half
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Fig. 1 Water sources used in Beijing (northern China) and Guangzhou (southern China) in 2015.
(Figure source: Smith et al. 2018. Data source: Beijing Bureau of Statistics 2016; Guangzhou
Water Authority 2015)

of water used is groundwater, sourcing and treating processes are estimated to
account for around 37% of total energy for sourcing, treatment, and distribution
(Smith et al. 2017). By comparison, in the southern city of Changzhou, where
almost all water used is surface water, sourcing and treating water are estimated to
account for only 4% of total energy for sourcing, treatment, and distribution (Zhou
et al. 2013).

China has a number of major installations which transfer water between prov-
inces, and two main factors influence the energy used during transfer, namely, the
distance over which it is transferred and the need for vertical pumping during trans-
fer. In particular, the need to lift water against gravity is a major energy burden. For
example, water delivered to cities along the Eastern Route of the world’s largest
long-distance transfer, the South-North Water Transfer Project, must be raised around
65 m during the transfer process. This is the difference in elevation between the
source in the south and Dongping Lake, which water passes through on the way to
northern cities like Qingdao (Wen et al. 2014). Each cubic meter of water transferred
along this route to major northern cities like Jinan and Qingdao consumes over
1 kWh of electricity (Li et al. 2016). This is more than three times the total average
energy required to source, treat, and distribute water in Chinese cities (0.29 kWh/m?)
(Smith et al. 2015). Qingdao receives water from the Yangtze River through the
South-North Water Transfer Project and water from the Yellow River through another
transfer project that uses an estimated 0.696 kWh/m?® for transfer and treatment.
Water from the Yellow River is lifted over 30 m and travels 290 km during the trans-
fer process. Both transfer projects require more energy for sourcing and treatment
than with local surface water, which uses 0.426 kWh/m? (Wen et al. 2014).
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Water transfer that takes advantage of gravity requires little in the way of opera-
tional energy. An excellent example is the South-North Water Transfer Project
Middle Route, which uses minimal energy to supply cities like Beijing and Tianjin
with water: around 0.05 kWh/m?, not including treatment (Li et al. 2016). Gravity
transfer was made possible for the Middle Route by engineering the height of
Danjiangkou reservoir (source dam) so that the original water level rose by 13 m
(Barnett et al. 2015).

The distance between the source and the water treatment plant also affects energy
use, although to a lesser extent than elevation. Tianjin, for example, is estimated to
require slightly more electricity for water transfer along the South-North Water
Transfer Project Middle Route than Beijing due to the greater pumping distance (Li
et al. 2016).

Energy for water transfer as discussed in this section only considers operational
energy and does not include energy embedded in construction. In general, an enor-
mous amount of energy goes into the construction of water transfer projects. This
energy is used both directly (e.g., to run machinery during construction) or is
embedded in materials (e.g., in the extraction of materials) and is not included in
energy figures from daily operations. The South-North Water Transfer Project
Middle Route may require little in the way of operational energy but it is made up
of over 1000 km of canals, the construction of which required an enormous amount
of energy (Kahrl and Roland-Holst 2008).

2.2 Energy Use for Water Treatment in China

The energy involved in treating water for use in China depends on the water source.
Most groundwater and surface water can be conventionally treated. As a result,
water treatment tends to be a low energy process compared to sourcing and distribu-
tion. If seawater or wastewaters are used as source water, water treatment costs
increase dramatically and can be the largest contributor to total energy use for water
supply.

Groundwater and surface water is often treated using a combination of coagula-
tion, sedimentation, filtration, and disinfection (mostly with chlorine) (Ye et al.
2009; Zhang et al. 2016). Data on energy use for individual processes is not openly
available in China, but energy use for each process is likely less than 0.03 kWh/m?,
according to data for the United States (Plappally and Lienhard 2012). The energy
demand for treatment is estimated to account for only 1% of the total energy used
for water supply in Changzhou, where most water is sourced from the Yangtze River
(see Fig. 2) (Zhou et al. 2013).

The energy required to treat water transferred from other provinces tends to be
similar to the energy required to treat local groundwater and surface water because
the same standard treatment processes are used. For example, water transferred to
Beijing from Hebei province is treated in Beijing’s Ninth Drinking Water Treatment
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Fig. 2 Energy use for centralized water supply in Changzhou. (Data source: Zhou et al. 2013)

Plant using coagulation, sedimentation, filtration, and disinfection, with one main
additional process (granular activated carbon adsorption) (Can et al. 2013).

Seawater desalination is not yet widely used in China, but its use is increasing. It
can constitute less than 5% of total water consumption in cities where it is used (Li
et al. 2016). Reverse osmosis is the main technology used to produce desalinated
water in China (65% of capacity) (State Oceanic Administration 2016) and tends to
use less electricity than other common desalination technologies. Electricity
required to run seawater reverse osmosis (SWRO) in China varies between 3.30 and
5.20 kWh/m?, according to values available in the literature (Li et al. 2016; Zheng
et al. 2014). Multi-effect distillation is the other major desalination technology in
China and is more energy-intensive than SWRO. See Fig. 3 for examples of electric-
ity use for SWRO (for the real case of Qingdao and an estimation for Jinan) and
multi-effect distillation (for Tianjin and Beijing).

Wastewater is often used as a source of water in China, particularly in northern
cities. The percentage of urban wastewater that is reused has increased from around
8% to over 9% between 2014 and 2015 (Ministry of Housing and Urban-Rural
Development 2015; Ministry of Housing and Urban-Rural Development 2016). The
energy to recover a cubic meter of usable water from wastewater depends on the
size of the wastewater reclamation plant, the wastewater composition, and the treat-
ment processes used, which can be linked to the intended use of the reclaimed
wastewater. For a selection of four plants generating reclaimed wastewater for
major northern cities, electricity use varies between 0.95 kWh/m?* and 1.23 kWh/m?
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Fig. 3 Electricity use for transfer, reclamation, and desalination for four northern cities in China.
Beijing and Tianjin receive water from the South-North Water Transfer Project Middle Route, and
Jinan and Qingdao receive water from the Eastern Route. (Figure source: Smith et al. 2018. Data
source: Li et al. 2016)

(Lietal.2016). This includes sewage collection and all wastewater treatment stages
(i.e., primary, secondary, and tertiary) (Li et al. 2016).

2.3 Energy for Distributing Centrally in Cities

The main energy users during water distribution within cities in China are pumping
systems. Regulations in China recommend that a minimum of 28 m of head be
maintained at all points within municipal water distribution systems (Ministry of
Housing and Urban-Rural Development 1999). Pumping systems at the outlet of
water treatment plants or in booster stations located within the city are responsible
for maintaining this pressure. As a result, central distribution often accounts for a
major percentage of the total energy for central water supply (i.e., sourcing, treat-
ment, and central distribution) within a city. For example, it is estimated to account
for 44% of energy used for sourcing, treatment, and central distribution in Taipei
and 96% for Changzhou (Cheng 2002; Zhou et al. 2013). In Beijing, distribution
requires approximately 0.19 kWh/m?, or 63% of total energy use for central water
supply (Smith et al. 2017). On the other hand, when gravity distribution is possible,
energy use for distribution can be reduced (Wu et al. 2015).
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2.4 Energy for Pumping Water Within High-Rises

Water required by residents living above six stories must be pumped using a sepa-
rate on-site pumping system. The pressure provided by the central distribution sys-
tem is not sufficient to reach these floors.

Three on-site pumping systems are commonly used in high-rise buildings in
Chinese cities. The first of these is a roof tank system, in which water enters the
building from the central water distribution system, is pumped to a break tank on the
roof of the building (usually by a constant speed pump), and then reaches the user
by gravity. Roof tanks are progressively being replaced in Chinese cities due to
concerns over water quality and security, so energy values mentioned in this chapter
focus on the following two systems. The second system is a booster pump and break
tank (BPBT) system, in which the break tank is located at the base of the building.
Water from the central distribution system enters the break tank, where it is stored
at atmospheric pressure. It is pumped from the break tank to users on upper floors
using a variable speed pump. The third system is referred to as an entirely pressur-
ized booster (EPB) system. The configuration of this system is almost the same as
the second system, but the break tank is replaced by a small pressurized tank. Water
that enters this tank with a particular pressure does not lose pressure; instead water
remains pressurized and the energy it contains is retained. The variable speed pumps
that lift water to users are then able to build on the pressure already provided by the
central distribution system.

The entirely pressurized booster system tends to use less electricity than the
BPBT system (see Fig. 4) (Smith et al. 2017). Based on a sample of nine entirely
pressurized booster systems and five BPBT systems located in ten residential build-
ings, the former uses 0.010 = 0.001 kWh/m?*-m, around 45% less energy on average
than the latter (0.019 + 0.005 kWh/m?) (Smith et al. 2017). A comparison of the two
pumping systems within a building complex (maximum height 17 stories) showed
a significant decrease in energy after a change in pumping system. The electricity
use for a flow of 668 m? was originally 699 kWh but decreased by 52% to 336 kWh
when the original BPBT system was replaced with an entirely pressurized pumping
system (Smith et al. 2017).

The difference in energy use between these two systems is largely due to the dif-
ference in tank components of the two pumping systems. The break tank component
of the break tank and booster pump system loses much of the pressure contained by
water entering from the water distribution system. For example, if water enters a
high-rise building with 28 m of pressure, this pressure will be lost when the water
enters the break tank and must then be added again by the variable speed pumps. On
the other hand, the pressurized tank in the entirely pressurized booster system stores
water at the pressure at which it enters, meaning that variable speed pumps only need
to build on this pressure in order to lift water to users. It should be noted that another
factor influencing the difference in electricity use between the two systems is pump
efficiency. In other words, certain pumps may have been better fitted to water demand
within the building and work at greater efficiency (Smith et al. 2017).
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Fig. 4 Electricity use for three pumping systems commonly used in China to distribute water
within buildings. (Data source: Cheng 2002; Smith et al. 2017). BPBT booster pump and break
tank, EPB entirely pressurized booster. The theoretical value for the roof tank system was calcu-
lated by normalizing the value 0.14 kWh/m? provided by Cheng (2002) by the lift of the pumps
(21 m)

2.5 Comparison of Energy Use Along the Water Supply
Process and Suggestions on Reducing Energy Use

The main energy user within conventional water supply in urban areas of China is
generally distribution. This includes distribution within the central distribution sys-
tem and distribution within buildings. By contrast, treatment of surface water and
groundwater is generally the smallest energy user within the conventional water
supply process.

To supply water to people living in high-rise buildings, pumping water over the last
50 or so meters (i.e., within the building) uses the most energy. For example, in the
hypothetical situation of a 20-story building in Beijing, pumping within the building
using a BPBT system would account for around 80% of the total energy required to
source, treat, and distribute water (see Fig. 5) (Smith et al. 2017). This estimation uses
data for sourcing, treatment, and central distribution from Beijing water treatment
plants and data on water distribution within ten high-rise buildings, both in Beijing
and other Chinese cities (Beijing Waterworks Group 2013) (Smith et al. 2017).

Within major cities, distribution within buildings can account for a significant
part of total energy consumption for water supply. Based on extrapolation of census
and water supply data, it is estimated that 9% of the total urban population in China
lives on floors 7 and above and that the electricity to supply water to these people
(including sourcing, treatment, central distribution, and distribution within their
buildings) accounts for 32% of total electricity use for water supply to urban areas
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Fig. 5 Electricity use for water supply to a hypothetical 20-story building. (Figure source: Smith
et al. 2017)

(Smith et al. 2017). In other words, the small percentage of people living in high-
rise buildings can be responsible for a disproportionately large percentage of elec-
tricity use for water supply within cities.

Since water distribution in high-rises is a major energy user within the urban
water supply process, this step should be targeted to reduce overall energy use, par-
ticularly since increasing rates of urbanization and high-rise habitation will likely
exacerbate the problem. The number of Chinese families living in buildings of seven
stories or higher more than doubled between 2000 and 2010 (National Bureau
of Statistics 2010). This trend looks likely to continue into the future, when China’s
urban population increases to an estimated 60% of total population by 2020. As
mentioned earlier in the chapter, use of entirely pressurized pumping systems can
significantly reduce energy use within residential buildings. While this system is not
suitable for use throughout the entire water distribution system, use in a portion of
buildings of seven stories or higher is feasible (Smith et al. 2017). As an example, if
this system is used instead of break tank and booster pump systems to meet 25% of
demand for pumping within residential buildings, the savings would equate to
around 3% of total daily electricity use for water supply to urban areas of China
(Smith et al. 2017).

To cut energy use in the remainder of the water supply system, leakage should be
a focus. Water that leaks out of distribution systems is not only a waste of water — it
is also a waste of energy. Leaked water requires energy for sourcing, treatment, and
distribution, but does not meet consumer demand. Provinces of China with higher
leakage and loss rates tend to use more electricity for urban water supply as a per-
centage of total provincial electricity use. For most provinces, combined leakage
and loss (including physical leakage, meter failure, and theft) is between 10% and
30% of total water supplied (Smith et al. 2015), meaning there is likely still signifi-
cant room for leakage reduction.
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When alternative rather than conventional water sources are used to meet water
demand within cities, energy for treatment or sourcing can exceed energy for distri-
bution. For water transferred against gravity via long-distance pumping (as in the
example of the South-North Water Transfer Project Eastern Route), sourcing tends
to be the major energy user in the water supply process. Thus, incorporating gravity
into water transfer is ideal, albeit not always possible. Engineering a water transfer
project to use gravity may also require significant public sacrifice: gravity transfer
via the Middle Route was made possible only through the relocation of hundreds of
thousands of people (Barnett et al. 2015).

When seawater or wastewaters are used as source water instead of groundwater
or surface water, energy for water treatment increases and can be the largest con-
tributor to total energy for water supply. Figure 3 shows values for reverse osmosis
and multi-effect distillation for four northern Chinese cities. These values are much
higher than other alternative water sources and many times higher than the average
total energy for sourcing, treating, and central distribution in China (0.29 kWh/m?)
(Smith et al. 2015). Energy use can be reduced through energy recovery during the
reverse osmosis process (Deng et al. 2010) and through use of waste heat from ther-
mal power plants or iron and steel industries during the multi-effect distillation
process (Deng et al. 2010; Ma et al. 2012, Zheng et al. 2014). However, even with
energy recovery, desalination is still a very energy-intensive option in China.
Reclaimed wastewater is generally a less energy-intensive option than seawater,
although treatment energy is usually still greater for freshwater, particularly if the
energy for secondary and primary treatment of wastewater is included and energy is
not recovered during the wastewater treatment process.

Figure 3 shows the energy required for complete wastewater reclamation for a
Beijing plant (1.23 kWh/m?). Figure 5 shows that central distribution of this water
requires, on average, much less energy (0.19 kWh/m?).

3 Impact of Urban Spatial Characteristics on Energy Use
for Water Supply

3.1 China’s Urbanization and Construction of Water
Distribution Networks

China has undergone rapid urbanization since the end of the twentieth century. In
2000 the urban population was 485 million and the urbanization rate was 36.2%;
the urban population then grew by over 200 million between 2000 and 2010. In
2011, the urbanization rate reached 51.3%; as of 2015, it had reached 56.1%
(National Bureau of Statistics 2001).

Water supply is the lifeline of a city and occupies a vital position in urban planning
and construction. During China’s rapid urbanization, the construction of water distri-
bution networks (WDNS5) has increased to meet new demands. In 2001, the total pipe
length for urban water supply was 188,987.79 km; pipe length reached 500,266.59 km
in 2014, an increase by a factor of 2.6 (China Urban Water Association 2002).
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Fig. 6 Development of pipe length for urban water supply in China

Figure 6 shows the development of pipe length for urban water supply in China. The
design of WDNs must consider population, water demand, water pressure, pipe
length, diameter and material, spatial layout, and other factors (People’s Republic
of China 2016). Once WDNSs are constructed, it is difficult to make significant adjust-
ments or upgrades because networks are belowground and upgrades interrupt supply.
Therefore, WDNSs should be efficiently designed from the beginning.

3.2 Energy Use for Water Supply

Urban water abstraction, treatment, and distribution consumed an average of
0.29 kWh/m? and 33.2 kWh per capita in 2011, for a total of 10.36 TWh of electric-
ity, which accounted for 0.22% of China’s national electricity consumption (Smith
et al. 2016). These values exclude energy use for secondary water supply (SWS) in
high-rise buildings, which are increasingly common in densely populated cities.
Urban water supply systems in China only support enough pressure (approximately
28 m) for buildings of six stories and below (People’s Republic of China 2016).
Hence, buildings over this height need separate pumping systems to add pressure
for top floors. SWS within buildings consumes a considerable amount of energy in
cities with many high-rises.

As urban population growth leads to increasing water demand and increased
high-rise residency rates, the combined effect of these factors has the potential to
greatly increase energy demand for water supply. Most research regarding energy
conservation in the water supply sector focuses on pump optimization, pressure
management, and leakage control to save energy in the operation phase (Hashemi
et al. 2013; Nazif et al. 2010; Xu et al. 2014a, b; Loureiro et al. 2014; Creaco et al.
2016; Giacomello et al. 2013; Giustolisi et al. 2013). These methods are most rele-
vant after water supply systems have already been constructed, rather than during
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the planning and design phase. Although optimization of water distribution network
design has also studied, the goals are mainly to optimize the diameter and material
combination of pipelines to cut costs (Ekinci and Konak 2009; Haghighi et al. 2011;
De Corte and Sorensen 2013; Norouz and Rakhshandehroo 2011; Srinivasan et al.
2008), not to reduce energy consumption. Gaps still remain in the water sector’s
energy-saving plan. There are few studies exploring the impact of urban spatial
layout on energy use for water supply. Urban WDNs extend underground along with
the city’s margins; thus urban spatial layout influences the development of WDNs
and energy use for water supply. To realize sustainable development, proper city
spatial planning and concurrent reduction in energy use for water supply are of criti-
cal importance in the urbanization process.

3.3 Urban Spatial Characteristics

Spatial layout of WDNSs is primarily determined by the spatial distribution of build-
ings and people. Buildings and population are the basic elements of a city, and
nearly every residential building is connected with a WDN to satisfy water demands.
Thus, how residences are distributed spatially has a significant influence on charac-
teristics of WDNs and energy use requirements for water supply.

To quantitatively analyze the impact of urban spatial characteristics on WDNs
and energy use for water supply, indicators should be defined to represent urban
spatial characteristics. The urban spatial characteristics discussed here are mainly
the spatial distributions of buildings and population. They are composed of two
dimensions: horizontal and vertical characteristics. Usually, it is difficult to acquire
specific data with respect to number, area, and distribution of buildings in a city.
Since every district and community and even every building and resident is con-
nected to the WDN, the WDN in some respects acts as an underground map of the
city. Therefore, the spatial characteristics of WDNSs are largely dependent on urban
horizontal characteristics. Five indicators of WDNSs are designated in this chapter to
represent urban horizontal characteristics: per capita pipe length (L cap), Per square
kilometer pipe length (L uea), people served per meter pipe (Popper pipe), Water vol-
ume distributed per meter pipe (Vperpipe), and average diameter (D) of pipes for water
distribution. Among the five indicators, Ly csp and Ly, o describe pipe length in a
way that is standardized for different city populations and areas; Poper pipe and Vier pipe
represent the service load of WDNs; D indicates the general size of pipes. The height
distribution of people/households — that is, number of people/households residing in
buildings within a given height range — and the average height of residential build-
ings with secondary water supply systems () are both available or can be calculated
from population census data and are used to represent vertical characteristics. The
horizontal indicators have direct influence on energy use for municipal water supply
(MWS), while the vertical indicators directly affect energy use for SWS.

Two modes of residential building distribution are commonly seen in cities now,
as shown in the following.



Urban Drinking Water Challenges and Solutions: Energy Nexus 83

Pee
oL
eee
PsLP
222
sre

m—  Pipe for water distribution

Fig. 7 Buildings and water distribution pipes

Figure 7 Mode (a) makes more use of vertical space. Residential buildings here
are high-rise apartment complexes which accommodate many households in one
building. To satisfy sunlight, ventilation, and fire protection requirements, high-rise
buildings should be spaced at a large distance from other buildings (Geng et al.
2014; People’s Republic of China 2002). Thus buildings are distributed sparsely
and pipe length per area and capita is small. In other words, the service load of
WDNss is heavy, and a large pipe diameter is needed, since each meter of pipe must
supply many people. In this case, shorter pipe length and larger diameter may lead
to less energy use for MWS. But energy use for SWS in each building will be high
due to the height of the building. On the contrary, in mode (b), individual houses
with smaller heights predominate, with just one family in each house. There is no
need for a large interval between buildings, and horizontal space is put to greater
use. Buildings are positioned more densely but are shorter on average. As a result,
pipe length per area is greater, service load is lighter, and a small pipe diameter is
sufficient. More energy may be consumed for MWS, but energy use for SWS in
each building is low. Typically a city will contain both modes (a) and (b), and the
proportions of these two modes affect the total energy use for water supply in a city.

3.4 Impact of Urban Spatial Characteristics on Energy Use
for Water Supply

In this chapter, energy use for MWS includes energy for water abstraction, treat-
ment, and distribution within the central water distribution system; energy for SWS
only includes energy for pumping water in high-rise buildings. The authors selected
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four cities with varying populations and sizes in China and Japan for a case study to
explain how urban spatial characteristics affect energy use for water supply. B1 in
China and B2 in Japan are both large cities with over 10 million people and have
similar terrains including both hilly and flat areas. S1 in China with 1 million people
and S2 in Japan with 0.4 million people are much smaller cities, and areas served by
urban water supply are relatively flat. All case cities are densely populated but have
different spatial characteristics. As a result, their WDNs are different and energy
required to supply water varies by city.

3.4.1 Horizontal Characteristics and Energy Use for Municipal Water
Supply

Table 1 displays the horizontal characteristics in case cities. B1 and S1 in China
have shorter pipe length per capita and per km?, heavier service load of WDNs, and
larger average diameter than B2 and S2 in Japan. Applying principles of hydraulics,
the pipe length, diameter, and pressure influence energy use for water distribution.
Longer pipes and smaller diameters cause more head loss, and higher pressure
requires more pumping energy. Because of the different requirements of water pres-
sure in China and Japan, energy use for MWS is compared using energy use per
cubic meter of water per meter head. The five horizontal indicators are divided into
three categories: pipe length, service load, and diameter. Service load has a close
relationship with diameter because pipes with a heavy service load require a larger
diameter. Actually, service load is also related to pipe length because service load is
defined as the number of people served or water volume distributed per meter pipe.

The impact of pipe length and diameter on energy use for MWS in case cities is
shown in Fig. 8. If pipe length is short and diameter is large, water head loss should
be relatively small. According to this logic, bubbles in the lower right corner of
Fig. 8 (i.e., high average diameter, low per capita pipe length) should be smaller
than those in the upper left corner, which is consistent with what can be seen in
Fig. 8. Compared with B2 and S2, B1 and S1 have smaller per capita pipe length
and larger average diameter; thus energy use for MWS per m?® per meter is lower,
too. Shorter pipe length per capita and per km?, heavier service load, and larger
diameter imply that buildings tend to be taller and more sparsely distributed, as in
B1 and S1, leading to lower energy consumption per m?® per meter for MWS.

Table 1 Horizontal characteristics in case cities

Horizontal characteristic Bl B2 S1 S2
Pipe length Liye; cap (m/cap) 0.53 2.07 0.83 2.02
Liyer area (km/km?) 6.57 12.42 1.91 6.85
Service load Pop e, pipe (people/m) 1.88 0.48 1.20 0.50
Vier pipe (/M) 108 59 191 54
Diameter D (mm) 279 168 321 133
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Fig. 8 Impact of pipe length and diameter on energy use for MWS. The size of each bubble rep-
resents energy use per cubic meter water per meter head for MWS (kWh/m?-m) of each city

3.4.2 Vertical Characteristics and Energy Use for Secondary Water
Supply

There are a number of different types of secondary water supply (SWS) systems.
The booster pump and break tank (BPBT) system is chosen for this study. The
energy use per cubic meter of water per meter lift for BPBT systems is 0.019 kWh/
m?®m (Smith et al. 2017). Standards of municipal water supply pressure are different
in China and Japan. Most buildings of seven or more stories in China require SWS
systems; in Japan, SWS are required for buildings of four or more stories ( People's
Republic of China 2016; Ministry of Health Labor and Welfare of Japan 2014). The
number of households residing in buildings of seven or more stories in B1 and S1 in
China and of four or more stories in B2 and S2 in Japan (i.e., served by SWS) can
be obtained from census data.

The percentage of households residing in buildings of various heights is shown in
Fig. 9. There are more households residing in taller buildings in B1 and B2 than in
S1 and S2, which is reasonable because bigger cities usually have more high-rises.
Approximately 70% of households reside in buildings of one to three stories in both
S1 and S2. Only 2% of households in S1 live in buildings of seven or more stories.

Average height of residential buildings with SWS systems (/) is 51.7 m, 18.5 m,
42.7m, and 15.8 min B1, B2, S1, and S2, respectively. Average heightin S1 and B1
is about 2.3-3.3 times that of S2 and B2.

Figure 10 displays the impact of vertical characteristics on energy use for
SWS. S1 has the lowest energy use for SWS. It is only 12.7%, 7.6%, and 6.5% that
of S2, B2, and B1, respectively, likely due to the fact that only 2% of households in
S1 require SWS systems. B1 has the highest 4, and largest proportion of households
served by SWS (HH, ), causing it to have the highest energy use for SWS among
case cities. Other than S1, the cities all consume a considerable amount of energy
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Fig. 10 Impact of vertical characteristics on energy use for SWS. Bubble size represents energy
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for SWS. The variables A, and HH; 4 both greatly affect energy use for SWS. The
main ways to reduce energy consumption for SWS are controlling building height
and the percentage of households that require SWS.
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Table 2 Total energy use for water supply and the proportions of energy use for MWS and SWS

B1 B2 S1 S2
Total energy use for water supply per m* (KkWh/m?) 0.661 0.777 0.195 0.513
Proportion of energy use for MWS (%) 49 63 89 66
Proportion of energy use for SWS (%) 51 37 11 34

3.4.3 Total Energy Use for Water Supply

Table 2 shows the total energy use for water supply and the proportions of energy
use for MWS and SWS. In city B2, energy use for water supply is 0.777 kWh/m?,
which is the highest value among case cities and is followed by values for B1, S2,
and S1. Energy use per cubic meter of water for MWS accounts for 49%, 63%,
89%, and 66% of total energy use per cubic meter of water for water supply in B1,
B2, S1, and S2, respectively. MWS consumes the bulk of total energy use for water
supply in all cities other than B1. Energy use for SWS tends to be ignored because
it is difficult to obtain data. In some cases, however, it occupies a large proportion
of total energy use for water supply.

3.5 How to Reduce Energy Use for Water Supply When Laying
Out a City

Proper city design is a practical way to reduce energy use for water supply. In the
case study, we find that cities with smaller areas, S1 and S2, require less energy for
water supply than the big cities, B1 and B2. As urban areas grow, WDNs become
larger, meaning water must travel a greater distance and thus consume more energy
during transport. Buildings should thus be carefully distributed. Distributing build-
ings and population properly is a realistic way of saving energy use for water sup-
ply. Building distribution directly influences the structure of WDNss and thus energy
use for MWS. Densely distributed buildings usually lead to a large ratio of service
connection pipes which can cause more head losses than trunk pipes. Relatively tall
buildings are suggested because they are spaced at a reasonable distance from other
buildings and can contain many households, leading to shorter pipe length, heavier
service load, and larger pipe diameter, like B1 and S1. Energy use for MWS is low
due to those factors. The third point is to control the height of buildings. If a city has
a large number of high-rises, energy use for water supply will increase sharply. The
height of buildings should be limited below the highest altitude that the nodal pres-
sure can support, to avoid the need for SWS systems. Departments in charge of
urban planning and design should pay more attention to urban spatial characteristics
in order to reduce energy use for water supply.
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Fostering Water Treatment in Eutrophic
Areas: Innovative Water Quality
Monitoring, and Technologies Mitigating
Taste & Odor Problems Demonstrated
at Tai Hu

Check for
updates

Stephan Kiippers, Daqiang Yin, Binghui Zheng, and Andreas Tiehm

Abstract The Tai Hu (Tai Lake) is used as a raw water reservoir for approximately
ten million inhabitants predominantly in Jiangsu province, China. Algal/cyanobac-
terial blooms occur frequently in the eutrophic shallow lake and present a challenge
for drinking water treatment. Furthermore, occasionally taste and odor (T&O) prob-
lems have been reported in drinking water. Due to the impacts of wastewater and
surface water runoff, pesticides and emerging pollutants such as pharmaceutical
compounds must be considered as well.

In our study, a large spectrum of emerging pollutants was analyzed in the north-
ern part of Tai Hu. In a Zhushan Bay wetland, emerging pollutants such as perfluo-
rooctanoic acid (PFOA) and the pharmaceuticals ibuprofen and diazepam were
detected. Additionally, pesticides were present in the lake water in concentrations of
0.1-0.5 pg/L. The occurrence of antibiotic resistances at the microbial level was
examined in water and sediment samples. In particular the antibiotic resistance
genes sull and sul2, which encode for resistance against sulfonamide antibiotics,
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were detected in all samples. Furthermore, the tetracycline resistance gene tet(C)
was detected frequently and te#(B) in 10% of the samples. Also, the genes blargy
and ermB were detected in Tai Hu samples encoding for resistances against beta-
lactams and macrolides, respectively.

The T&O problems observed in drinking water of the Tai Hu region could not be
attributed to the algae burden T&O compounds such as geosmin or 2-MIB. This
study demonstrates the effects on the water treatment process caused by high
amounts of dissolved organic carbon (DOC) and dissolved organic nitrogen (DON).
The elevated concentration of organic compounds in raw water results in a short life
span of ozone during advanced treatment. In the disinfection process, the remaining
nitrogen-containing organic compounds undergo subsequent reactions. In particu-
lar, amino acids might trigger the formation of chloramine-type T&O compounds.
Amino acids were detected in raw water samples taken at the inlets of the Tai Hu
water treatment plants and were shown to be present in fluctuating concentrations.
Most probably, lysis of algae cells during drinking water treatment due to oxidation
processes such as pre-ozonation results in the release of intracellular compounds
and elevated aqueous phase concentrations of DOC and DON (containing proteins,
peptides, and amino acids). In laboratory experiments, it was shown that algae could
be removed effectively by ultrafiltration, thus proving to be a suitable pretreatment
process while avoiding cell disruption and subsequent formation of T&O
compounds.

Based on analysis of Tai Hu field samples and laboratory experiments, pilot-
scale proof-of-concept studies were developed. Future studies will focus on online
monitoring of drinking water treatment performance including the precursors of
T&O compounds. Also, the removal of emerging chemical and microbiological pol-
lutants will be emphasized in order to ensure high-quality drinking water.

1 Introduction

The Tai Hu (Tai Lake) near Shanghai in China is a huge shallow lake used as a raw
water source for drinking water production. The water treatment technologies used
by Chinese water treatment plants are state of the art; nevertheless, occasionally
there are taste and odor (T&O) events as well as nitrogen-containing disinfection
by-products (N-DBPs) found in drinking water at the tap, typically during or imme-
diately after the algae season. Depending on yet unknown parameters, these events
are more or less pronounced (Ma et al. 2013; Qin et al. 2010; Fang et al. 2010).
Furthermore, there is increasing concern with respect to emerging pollutants such as
pharmaceutical residues and antibiotic-resistant bacteria in the raw water used for
drinking water production.

The Tai Hu is located in a heavily populated area and is used as a drinking water
reservoir for nearly 10 million inhabitants. In the Tai Hu region, there are both agri-
culture and a wide range of industrial facilities. Drinking water treatment plants
(DWTPs) are found all around the lake, and each of them supplies more than
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100,000 people. Overall the climatic situation, the availability of nutrients, and the
shallow characteristic of the lake are considered the main reasons for the occurrence
of algal/cyanobacterial blooms. Normally algal blooms occur in late summer; occa-
sionally, however, such blooms appear earlier in the year. The lake has a mean depth
of around 2 m. Therefore, deposited algae or soil from the bottom of the lake are
stirred up easily by wind turbulences. This leads to the visual observation that the
lake may change its color from blue to green and brown within 1 day.

Algae are subject to different kinds of stress and may release organic matter that
contains proteins, peptides, amino acids, sugars, and a wide range of other organic
compounds (Li et al. 2012; Wert et al. 2014). A large amount of this organic material
is degraded by bacteria in the lake. However, some fraction of algae and dissolved
organic matter will enter the drinking water treatment process.

It is commonly accepted that algal/cyanobacterial blooms are a major source of
water quality issues (WHO 1999); however, mitigation strategies are not yet fully
informed with respect to the underlying mechanisms of by-product formation in
drinking water production. Within the Sino-German project SIGN and the Chinese
Major Clean Water Project, the stated target was to understand the mechanisms for
the formation of by-products and simulate the treatment process in the laboratory
(Dohmann et al. 2016; Schmidt et al. 2016).

Chinese DWTPs around Tai Hu are designed and adapted to local water-quality
conditions. Depending on the location and the typical algae concentrations in raw
water, DWTPs may use an initial oxidation step to destroy algae at the start of the
treatment process. In all cases there is a flocculation and sedimentation step fol-
lowed by sand filtration. Afterward, in advanced DWTPs a (second) oxidation step
and in some cases an activated carbon treatment follow the sand filter. Finally, dis-
infection (typically using chlorine) is applied in all DWTPs.

The problem of algal blooms in Tai Hu leads to an extreme situation where these
“state-of-the-art” DWTPs are incapable of producing high-quality drinking water
(Ma et al. 2013). On the one hand, there is an interest of the DWTPs for emergency
operations (Zhang et al. 2010); on the other hand, it is worth looking at alternative
technologies that produce high-quality drinking water independent of the season.

Previous investigations have shown that organic nitrogen concentrations of both
raw and treated water are relatively high compared to other areas of the world; it is
also well established that amino acids are a major source of organic nitrogen which
may be converted into nitrogen-containing disinfection by-products (N-DBPs)
(Fang et al. 2010).

A further objective of the Sino-German project SIGN and the Chinese Major
Clean Water Project was to understand the mechanisms that lead to T&O formation.
Additionally, analysis of emerging pollutants such as pharmaceuticals and antibi-
otic resistances was performed in order to create a comprehensive understanding of
pollutant profiles in Tai Hu. Based on this understanding, suitable technologies may
be recommended for efficient drinking water treatment ensuring a high water qual-
ity at the consumer’s tap.
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2 Analysis of Pesticides and Emerging Pollutants

Generally, as described above, the algal blooms are considered one of the largest
threats for the environment and drinking water production in the Tai Hu region. In
addition to algae, other organic pollutants are also a matter of concern. Previous
studies have shown a wide range of organic pollutants within Tai Hu (e.g., Wang
et al. 2003). In order to gain further insight, several sampling campaigns were con-
ducted between 2015 and 2017. Here, not only lake water was sampled but also
other environmental sources: first, artificial wetlands, which play a crucial role in
pollution control at Tai Hu, as they are used to pretreat urban runoff prior to release
into Tai Hu, and, second, both raw and drinking water, as the fate of organic pollut-
ants within Chinese DWTPs in the region is not yet well understood.

All water samples taken in China were directly prepared for later analysis in
Germany by filtration and solid phase extraction. In total, about 200 different
organic pollutants were analyzed in more than 80 water samples. The group of pol-
Iutants includes pharmaceuticals, pesticides, polycyclic aromatic hydrocarbons
(PAHs), industrial chemicals, and volatile organic compounds. The results presented
in this study focus on preliminary data points, based on analysis performed at the
time of publication.

The results for the wetland near Zhushan Bay, in the northwestern part of Tai Hu,
are illustrated in Fig. 1. Here, two ponds within the wetland have been sampled. The
first pond features four different organic pollutants, mainly industrial chemicals and
pharmaceuticals, while at the other pond, eight organic pollutants have been
detected. Whereas these compounds are very similar in both ponds, the latter pond
also includes pesticides. As these pesticides are defined as persistent, different flow
patterns and/or catchment areas within the artificial wetland may be assumed. This
wetland acts as a barrier/sink and has no direct flow connection to Tai Hu, which
shows that its application in Tai Hu region is successful by preventing polluted run-
off to reach the lake itself.

Within the lake, samples were mostly taken in the northern part, as most of the
larger inflows occur in the three northern bays of Tai Hu: Zhushan Bay, Meiliang
Bay, and Gonghu Bay. Furthermore, the algal blooms, induced by high nutrient
loads, take place primarily here as well, which indicates the importance of this
region for pollutant occurrences. Figure 2 shows the occurrences and concentrations
of pesticides in the three northern bays. Several pesticides, such as atrazine and tri-
adimenol, were detected at all eight locations, mostly in similar concentrations. This
shows that even though the bays feature different catchment areas, similar applica-
tions of pesticides in the entire region can be assumed. Figure 2 also shows that
most pesticides are found in Zhushan Bay, which is in accordance with most of the
pesticides found in the artificial wetlands of Zhushan Bay (Fig. 1). In addition to the
overall pattern, some pesticides, such as 2,4-D, picloram, and pirimicarb, were pri-
marily detected here, which reflects the heightened agricultural practices in the
catchment area of Zhushan Bay.
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Fig. 1 Results on organic pollutants from the first sampling campaign in 2015 in the Zhushan Bay
wetland (not all pollutants included)
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Fig. 2 Results on pesticide concentrations from the first sampling campaign in 2015 in the north-
ern part of Tai Hu: Zhushan Bay, Meiliang Bay, Gonghu Bay (not all pollutants included)
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In addition to the sampling of artificial wetlands and the lake itself, three DWTPs
were sampled. Only raw water results were heretofore available. These showed that
depending on the abstraction point of raw water, a wide range of pharmaceuticals,
pesticides, PAHs, industrial chemicals, and volatile organic compounds are found.
It was also evident that the raw water quality varies strongly, which makes it diffi-
cult for DWTP operators to adjust the various treatment steps.

Further objectives of the presented study focused on spatial analysis of organic
and inorganic pollutants, toxicity tests, environmental and human risk assessment,
and recommendations for actions.

3 Analysis of Antibiotic Resistance Genes

Microbiological water quality monitoring includes the detection of bacteria, viruses,
and protozoa; novel parameters such as antibiotic resistance genes should be con-
sidered as well. The widespread application of antibiotics in human and veterinary
medicine has led to the emergence, selection, and dissemination of antibiotic-resis-
tant bacteria and antibiotic resistance genes in different environmental compart-
ments (Berendonk et al. 2015). Recent studies in, e.g., Europe, Australia, or China,
have shown the occurrence of antibiotic-resistant bacteria and antibiotic resistance
genes in surface water (Lou et al. 2010; Stoll et al. 2012; Tao et al. 2010; Stange
etal. 2016), groundwater (Ji et al. 2012), drinking water (Guo et al. 2014), and sedi-
ments (Yang et al. 2016). The dissemination of antibiotic-resistant bacteria and anti-
biotic resistance genes is facilitated by horizontal gene transfer enabling the
exchange of antibiotic resistance genes among different strains or bacterial species
and beyond the habitat of the original host. Clinically relevant antibiotic-resistant
bacteria and antibiotic resistance genes that are released from anthropogenic
sources, together with the excessive use of antibiotics in both human and veterinary
medicine, constitute a serious health problem. Despite extensive research there is a
lack of knowledge with respect to the origin of antibiotic-resistant bacteria and anti-
biotic resistance genes in different surface waters and their removal during water
treatment and risk assessment. For these reasons the occurrence of different antibi-
otic resistance genes was investigated at Tai Hu (Fig. 3).

At Tai Hu, the sulfonamide resistance genes su/l and sul2 were detected most
frequently, in all water as well as sediment samples. The tetracycline resistance
genes tet(B) and ref(C) were also found in both types of samples. In addition, the
antibiotic resistance genes dfrAl, blargy, and ermB were detected. Overall, the
results showed the wide distribution of antibiotic resistance genes in the Tai Hu
(Fig. 4).

Extensive dissemination of sulfonamide resistance genes in different aquatic
compartments like surface water and groundwater has been reported all over the
world (Stoll et al. 2012). This prevalence of su/l and sul2 genes is most likely due
to easy dissemination of these genes via highly mobile genetic elements and their
extensive use in human and veterinary medicine.
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Fig. 3 Detection of antibiotic resistance genes (ARGs) in the Tai Hu (sampling campaign in May
2015)
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Fig. 4 Number of antibiotic resistance genes (ARGs) in water and sediment samples from Tai Hu
(sampling campaign in May 2015)
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Tetracyclines are also used for the treatment of bacterial infections in animals
and humans. The resistance to tetracyclines is mainly caused by two mechanisms:
efflux pumps and/or ribosomal protective proteins. So far, over 38 different tetracy-
cline resistance genes have been described in literature. Three of the genes encoding
for efflux proteins were included in the studies. Prevalence of fet(C) was high for
Tai Hu compared to a German/Australian study (Stoll et al. 2012). This could be due
to country-dependent differences in the application of tetracycline antibiotics.

Little is known about the presence of macrolide resistance genes in the aquatic
environment. Berendonk et al. (2015) suggest inter alia ermB as possible genetic
determinant to assess the antibiotic resistance status in environmental settings. For
the selection, criteria such as clinical relevance, prevalence in the environment, and
association with mobile genetic elements and/or potential to be acquired by any
mode of horizontal gene transfer were considered.

Overall, the results demonstrate the occurrence of antibiotic resistance genes in
Tai Hu. However, there is a lack of knowledge with respect to the origin of antibiotic-
resistant bacteria and antibiotic resistance genes and their removal during water
treatment.

4 Studies into Taste and Odor (T&0O) Compounds

4.1 Composition of Raw Water from Tai Hu

As advanced treatment, DWTPs at Tai Hu use an oxidation step after flocculation
and sedimentation. Under normal operation conditions, the algae-bound T&O com-
pounds like 2-MIB and geosmin are removed from the water during the purification
process in the DWTPs before pumping into the distribution network. There are
regulatory limits for the major compounds, which are also tested (Rice et al. 2012)
and confirmed in the DWTPs.

Therefore, it is assumed that a major source for occasional T&O events may be
other than the algae-derived compounds. One other known source of T&O com-
pounds may be amino acids which during disinfection with chlorine may form chlo-
ramines (Griibel 2013). As the situation is complex, for a basic understanding of the
challenges for a time series of 1 year, the Tai Hu raw water was analyzed in 2015
and 2016 with respect to amino acid concentrations in the raw water as the potential
source of N-DBPs that might be T&O products. However, soluble microbial prod-
uct (SMP)-like substances were largely present in both intracellular organic matter
(IOM) and extracellular organic matter (EOM) as shown in the fluorescence excita-
tion emission matrix (EEM) images (Li et al. 2012). These organic compounds are
primarily responsible for the formation of haloacetamides, a type of highly toxic
N-DBP (Chu et al. 2010a, b; Plewa et al. 2008). Therefore, it is possible that chlo-
ramination of the algae organic matter (AOM) produced N-DBPs. As a conclusion,
formation of DBPs should be avoided for improvement of the drinking water quality
at Tai Hu (Li et al. 2012).
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Fig. 5 Sum of all amino acids found in raw water during measurement cycle in 2016. The mea-
surement method including the sample preparation with SPE is reported elsewhere. (Hupert and
Santiago-Schiibel 2016)

The results from a time-series measurement of raw water amino acids (in ng/L)
show a wide variation (Fig. 5). Especially during algae/cyanobacteria seasons, it is
found that concentrations may change within a short period of time, which is an
additional hurdle for DWTP operation to produce high-quality drinking water. In
addition, a series of measurements with hourly samples of the amino acid concen-
trations in raw water was performed for 1 day in January 2017. Figure 6 shows that
the variation for 1 day is relatively high, highlighting the unstable situation faced by
DWTP operators.

For the analysis of amino acid concentrations, the raw water was analyzed after
filtration with a 0.45 pm laboratory filter to remove all stable algae cells and bacte-
ria. It must be considered that algae mechanical stability might contribute to the
strong variation. If algae/cyanobacteria are damaged by different kinds of stress,
cells might lyse and release organic material during the sample preparation step and
thereby increase the dissolved organic material including the amino acid
concentration.

In addition, it is known that besides amino acids also proteins and peptides might
be present in the raw water (Mulholland et al. 2002; Rutherfurd and Gilian 2009).
The data suggests that removal of algae before the start of processing may lead to a
more stable situation for the treatment in the DWTPs and therefore fewer problems
with N-DBP and/or T&O compounds.

Figure 7 shows the ozone depletion profiles in raw Tai Hu water. For typical
ozone concentrations, a rapid decrease was observed. Most probably, ozone is con-
sumed mainly by reactions with algae organic matter and is therefore not available
for the degradation of micro-pollutants.
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The ozone depletion gives a clear hint that the organic material may be one of the
reasons why in some extreme situations the production of fresh water, even using
sophisticated technology, may be difficult. As some DWTPs use pre-ozonation dur-
ing algae season to improve flocculation and sedimentation, a laboratory approach
was chosen to test the behavior of two Microcystis obtained from the Freshwater
Algae Culture Collection at the Institute of Hydrobiology (FACHB-collection),
China, under ozone stress. The two typical cyanobacteria from Tai Hu were culti-
vated and treated with ozone at different concentrations.
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4.2 Algae Under Ozone Stress

As the test set up the two cyanobacteria strains Microcystis aeruginosa FACHB
TH1334 and FACHB THOS, isolated from Tai Hu, were cultivated. Model water
containing these algae was used to perform a laboratory experiment to simulate a
simplified process using ozonation, and later on chlorination, to look at potential
formation of N-DBPs from amino acids. The model water was also used for testing
the removal of the algae with ultrafiltration. The conceptual approach was to test (1)
the monitoring of intracellular compounds such as the amino acids as markers for
the AOM, to study (2) the removal of the algae itself, and to reduce (3) the potential
of forming N-DBPs in the final drinking water.

First, algae cells treatment using ozone and/or by filtration using an ultrafiltration
membrane was evaluated. The cell density of cyanobacteria incubations was counted
under the microscope. To simulate the algal bloom situation in the lake, each algal
culture was diluted to a cell density of 107 cells/L as the bloom-occurring threshold.
The simulated algal bloom water was separated by membrane ultrafiltration. The
concentrations of cyanobacteria strains M. aeruginosa FACHB TH1334 and FACHB
THO8 before and after ultrafiltration were measured by a Phycocyanin Lab Analyzer
(bbe PhycoLA) from the company bbe (Germany) (Beutler et al. 2002, 2003;
Schmidt et al. 2009).

These two selected algae species were also chosen for treatment with ozone
without ultrafiltration. As an indicator for the stability of the algae, the binding of
phycocyanin was used. Phycocyanin is one of the components of the phycobilisome
in cyanobacteria and can be detected, for example, by fluorescence. The identifica-
tion of the intact photosystem with integrated phycocyanin, or the released pigment
after cell damage, is used as an indicator for the physiological state of cyanobacteria
(Wlodarczyk et al. 2012) exposed to strong oxidant species, chemical stress, or
physical stress.

Typically, pre-ozonation is the first step in advanced drinking water production
processes in China. Therefore, also here the two Microcystis strains from the Tai Hu
and their behavior after ozone treatment were investigated.

There are two effects that contribute to the measured results (Fig. 8). First the
ozonation can lead to cell damage and phycocyanin detachment from the photosys-
tem that can be observed via fluorescence (Wlodarczyk et al. 2012). Over time the
phycocyanin and chlorophyll-a were also degraded especially in the samples with
high ozone concentrations (5 mg/L). The treatment of Microcystis strain FACHB
THO98 with 1 mg/L ozone seemed to only partly damage the cells as there was still
low photosynthetic activity observable after 24 h. Those damaged cells are likely
more vulnerable for further treatment. On the other hand, the 3 mg/L dose was high
enough to lead to cell lysis and a release of organic matter, but only limited oxida-
tion of the released matter. The organic material including the phycocyanin was still
dissolved and would have to be removed by subsequent process steps.
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Fig. 8 Effect of ozonation on the concentration of cyanobacteria (determined by chlorophyll-a
analysis) and the formation of unbound phycocyanin as indicator for the release of organic cell
compounds; determination for two different algae species (Microcystis strains FACHB TH1334
and FACHB TH98)

One conclusion derived from these simple tests is that the removal of algae by
careful filtration might lead to a much more equilibrated condition of the process
water, which in turn might enable better control of the drinking water manufactur-
ing process. For this concept two prerequisites are essential: (1) algae can be
removed by an ultrafiltration membrane efficiently and effectively, and (2) algae do
not release organic matter by means of mechanical stress during ultrafiltration.
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4.3 Removal of Algae by Ultrafiltration

The removal of algae from the raw water using ultrafiltration was examined in the
laboratory. The ultrafiltration was performed in parallel for water with and without
ozone treatment. For removal experiments, standardized small modules supplied by
the company inge (Germany) were used. The 30 cm modules were prepared with 10
Multibore® capillaries each (0.9 mm diameter) with a total surface area per module
of 0.051 m2. As testing equipment, a Poseidon unit bought from the Dutch company
Convergence was applied (for more information see https://www.convergence.
com/). With a flux of 100 L/m? h and a filtration time of 45 min, the experimental
conditions for operation of the ultrafiltration modules were similar to full-scale field
conditions. Samples were taken after 30 min of operation.

As shown in Table 1, membrane ultrafiltration leads to a high removal efficiency
of cyanobacteria in water.

Additionally, for algae removal, the release of intracellular organic material was
determined. Therefore, the algae were investigated by fluorescence measurement
with respect to the algae state using a PhycolLA, bbe instruments. Operation condi-
tions are given elsewhere (Beutler et al. 2003; Schmidt et al. 2009). The results are
given in Fig. 9.

Table 1 Removal efficiency of simulated algal bloom water by ultrafiltration

Microcystis aeruginosa Original concentration | After ultrafiltration | Removal
species pg/L pg/L efficiency %
THI1334 784 £4.2 0.23 +0.02 99.7
THO9S8 623.2 +33.1 7.33+0.08 98.8
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Fig. 9 Total concentration of cyanobacteria, unbound phycocyanin, and activity before ultrafiltra-
tion, in the filtrate, and after backflushing the membrane for the algae species Microcystis strains
FACHB TH1334 and FACHB TH98
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Most of the algae were removed via ultrafiltration (Fig. 9). The Microcystis strain
FACHB TH1334 was removed almost completely, while there was still 7 pg/L chlo-
rophyll-a from cyanobacteria showing low photosynthetic activity found in the
Microcystis strain FACHB THO8 filtrate. The filtrated algae were concentrated in
the backflush of the ultrafiltration membrane. The rise of the unbound phycocyanin
compared to cyanobacteria indicates mechanical stress and moderate cell damage.

In conclusion, the treatment with flocculation and membrane filtration removes
a considerable amount of organic matter. This results in longer lifetimes of ozone
and may reduce the dosage necessary for disinfection and pollutant degradation as
demonstrated for raw water from Tai Hu and illustrated by the comparison of Figs. 7
and 10.

4.4 Combination of Ultrafiltration and Ozonation/
Chlorination

For the selected algae samples, the amino acid concentrations were determined
before and after ultrafiltration, and finally all samples were treated with chlorine as
shown in Fig. 11. The total concentrations of amino acids in the samples without
ultrafiltration obviously increased after ozonation with an ozone dose of 1 mg/L,
while the total concentration decreased with the increase of the ozone dose. Overall,
the total concentrations of amino acids in the samples without ultrafiltration were
much higher than that in the samples with ultrafiltration during ozonation treatment.
The results indicate that amino acids can be controlled with algae effectively
removed by ultrafiltration. Increasing the ozone concentration from 1 mg/L to
5 mg/L would further reduce the amount of amino acids due to two effects: On the
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one hand, ozone destroys the algae and brings the organic material into solution; on
the other hand, ozone will also degrade organic material.

Without ultrafiltration, the concentration of amino acids increased after ozona-
tion and decreased after chlorination. This indicates that the amino acids may react
with chlorine to form DBP.

When algae were removed by ultrafiltration, there was no significant increase of
amino acids during ozonation. During chlorination, however, the concentration of
amino acids increased. This indicates that chlorine may break down proteins and
peptides already in the water phase which were not removed by ultrafiltration
(Fig. 12).

5 Outlook

This study demonstrates that algae/cyanobacteria in Tai Hu are one major source of
organic material that on the one hand contain algae-/cyanobacteria-based T&O
compounds and on the other hand release algae organic matter which might lead to
N-DBPs, thus creating new T&O compounds such as chloramines. Therefore, a
strategy was developed to remove the main part of intact algae by membrane filtra-
tion before the oxidation steps in water treatment. Successful application of a fluo-
rescence sensor to monitor cell lysis was demonstrated. The online sensor facilitates
process control to optimize ozonation, active carbon, and chlorine treatment in
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order to reduce T&O events to an absolute minimum. In addition, a wide range of
organic pollutants such as pharmaceuticals or antibiotic resistance genes was found
in Tai Hu raw water, which should be removed during drinking water treatment.
An alternative strategy as shown below will be tested in pilot plant operation
within the joint Sino-German project with the partners at Tai Hu (Fig. 13).
For demonstration of this strategy, a pilot plant is currently in operation at
HuaYan DWTP in Wujiang, China. The pilot plant consists of two independent lines
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Fig. 13 Inge ultrafiltration pilot plant as part of the integrated treatment scheme for high-quality
drinking water production

each equipped with a module containing 6.5 m? of the inge patented Multibore®
membrane. The membrane is made of a modified polyethersulfone with seven capil-
laries in one fiber, with fibers having an inner diameter of 0.9 mm. Long-term per-
formance stability is tested at Tai Hu DWTP. For monitoring the bbe PhycolLA, a
cost-efficient fluorometer based on LED light excitation and fluorescence detection
on two sensitive photo sensors, is used to differentiate between unbound and bound
phycocyanin together with five algal classes and their photosynthetic activity, as
well as yellow substances and turbidity.
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Preventive and Customized Maintenance
of Underground Water Infrastructure

Fangfang Zhao, Regina HauBmann, and Johannes Pinnekamp

Abstract Maintenance of sewer networks is essential for their efficient and stable
operation. Although sewer maintenance is basically the same regardless of network
type, the specific situation of a particular network will determine how much and
how often maintenance is needed. Therefore, the current state of a particular net-
work must be described in detail to identify deficiencies and formulate targets of
sewer maintenance which can be tailored to the network. In this article, we present
the status quo of sewer networks and their maintenance in Germany and China and
suggest how to maintain sewer networks in a customized way. In particular, we
place special emphasis on adapting networks to current policy requirements in
China using the concept of “sponge cities (4% 117)” and the concept of “urban
landscapes and ecological restoration (Shuangxiu 317 X{1&).”

1 Maintenance

1.1 Definition and Necessity

Underground wastewater infrastructure is one of the largest and most important
infrastructure types of modern society. It promotes general well-being, public
health, and environmental protection. Since it plays such a great social and eco-
nomic role for all who use it, it is subject not only to increasing demands upon its
performance but also to inevitable obsolescence and erosion. For these reasons,
societies must maintain wastewater infrastructure appropriately and efficiently to
provide the public with a means for sustainable development.

Maintenance is defined as the “combination of all technical, administrative
and managerial actions during the life cycle of an item intended to retain it in, or
restore it to, a state in which it can perform the required function” (DIN EN 2017).
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In addition, operation is the “combination of all technical, administrative and mana-
gerial actions, other than maintenance actions, that results in the item being in use”
(DIN EN 2017).

The German technical standard DIN EN 13306 (DIN EN 2017) subdivides main-
tenance into improvement, preventive maintenance, and corrective maintenance
(see Fig. 1).

Improvement covers all measures intended to enhance the intrinsic reliability
and/or maintainability and/or safety of an item, without changing the original func-
tion. When preventive maintenance is carried out, sewer networks are either main-
tained and renovated at fixed intervals or inspected regularly; moreover, maintenance
is carried out if the inspection reveals that treatment is necessary. Corrective main-
tenance is performed after a fault has been detected, either immediately after the
detection to avoid adverse consequences or deferred but according to fixed mainte-
nance rules.

In practice, these kinds of maintenance are carried out in sewer systems more or
less simultaneously. For example, overflow tanks are normally cleaned after a rain
event, while maintenance of pumping stations is carried out regularly at fixed inter-
vals. An accident or a breakdown will be addressed and/or repaired immediately.
The advantage of preventive strategies is that work can be planned because tasks
are — at least partly — known and intervals can be fixed. The precondition for this,
however, is that operating performance of the sewer network is known and
documented.

Figure 2 shows how the costs and extent of maintenance change in relationship
to each other. There is a minimum of maintenance costs relating to work extent.
Maintenance costs include both the direct costs of maintenance and those resulting
from the interruption of assets when the network does not function properly or at all.
While costs of maintenance rise proportionately to the work extent, costs due to
disturbance are very high if the network is maintained only when a part of the sys-
tem collapses (“fire-fighting strategy”) and decline quickly if maintenance is pro-

Maintenance

l |

Preventive Corrective
Improvement . -
maintenance maintenance
[ I__Jﬁ
[ |
Condition-based || Predetermined
maintenance maintenance

Deferred || Immediate

Fig. 1 Maintenance types according to DIN EN 13306 (DIN EN 2017). (Reproduced by permis-
sion of DIN Deutsches Institut fiir Normung e.V. The definitive version for the implementation of
this standard is the edition bearing the most recent date of issue, obtainable from Beuth Verlag
GmbH, Burggrafenstrafie 6, 10787 Berlin, Germany)
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Fig. 2 Costs of maintenance related to work extent. (Referring to DWA-Themen 2009)

vided in a more preventative manner. However, costs due to disturbance cannot be
eliminated entirely; therefore at certain scales, more work does not further reduce
relative costs of disturbance.

If a system is only maintained when an item (e.g., a pipe) fails completely, costs
due to disturbance are significant because measures for repair start only after the
failure: pipes must be ordered and the pipeline constructed, while in the meantime,
the wastewater must be pumped over to the lower sewer system.

If the responsible department finds the optimal range of work intensity, costs of
sewer maintenance can be efficiently reduced.

Sewer networks are very expensive infrastructure and, for this reason, are
designed to last a long time. In Europe a lifetime of sewers of 80-100 years is
expected. To preserve this huge value, regular maintenance is critical.

The biggest challenge for operation and maintenance (O&M) of sewer systems
in comparison to other facility maintenance is that the majority of infrastructure is
buried underground and thus invisible in everyday life. For these reasons, people
recognize damage at sewer pipes only if there is a blockage that causes flooding, or
the ground above the pipe collapses. Therefore, O&M is often neglected. If O&M
has not been carried out in previous years both timely and properly and if the whole
system is in poor condition, decision-makers should compile a priority list of goals,
tasks, and parts of networks which require urgent repair.

New trends in sewer construction and operation challenge maintenance of sewer
systems as well. Multi-utility tunnels or fiber-optic cables within sewer pipes
impinge upon the working conditions of the maintenance staff. In addition, political
decisions can change the operation of the networks and therefore their maintenance.
For instance, the current concepts in China, called “sponge city” and latest “urban
landscapes and ecological restoration,” which are explained in Sect. 2.2, are chang-
ing the working conditions within the sewer systems and also the maintenance
tasks.
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1.2 Preventive and Customized Maintenance: Goals

A maintenance department has to keep urban drainage and stormwater handling
systems operating around the clock. Because local situations differ, each mainte-
nance department has to formulate the goals they want to reach and adapt working
processes to the given conditions.

There are two ways to prioritize the necessary work. First, with collected data
from field surveys and previous rehabilitation work, the sewers are categorized into
critical or noncritical states. Critical sewers should be inspected personally or using
CCTYV (closed-circuit television, the most used method employed to inspect the
interiors of pipelines); together with other assessments, such as hydraulic perfor-
mance, structural condition, water quality, allowable discharges, and ecological
damages, the sewers should be evaluated in order to formulate an integrated action
plan. The second concept is to evaluate the overall sewer condition. Using complex
databases — including pipe diameter, length, material, age, cover depth, and so on —
researchers have been trying to develop an algorithm to rank the sewers (Fenner
2000).

Besides presenting new technologies for inspection and sewer repair, mainte-
nance studies analyze historical event data and sewer information in order to pro-
vide more targeted and economical maintenance. The sewer data are being integrated
into GIS software, making it possible to evaluate the consequences from a failure
and the costs of reconstruction. Furthermore, the probability that individual sewer
pipes in networks fail can be evaluated based on their significant characteristics and
condition. In addition, hydraulic, environmental, structural, economic, and social
performance indicators should be introduced in an assessment module to support
the decision-making process (Fenner et al. 2000; Anbari et al. 2017; Baah et al.
2015).

To improve maintenance practices, planners require good documentation, quali-
fied information systems, and extensive databases, most of which are, unfortunately,
lacking. Since data are not standardized and consistent and reliable records are
missing, planners often find it difficult to predict the amount of work needed, as
mentioned above (Fenner and Sweeting 1999). Another challenge maintenance
planners face is linking different data and information, such as fixed asset financial
databases and maintenance management records (Grigg 1994); other examples are
the digitization and link between sewer information and various data such as cus-
tomer complaints, historic sewer data and past events such as blockages and flood-
ing, and also GIS data. Furthermore, planners must learn how to handle the
monitoring data obtained from diverse technologies, online as well as offline
(Fenner 2000).

From a financial point of view, a whole-life costing approach of sewer manage-
ment requires that all relevant costs and revenues incurred during the asset’s life
should be taken into account, including design and building costs, operating costs,
maintenance costs, associated financing costs, and depreciation and disposal costs
(Barringer 2003). A special feature of whole-life costing of sewer systems is the
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reduction of consequences due to failure, such as environmental damages, social
disruption, and financial losses. By preventing and removing incipient failures
through systematic inspection, detection, and fault repair before they become actual
or major failures, preventive maintenance is more appropriate than reactive mainte-
nance. Preventive maintenance thus aims to ensure the performance of sewer sys-
tems and avoid/minimize the consequences from their failure but also reduce their
service-life costs.

2 Current Situation in Germany and China

2.1 Current Situation in Germany
2.1.1 Sewer Length

In Germany, 96.9% of the population is connected to a sewer system (Berger et al.
2016). Figure 3 shows that the length of the sewer network increased continuously
from 1995 to 2013. By 2013 the total length of sewers was 575,880 km, an average
length of 7.14 m per inhabitant. During this time, the proportion of combined sew-
ers fell slightly, whereas that of the other two forms rose. The separate sewer system
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Fig. 3 Sewer length in Germany, 1995-2013. (Berger et al. 2016)
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Fig. 4 Organizational chart of the city administration of Bochum, Germany (based on (Bochum
2017), state October 2017)

is dominant in rural areas and in new housing estates of big cities (Brombach and
Dettmar 2016).

2.1.2 Sewer Maintenance Departments

The civil engineering authority in municipal administrations is responsible for
sewer maintenance; normally, it is in charge of all relevant water management top-
ics. To give a clearer picture of the preferred administration structure of cities in
Germany, Fig. 4 shows the organizational chart of the city administration of Bochum
as an example. Within this structure authorization, planning, building, operation,
and monitoring of the sewer system and water body pollutant control are all respon-
sibilities of the Department of Construction, Environment, and Mobility, which is
the city’s highest authority of civil engineering. Due to this arrangement, all tasks
concerning sewer networks are gathered in one department.
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Application for construction falls under the control of both the Building
Regulation Department and the Civil Engineering Authority. The Building
Regulation Department delegates sewer-based construction to the Civil Engineering
Authority.

Water protection is under the control of three departments, each with different
duties. The Environment Agency and Green Area Authority issue permits of storm-
water discharges, while the Planning Department secures permission of water pro-
tection works, and the Sewer Maintenance and Water Body Protection Department
formulates the concept and implements measures for water body protection.

This administrative structure enables the city of Bochum to construct, operate,
and maintain sewer systems efficiently.

Other cities administer the responsibilities differently. For example, a municipal
administration may contract out the operation and maintenance of wastewater man-
agement to a privately owned company, and the civil engineering authority will
supervise such a company. This is how sewer management in Cologne and Hamburg
is organized.

2.1.3 Regulations on Maintenance Work and Its Frequency

Sewer maintenance in Germany has been developed continuously since construc-
tion of sewer systems started at the end of the nineteenth century. Standards, guide-
lines, and regulations on sewer construction, operation, and maintenance are well
established. In addition to the European Water Framework Directive (WFD) and the
national legislation, there is a wide range of regulations and directives at different
levels of administration.

Worksheets from technical associations give detailed assistance on concrete
tasks of sewer planning, building, operation, and maintenance. Regarding sewer
O&M, the directive ‘“Requirements for Operation and Maintenance of Sewer
Networks” (Anforderungen an den Betrieb und die Unterhaltung von
Kanalisationsnetzen) (DWA-Arbeitsblatt 2017) suggests how and how often differ-
ent components of sewer systems should be inspected and cleaned. In addition, the
worksheet “Operating Extent for Sewer Networks — Recommendation on the
Amount of Personnel, Vehicles and Equipment” (Betriebsaufwand fiir die
Kanalisation - Hinweise zum Personal-, Fahrzeug- und Gerdtebedarf) (DWA-
Arbeitsblatt 2005) provides recommendations on how many personnel, vehicles,
and equipment are needed on average to fulfill these tasks properly.

Some German provinces have released self-monitoring regulations that provide
guidelines concerning the scope and frequency of sewer monitoring and the regula-
tory requirements for operation and repair of sewer networks.

The Water Management Act (Wasserhaushaltsgesetz), German Wastewater
Ordinance (Abwasserverordnung, AbwV), and German Federal Immission Control
Act (Bundes-Immissionsschutzgesetz, BImSchG) all stipulate that “best available
techniques” are required in sewer networks to guarantee appropriate environmental
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protection. This does not only mean advanced procedures and facilities but also
optimized operations to limit emissions and ensure plant safety and a high level of
environmental protection.

2.1.4 Status Quo of Sewer Networks and the Maintenance of Sewer
Systems

Because legislation, standards, and guidelines are carefully regulated, the documen-
tation about sewer facilities and their maintenance is, for the most part, advanced in
Germany; the condition of private lateral sewers, however, is mostly unknown.

German authorities have made first attempts at entering different data of the pub-
lic sewer system into a geographic information system (GIS) (Ostermann 2009). In
North Rhine-Westphalia, relevant data from wastewater treatment plants and receiv-
ing waters are freely available in the public domain on the web
(Wasserinformationssystem n.d.). But data of such sewer systems have not been
integrated in this project yet.

2.2  Current Situation in China
2.2.1 Sewer Length

China has been undergoing rapid economic development with a great amount of
construction activity in the last 20 years. During this time, the length and, thus,
coverage of the urban drainage network in China have increased rapidly, as shown
in Fig. 5. Most of Chinese sewer networks are separated systems. Combined sewer
systems exist only in some historical city centers.

By 2015 the total length of sewers was 539,567 km, an average length of 0.39 m
per inhabitant (calculated all over China; 1371 billion inhabitants in 2015). Between
2010 and 2015, new sewers were primarily constructed as separate sewers.

In 2015, the percentage of wastewater treated was 91.9% in Chinese cities, while
the rate in the countryside and in towns was about 51% and 85%, respectively. This
shows that in the countryside, a lot of work must still be done because the national
standard requirement of wastewater treatment rate is 85% and 95% in towns/rural
areas and in cities of China, respectively (National Bureau of Statistics of China
2015) (Outline of the 13th Five-Year Plan 2016).

The percentage of sewer connections in Western China, such as provinces
Xizang, Qinghai, and Xinjiang, are still very low. In 2015, the sewer connection
rates in these three provinces amounted to 19.1%, 60.0%, and 83.4%, respectively,
whereas the cities of Shanghai and Beijing had connection rates of 92.9% and
88.4% in the same year (National Bureau of Statistics of China 2015). Western
Chinese authorities have prioritized the completion of the sewer networks as fast as
possible.
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Fig.5 Sewer length in China, 2002-2015. (Data from National Bureau of Statistics of China n.d.)
By the year 2010, statistics recorded only wastewater sewers while summarizing all other sewers.
Since 2011 statistics distinguish combined sewers from wastewater and stormwater sewers as is
common practice in other countries

Although efforts are being made to construct new sewer networks to keep up
with rapid urbanization, there are often reports about city water clogging, flooding,
environmental pollution, and ecological damage due to sewer failures. Researchers
give the following reasons for these phenomena:

e The complex situation of underground and aboveground terrain, geomorphology,
landscape, and buildings on the surface of the catchment area is not taken into
consideration enough, or not at all, when sewer systems are planned. There are
also cities without overall sewer network data: for example, the direction, diam-
eter, and elevation of the sewer network may be undefined. This makes it difficult
to connect the sewers from each part of the city (Zhang 2010; Wu n.d.).

e The sewer design lacks a medium- to long-term vision. When urban sewer sys-
tems are designed, engineers do not adequately consider the development and the
change cities may undergo. Unfortunately, city planners often do not allow for a
rapide increase in the amount of wastewater, the increase in rainfall intensity, the
impakt of urbanization, climate change, and future sea level rise, etc. in their
urban wastewater plans (Zhang 2010; Wu n.d.; Liu and Zeng 2013).

e Coverage of the sewer system in urban areas is regularly incomplete, and the
design standards are low. The drainage system is often designed based on a 1- to
3-year rainfall intensity, and the capacity of sewers is depleted because urbaniza-
tion is so rapid and wastewater quantities rise so quickly. The sewer system is
thereby susceptible to clogging and flooding (Liu and Zeng 2013).
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e Commonly, planners pay attention to the construction of sewer networks and
wastewater treatment plants, but maintenance and management of the existing
networks are not prioritized. Advanced detection methods which assess the sewer
network condition are barely used. Seldom is there scientific, systematic, and
regular maintenance. This leads to a poor structural condition and functional
performance of the sewer system (Zhang n.d.-a; Yang n.d.).

» Financial restrictions may cause an imbalance between urban construction and
development of wastewater disposal systems. Moreover, sewer construction lags
behind the construction of wastewater treatment plants, and lateral sewer con-
struction lags behind the construction of main sewers. Illegal cross-connections
and wastewater disposal are frequent (Zhang n.d.-a, b).

* Poor availability of data and unreliable data are common. Information on system
design and system reliability (e.g., failure data, historical records) is usually
lacking. Meanwhile researchers have suggested using the Internet for real-time
detection of the whole sewer system, but not enough attention is paid into putting
this idea into practice (Yang n.d.; Deng n.d.).

* In China, the condition of sewer networks varies greatly. Sewer networks along the
east coast are relatively well constructed, while the construction of sewers in west-
ern regions is seriously inadequate (National Bureau of Statistics of China 2015).

In general, different researchers report that as long as underground wastewater
infrastructure performs its intended function, there are few concerns about its long-
term maintenance. However, with greater public understanding of the necessity of
efficient sewer networks, so increases the demand for well-organized maintenance.

2.2.2 Responsible Departments of Sewer Maintenance

In China, water-related responsibilities are often shared between different depart-
ments. Due to the organizational structure of city administration, different organiza-
tional levels (e.g., decision, technical, operational) may be insufficiently integrated,
however (Zhang n.d.-a).

Clear structures for the responsibilities of the sewer system facilitate the devel-
opment of a well-functioning sewer system. In general, there are two types of city
administrative structures governing water management in China (see Figs. 6 and 7).
As examples, the city administrations of Wuxi and Jiaxing in the Lake Tai (Tai Hu)
catchment area have been chosen.

In Jiaxing all water-related tasks — including wastewater drainage, rainwater
drainage, wastewater treatment, flood protection, water saving, and also water sup-
ply — are regulated and coordinated by one central department, the Five-Water
Comprehensive Control Office (f17K3£yf 75/4 %), which is one of the 33 depart-
ments under the city government. The operator of all water issues is Jiaxing Jiayuan
Water Investment Group Ltd., a state-owned enterprise, which is led by the State-
owned Assets Supervision and Administration Commission. This commission is
responsible for the staffing and assessment of the department. The Municipality and
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Fig. 6 Structure of the city administration in Jiaxing, China, 2016. (Government n.d.)

Landscape Bureau, which is under the Construction Committee, is in charge of the
supervision and operational guidance of the company.

This structure allows for an efficient cooperation between different sections of
water management. However, there may be problems with facility management if
the sewer operation is connected to other infrastructures, such as street and land-
scape. This kind of organization is found only in relatively new and smaller cities.

In the city of Wuxi, a public authority is in charge of operating the sewer system.
This company belongs to the Department of State-owned Assets Supervision and
Administration Commission, which is one of the 54 departments of the city govern-
ment. The Municipality and Landscape Bureau, another parallel department of
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Fig. 7 Structure of the city administration in Wuxi, China (state: 2017)

administration, is responsible for the management and supervision of the sewer
operation. Stormwater management in Wuxi is organized by the Municipal Facilities
Management Office (Fig. 7).

A difficulty of this tripartite responsibility is to define the interfaces between
rainwater, sewage, and surface water properly so that no important task is neglected.
One major challenge is to address cases in which water changes from one field of
responsibility to another, for example, due to improper connections of different
drainage systems to each other.
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In both organizational types, different institutions are often in charge of con-
struction, operation, and maintenance of the sewer networks. Commonly, the net-
work owner is allowed to design and construct parts of sewer networks according to
special development needs, but supervision of the construction quality is often
lacking. All of this means that there is no integrity and uniformity of the entire sewer
network. In addition, construction without maintenance of the sewer system is the
status quo in some cities (Cai and Li n.d.).

In short, if the responsibility for different water streams is given to different
departments, it is more difficult to get a full overview on sewer system dynamics.
The more centralized the administrative structure, the easier it is to organize the
activities efficiently.

2.2.3 Chinese Regulations and Legislation Regarding Sewer Systems

Series of national standards and manuals exist for the construction of sewer systems
(see Table 1).

In addition, planners can fall back on the Design Manual of Water Supply and
Drainage (45 HE7K % 1+ F 1), eight application-specific standards from the Chinese
Association for Engineering Construction Standardization (CECS standards, CECS
137-143 and 145), and the National Architecture Standard Design Atlas (|5 ZX 5
FrAEVBETTEI4E). But the regulation of sewer maintenance is still missing. Since
2014, the regulation on urban drainage and sewage treatment (L HE/K 575 7K A4b
PEZ 1) has been officially valid in China. This regulation stipulates that the opera-

Table 1 Chinese national standards for the construction of sewer systems

English title Chinese title Standard no.
Code of urban wastewater engineering T HEZK TR AR GB50318-2000
planning

Code for design of outdoor wastewater FHMK BRI GB50014-2006
engineering

Technical code of water supply and sewerage | 345 K HEAK B ARG GB50788-2012
of urban areas

Code for earthquake-resistant design of FEHMEIKHAPKAE AT | GB50032-2003
outdoor water supply, sewerage, gas, and TREPUE B

heating engineering
Structural design code for special structures of | 57K HK TR FIMZER | GB 50069-2002

water supply and wastewater engineering B
Structural design code for pipelines of water | 43 /KHE/K TR E 451X | GB50332-2002
supply and wastewater engineering THRE

Code for construction and acceptance of water | 25 7KHE/K & 18 T2k 1. % | GB50268-2008
and sewerage pipeline works USE oS/ N
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tor of sewer networks should maintain the sewer system regularly and ensure its
functionality. The technical specifications for maintenance of sewers, channels, and
pumping stations in cities (A HE /K RS v 4E 5 BOR AR, CIT 68-2007) rec-
ommend regular maintenance, but this is not an enforced clause.

Technical regulations for operation and maintenance of drainage pipes in cities
and towns (WHHPKEEIZIT 545 HARMAEWTLA) are published by the
Department of Housing and Urban and Rural Development of Zhejiang province (
WL EE AN 2 3 13E/T) and only applicable to the management and
maintenance of sewer systems in Zhejiang province. This is one of the first attempts
to provide a legislative framework for maintenance work. Shenzhen, Nanjing,
Lianyungang, and Hebei province have planned and conducted similar work.
Nevertheless, extensive and detailed regulations and manuals regarding sewer main-
tenance are still lacking in China.

2.2.4 Status Quo of Sewer Networks and Maintenance of Sewer Systems

The status quo and maintenance of sewer systems in every single city are very dif-
ferent, depending on the state of development of the city, the economic situation,
and the water-related organization of the city administration.

Along the eastern coastal areas of China, economic development is advanced.
Sewer networks are widespread, and the cities are establishing advanced sewer
management systems. Wuxi in the Tai Hu catchment, for example, has the highest
sewer density in the mainland of China, and the responsible departments are now
focusing on setting up an information management system for sewer operation,
monitoring, and coordination. Data from sewer networks will be collected and inte-
grated in GIS. In this way, public authorities will be able to incorporate information
management of the sewer system and monitor data via mobile terminals online. This
should be a precondition for online remote control of the sewer system. The main-
tenance of Wuxi’s sewer networks has been contracted out to a certified company,
which is required to keep all the visual data on record and use advanced techniques
to maintain the system (Liu 2017).

In Shanghai and Beijing, sewer management practices are also advanced. In
2011, maintenance plans were already detailed and appropriate, and experience
with respect to sewer maintenance was abundant. Big efforts were made in integrat-
ing sewer network data into GIS and model building for the drainage system. Now,
public authorities are not only able to monitor water quantity online but also the
quality needed to support daily maintenance (Li 2011; Kuang 2011).

2.2.5 Political Requirements
In the Chinese “13th Five-Year Plan” for the years 20162020, the following aims

related to sewer systems have been defined in the part “National Urban and
Municipal Infrastructure Construction”:
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e Sponge city construction

The sponge city concept focuses on the city’s internal drainage system and the
exploitation and management of rainwater. These systems not only provide city
drainage and flood protection but also ecological and environmental protection in
urban areas with a variety of engineering measures for rainwater management, such
as low-impact development (LID) and water-sensitive urban planning and design
(Yu 2015).

The 13th Five-Year Plan — which stipulates that 20% of Chinese cities must be
reconstructed to sponge cities by 2020 — aims to adapt the existing sewer systems to
the sponge city concept. In particular, dimensioning and construction of sewer sys-
tems must employ different technical measures because both water quality and
quantity will be changed by the construction works.

Depending on the measures within the catchment area, O&M of sewers will
involve smaller amounts of water, but more sedimentation, as sponge cities will
keep the water within the city.

* Construction of comprehensive urban underground utility tunnels

Comprehensive urban underground utility tunnels will be built to avoid the
necessity to open the surface multiple times for various infrastructures, such as elec-
tricity, communications, radio and television, water supply and drainage, heat, gas,
and other municipal pipelines. By 2020, 30% of new and 2% of old urban areas
should be equipped with comprehensive underground utility tunnels according to
the Chinese 13th Five-Year Plan. In these areas, maintenance will become easier
because inspection and renovation can be done within the tunnel.

e Black and odorous water body governance

“ESUK IR

According to the guideline for urban black and odorous water body governance,
which has been issued by the Ministry of Housing and Urban-Rural Development in
2015, a “black and odorous water body” is defined as a water body with unpleasant
color and/or unpleasant odor within urban areas. Depending on the degree of water
color and its odor, the water bodies should be subdivided into two categories,
namely, “light black and odorous™ and “heavy black and odorous.” The parameters
for the classification of urban black and odorous water bodies include transparency/
turbidity (25-10 cm light black and < 10 cm heavy black and odorous water body),
dissolved oxygen (DO) (0.2-2.0 mg/L light black and < 0.2 mg/L heavy black and
odorous water body), redox potential (ORP) (—200-50 mV light and < —200 mV
heavy black and odorous water body), and ammonia nitrogen (NH;-N) (8.0-15 mg/L
light and > 15 mg/L heavy black and odorous water body).

Black and odorous water bodies should be reduced to less than 10% of all water
bodies in urban areas by 2020. The interfaces between treatment of black and odor-
ous waterbodies and sewer systems are the leakage of sewers and combined sewer
overflows (CSO) or stormwater overflows in separate systems, which are typical
diffuse pollutant sources for water bodies. When sewers are properly maintained,
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the rate of sewer leakage can be controlled down to a low level. The first flush of a
rain event is highly loaded, and its discharge into surface waters through overflows
is one of the most important nutrient sources that cause eutrophication. Therefore,
the first flush should be drained to a treatment plant (Angrill et al. 2017).

» Urban landscapes and ecological restoration (double restoration)

e, EBBEFUE)”

The tasks of “double restoration” have been scheduled and should gradually
repair the disrupted natural ecosystems in urban areas. On the one hand, cities, espe-
cially old city areas, should be rehabilitated to create better living conditions. On the
other hand, the ecological function of surrounding areas of cities should be restored
through the repair of disturbed water bodies, wetlands, vegetation, abandoned land,
and polluted soil. The goal is to repair 40,000 hectares of land area (Ministry of
Housing and Urban-Rural Development of the People’s Republic of China
(MOHURD) 2017). Different from environmental remediation, the “double restora-
tion” targets urban infrastructure and public service to enhance sustainability and
livability. As an important infrastructure, the sewer system is relevant to many envi-
ronmental aspects, for example, water bodies, wetlands, and soil.

e Smart city construction

Smart city construction has been requested from the CPC Central Committee
and the State Council of China (CPC Central Committee and State Council 2014).
The 13th Five-Year Plan formulates a general aim of smart city construction: a regu-
latory platform for municipal infrastructure should be constructed in every
prefecture-level city in China. Smart city construction aims to provide intelligent
urban management and operation and, furthermore, to create a better life and pro-
mote harmonious and sustainable development of cities.

The “Internet of things” (IoT) is the most important instrument to make the smart
city areality. IoT comprises the use of advanced information technologies to acquire
comprehensive data, transfer it through the Internet, and evaluate it and respond
appropriately and automatically. The machine-to-machine communication (M2M)
and intelligent processing and control capabilities are characteristics of IoT (Zanella
et al. 2014). Smart city construction with IoT for sewer management means estab-
lishing sensor systems in sewer networks to obtain the necessary information on
sewer operation, transferring the data through the Internet in real time, as well as
centralizing and securing data analyses. But it also entails managing the data and
achieving the service functions automatically, through online monitoring, location
tracking, alarm linkage, scheduling command, plan management, remote control,
security prevention, remote maintenance, statistical reporting, decision support, and
SO on.
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3 Maintenance Optimization

3.1 Goals of Maintenance Optimization

Overall goals for improving O&M are ensuring the safety and health of the popula-
tion, drainage performance, and protection of the environment and also optimizing
cost-effectiveness. The number of structural and functional failures, the risk of fail-
ing, and, as a result, both repair costs and losses should be reduced. Well-organized
sewer maintenance can assist in balancing the performance, risk, and cost in the
short- and long-term operation of sewer networks. The optimization of sewer main-
tenance should be adapted to specific local circumstances, such as economic frame-
work, environmental situation, climate condition, and local policies. It is advisable
to use SMART criteria, which can guide in the setting of objectives (Steffens 2015).
Using SMART criteria, clear and coherent objectives are set at strategic, tactical,
and operational levels. Each objective should be evaluated according to clear crite-
ria and measured through standardized metrics. The optimization aims of sewer
maintenance should be substantiated as follows:

e S (Specific goals): Concrete goals of sewer maintenance optimization must be
defined based on the local situation. In Germany as in Beijing and Shanghai,
authorities are optimizing their efforts by focusing on online data collection and
automated sewer network control. In contrast, some cities in Western China are
only now completing their networks. Their goals of optimization should be the
maintenance-oriented planning and construction of new sewer networks. In some
cities, where functioning sewer networks already exist, goals can include digita-
lization of operation data, data documentation, and establishing maintenance
strategies and concrete maintenance schedules.

* M (Measurable): Progress of sewer maintenance optimization should be quanti-
fiable. For example, 90% of the urban area should be connected with a well-
designed sewer system, or 100% of the sewer data should be collected and
digitalized, or once a year the sewer system in the cities should be cleaned.

e A (Assignable): The goals of sewer maintenance optimization must be achiev-
able. For instance, in cities where no authority or more than one authority is in
charge of sewer maintenance, a responsible unit should be assigned to obtain
sufficient resources to reach the defined goals.

* R (Relevant): The goals of sewer maintenance optimization should lead to the
final relevant aim — that the sewer system works better and reliably through ade-
quate maintenance. The operation of sewer networks can be improved
continuously.

e T (Time bound): The deadline for reaching the goals should be set; however,
there must be a realistic chance to reach them. Otherwise efforts will be lacking.
The Chinese five-year construction plan, for example, can be a proper reference
timeline because of the political influence and also the financial plan. However
some aims will require other deadlines (either shorter or longer).
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Minimisation of disorder and interruption of operation complementary
competitive
Minimisation of costs due to failure of the system

Maximisation of operational availability

Minimisation of costs for O&M

Minimisation of water pollution

Fig. 8 Possible overall goals for optimization of sewer O&M and their interdependencies.
(Haussmann 1995)

It is not easy to set unambiguous aims for maintenance optimization. But it is
necessary to set tactical, short-/medium-term goals, with a realistic long-term stra-
tegic goal. Otherwise the optimization will not work.

Different objectives have different interdependencies. Some of them promote
each other, but some of them compete against each other. Obviously, reducing costs
competes against all other objectives (Fig. 8). Based on the evaluation of sewer
performance, priorities for measures and investments in sewers must be defined
with respect to the risk and magnitude of failure so that the limited financial capa-
bilities, sewer performance, and risks can be balanced. It is also essential that the
organization’s strategic, tactical, and operational objectives are aligned and system-
atic monitoring and verification are undertaken at each level of authority and opera-
tor consistently.

3.2 Maintenance-Oriented Planning

Future-oriented sewer planning does not only mean dimensioning a sewer system
but also modifying its operation and maintenance to the city’s development and
precipitation changes. In case authorities already integrate maintenance when plan-
ning a sewer system, they make this work more efficient and easier during the sewer
system’s service life. Current trends in sewer maintenance are gradual mechaniza-
tion and automation so that labor intensity can be reduced, working conditions
improved, and operational safety ensured.

When parts of buildings and technical devices are standardized and built with
high quality, the labor intensity of O&M can be reduced and components easily
replaced. If it is possible, planning should ensure that sewers do not have physical
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Fig. 9 Procedure of maintenance optimization. (Haussmann 1995)

barriers at positions that may disturb maintenance. Manual work in sewers and
tanks should be replaced by mechanized and automated solutions so that manual
work can be reduced as far as possible. Another important part of maintenance-
oriented planning is safety: for example, designing escape routes and good ventila-
tion but also avoiding construction that can cause accidents.

3.3 Procedure of Maintenance Optimization

Optimization of sewer maintenance must be adapted to the local situation. It is an
ongoing process that must be repeated frequently to make sure that new develop-
ments, which may influence the sewer system, have been taken into account.
Figure 9 shows the procedure flow chart in general.

The central question of the procedure is whether operation should be improved.
For that to happen, data must be collected during operation and maintenance work.
Evaluation and verification of the collected data are indispensable. If improvements
are necessary, a maintenance and future-oriented plan should be established using
SMART criteria. If it is not necessary to change a maintenance plan, the state of the
system can be evaluated with data collected after each operation, and decisions for
further actions can be made based on the results of the evaluations.
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4 Conclusion

Maintenance of sewer networks ensures that sewer systems operate efficiently and
safely. The targets of sewer maintenance should be formulated according to the
local conditions and restrictions. China is a typical example of a country with a huge
variety of sewer systems with varying conditions and extent of coverage. Making
maintenance preventive and customized will only be successful when reliable infor-
mation and data are available and when the decision-makers understand the politi-
cal, social, environmental, and constructive constraints, set clear and appropriate
targets, and orient their work toward future challenges.
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Implementing Real Time Control
Systems to Minimize Emissions
from the Sewer System

Michael Pabst

Abstract This chapter gives an overview of real-time control (RTC) systems in
sewer systems. The first sections introduce some of the fundamental concepts and
terms of RTC and give a brief overview of German guideline documents on the
design of RTC systems. Subsequent sections then describe a case study in
Hildesheim, where a general global control system is implemented in the sewer
network.

1 Introduction

Real-time control (RTC) systems provide a commercially interesting alternative
compared to conventional structural extensions of sewer networks. It is obvious and
has been demonstrated in numerous cases that RTC allows better utilization of the
existing sewer infrastructure (which constitutes an asset of high monetary value)
and the reduction of pollution discharges. Furthermore, it allows the sewer system
to be better prepared for future changes in flow patterns, including those induced by
climate change. Additional benefits are obtained, such as increased energy effi-
ciency (e.g. through prudent operation of sewage pumps). Further environmental
benefits can be activated by an integrated control of the sewer system and wastewa-
ter treatment plant.

2 Main Principles of Real-Time Control in Sewer Systems

This section introduces some of the fundamental concepts and terms of RTC given
by Schiitze et al. (2004) and DWA (2005) or Schiitze et al. (2008).
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2.1 Definition and Key Terms

An urban wastewater system is controlled in real time if process variables are moni-
tored in the system and, (almost) at the same time, used to operate actuators during
the flow process.

In principle, control of the process can be schematized by means of control loops
(Fig. 1), which may be implemented by hardware components including sensors,
which monitor the process evolution; actuators, which influence the process; con-
trollers, which adjust actuators to achieve minimum deviations of the controlled
process variable from its desired value (set point); and data transmission systems
transmitting data between the different devices.

RTC in urban drainage wastewater systems poses stringent requirements on sen-
sors, such as measurement accuracy and reliability, physical and chemical resis-
tance and suitability for continuous recording and remote transmission.

Main sensors used include:

* Rain gauges such as weighing gauges, tipping buckets and drop counters. Rain
measurement can also be obtained by meteorological radars enabling also short-
term rain forecasts.

e Water level gauges such as floating hydrometers, bubblers, pressure inductive
gauges and sonic gauges. Water level gauges are essential for monitoring the
state of sewer storage or to convert levels to flow rates where backwater effects
are not dominant.

* Flow gauges such as level-flow converters, ultrasound velocity metres or electro-
magnetic metres.

e Quality gauges such as sensors for organic pollution (TOC, readily biodegrad-
able COD), nutrients (total, ammonia and nitrate nitrogen and phosphorus),

Fig. 1 Feedforward control loop (disturbance measurement) and feedback control loop (process
measurement); bold letters indicate hardware components, and italic letters indicate transferred
informations (variables)
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biomass (turbidity, respiration activity or sludge level), toxicity (via respirome-
try), etc. These sensors supply high information value; however, they also require
significant operation and maintenance skills. Simpler but more robust measure-
ment devices, which are often used as surrogates for the actual variable of inter-
est, include sensors for pH, conductivity, redox potential and UV and IR
absorbance. However, considerable efforts are required to create the interpreta-
tion modules that convert the raw sensor output into the required information
(Schiitze et al. 2004).

Actuators in urban wastewater systems include:

e Pumps (axial or screw) with constant or variable speed.

* Gates (sluice, radial or sliding) or throttles which restrict the flow in a sewer or
at the outlet of a detention tank, usually activated by motors and used for generat-
ing in-line storage or for diverting flows into other parts of the system.

* Weirs (transverse, side spill) which can either be static structures (e.g. to reduce
overflow discharges over combined sewer overflows (CSO)) or moveable and
adequately positioned in order to generate storage volume.

* Valves which are used to restrict and direct flows.

e Other actuators, such as movable air-controlled siphons used for storage and
movable flow splitters which separate flow into two or more paths.

e Chemical dosing devices that adjust the conditions in the tanks to achieve a cer-
tain performance, e.g. supply of readily biodegradable COD to enhance denitri-
fication, injection of acid/base to control pH within a biologically acceptable
range, addition of polymer or ballasting particles to enhance settling of biologi-
cal flocs, etc.

e Aeration devices which are an essential and cost-determining part of most of the
wastewater treatment plants. Oxygen is indeed necessary for some of the impor-
tant biological pollutant removal processes, e.g. nitrification. Many different
types exist; currently fine bubble aeration systems are the most cost-effective
(Schiitze et al. 2004).

The control loop defined above is the basic element of any RTC system. In feed-
back loop control, commands are actuated depending on the measured deviation of
the controlled process from the set point. Unless there is a deviation, a feedback
controller is not actuated. A feedforward controller anticipates the immediate future
values of these deviations using a model of the process. Then it activates controls in
advance to avoid the predicted deviations. A feedback/feedforward controller is a
combination of these two types.

A standard controller used for continuously variable actuator settings is the
proportional-integral-derivative (PID) controller and its simplifications (P, PI, PD).
Its signal to the actuator is a function of the difference between the measured vari-
able and the set point.

The parameters in that function must be calibrated unless the controller is
equipped with an auto-tuning function. Calibration is performed through analysis
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of the underlying differential equations or through either real or simulated
experiments.

Two-point or on/off control is the simplest and most frequently applied method
of discrete control. It has only two positions: on/off or open/closed. An example is
the two-point control of a pump to fill a tank: the pump switches on at a low level
and off at a high level. The difference between the two switching levels is called
dead band. Three-point controllers are typically used for actuators such as gates and
movable weirs, etc. In the middle position of the controller, the output signal remains
in its previous state, and in the other positions, it assumes either maximum or mini-
mum, respectively.

Today, digital programmable logic controllers (PLC) control and coordinate all
functions of an outstation (i.e. a monitoring and/or control site in the field). These
include acquisition of measurement data; preprocessing (smoothing, filtering, etc.);
checks for status, function and limits; temporary data storage; calculation of control
action; and receive and report data from and to the central station. In the control room,
a supervisory control and data acquisition system manages all incoming and outgoing
data. Alarms are generated here, and operators monitor and control the processes (e.g.
change of set points). Data transmission systems may be realized by means of leased
or dedicated telephone lines or by wireless communication systems.

RTC systems, in particular those with frequent man-machine interaction, also
must be equipped with user-friendly operator (user) interfaces (Schiitze et al. 2004).

2.2 Control Type

In relation to the degree of automation of the RTC system, the type of control may
be:

e Manual if the actuators are adjusted by operators

e Supervisory if the system actuators are actuated by automatic controllers with
their set points being specified or approved by operators or by a supervising
system

* Automatic if the control is realized in a fully automatic way by a controller,
including in all cases manual override capabilities

With regard to the complexity of a RTC system, the following distinctions are
made in the literature: A system is operated on a local control level if the actuators
are not remotely operated from a control room and if process measurements are
taken directly at the actuator site (Fig. 2 left). Local control may represent a good
solution in the case of one actuator only, but if the system is more complex or if all
actuators must be operated jointly, global control may be more effective. In this
case, sensors communicate their data to actuators located in other parts of the sys-
tem. Alternatively, a central control room receives all the measurement data of local
sensors and centrally operates the actuators in a coordinated way (Schiitze et al.
2004) (Fig. 2 right).
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Fig. 2 Schematic figures of local control (left) and global control (right) for storage tanks in sewer
system. (Pabst 2017)

In the last 20 years, research has focused on integrated control (e.g. Seggelke
2002; Krebs and Rauch 2002; Seggelke et al. 2005; Muschalla et al. 2009). This
control level involves simultaneous and coordinated control of the sewer system and
treatment plant, possibly also of the receiving water body and of wastewater pro-
duction (including forms of source control) (Fig. 3).

This approach allows for the analysis of quantitative and qualitative aspects of
wastewater and for controlling the environmental conditions of the receiving waters
(Schiitze et al. 2002; Rauch and Harremoes 1999; Meirlaen and Vanrolleghem
2002; Meirlaen et al. 2002). This opens up significant additional potential for con-
trolling and improving the performance of wastewater systems. It has been shown
in studies (e.g. Seggelke et al. 2005) that many examples of wastewater systems do
indeed have control potential when applying integrated control, even in cases where
neither local nor global control scenarios appear to increase the performance of the
wastewater system. Practical examples of control which take into account some of
these concepts include Quebec (Pleau et al. 2001, 2005) but also Brohltal (Hilmer
2008) and Wilhelmshaven (Seggelke et al. 2013).

2.3 Control Objectives, Fundamental Strategies and Control
Algorithms

When formulating objectives of control or, in general, defining performance indica-
tors for sewer systems, usually auxiliary criteria such as overflow volumes or fre-
quencies are used. Additional objectives could include, e.g. avoidance of flooding
and the equalization of peak discharges to the treatment plant or the reduction of
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Fig. 3 Schematic figure of integrated control. (Pabst 2017)

sewer sediments by deliberate flushing. In practical applications, the reduction of
costs also constitutes an important objective, if not the driving one, of RTC imple-
mentations. Control aims at improving the performance of the system, by using
essentially the existing infrastructure (or, at least, trying to avoid large investments
for static extensions of the system in order to meet the demands) in a sophisticated
way. For some case studies, RTC contributed to significant cost savings (Schiitze
et al. 2004).

In most case studies, control algorithms must be designed specifically for the
given drainage system. Recent research has been oriented toward general proce-
dures (e.g. Pabst et al. 2011; Pabst 2017; Dirckx et al. 2014; Marcantini et al. 2016);
however, these sources include one or several of the following fundamental
strategies:

e Uniform utilization of storage capacities within the system.

* Discharges should be allowed only when all storage is utilized.

» Preferred usage of storage volume for heavily polluted wastewaters.
* Avoiding sedimentation.

» Equalization of inflows to the wastewater treatment plant.

* Consideration of current status of the wastewater treatment plant.

There are two main ways for developing and expressing control algorithms for
RTC of urban drainage systems: control algorithms can be developed “offline” and
expressed either as set of if-then rules, decision matrices or multivariate controllers
(Fig. 4). Here, a set of rules (or of controller parameters) is developed by iteratively
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Fig. 4 Development of RTC algorithms by offline development. (DWA 2005, adapted)

Fig. 5 Development of RTC algorithms by online optimization. (DWA 2005, adapted)

running a simulation model for a predefined control algorithm and, depending on
the evaluation of such simulation runs, altering it until satisfactory behaviour of the
control algorithm has been achieved in the simulation study. Then the developed
algorithm is implemented in the control system (Schiitze et al. 2008).

An alternative approach, illustrated in Fig. 5, to determine a control procedure
consists in setting up an online simulation model, which, at every control time step
(e.g. 5 min), evaluates the impacts of a number of potential control actions and then
actually applies the most beneficial action as determined in the evaluation procedure
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(model-based predictive control). For determining the best possible control action,
optimization routines can be applied as well (online optimization). Depending on
the complexity of the model used, calculation time can be a critical issue, since a
potentially large number of different control actions and their impacts on the waste-
water system must be evaluated within a fairly short time (Schiitze et al. 2008).

3 German Guideline Documents

The working group “Integral Real-Time Control” of the German Water Association
(DWA) has prepared a guideline document on planning of RTC systems for urban
drainage catchments (DWA 2005). These guidelines will assist consultant engi-
neers, wastewater system operators and authorities in estimating the RTC potential
for their system and in planning and developing RTC systems in a structured man-
ner. This section gives a short overview of the guidelines and some current results
of the working group. For detailed information, see DWA (2005), Schiitze et al.
(2008), Beeneken et al. (2013) and Schiitze et al. (2017).

In order to facilitate the development of control systems, the working group pro-
poses a stepwise approach to the evaluation of the control potential for a given site
(see Fig. 6).

The first step is a preliminary ad hoc assessment of the drainage system. The
PASST program (RTC planning aid) of the DWA helps network operators carry out
a simple assessment and evaluation of the potential for RTC in their drainage sys-
tems. The second step involves a simulation study on a coarse system model. At this
stage, various types of control can be assessed with respect to complexity and suit-
ability for a given drainage network and technological and monetary boundary
conditions.

A very useful check on the RTC potential (in terms of reduction of overflow
volume) is given by the central basin approach suggested by Einfalt and St6lting
(2002). By conceptually removing all throttle flow limitations and accumulating all
storage volume in the system at one location (the “central basin”), this approach, by
a single additional simulation run, provides an upper boundary (theoretical opti-
mum) of the reduction of overflow volume achievable by control.

If the evaluation of various scenarios has resulted in RTC being the preferred
option, the next step will consist of detailed planning of the control system
(Schiitze et al. 2008).

Whilst RTC of urban drainage system has proven to be beneficial in many cases,
at this time, a comprehensive example does not exist. The working group is cur-
rently developing a manual, illustrating in detail the assessment of RTC potential on
the Astlingen example, which serves as a benchmark example for the set-up and
evaluation of RTC strategies (Schiitze et al. 2017).Other guideline documents for
RTC systems are found in Italy (Campisano and Sanfilippo 2011) and in the UK
(Kellagher and Osborne 2013).
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Fig. 6 Flow chart of RTC planning procedure. (DWA 2005, adapted)
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4 Case Study from Germany: City of Hildesheim

Despite the bundle of benefits provided by RTC, it still does not seem to be applied
widely in practice. One reason for this is the fact that, so far, the development of
control strategies, in particular for complex sewer networks, is a time-consuming
and thus costly task.

The vast majority of RTC control algorithms applied in practice are individual
solutions which cannot be transferred to other sewer systems. No tool for the simpli-
fied creation, realization and implementation of a RTC system has been available
recently on the market.

This was the idea behind the ADESBA project and the ADESBA RTC system
box. The objective of this project, which was funded by the German Ministry of
Economics and Technology, was to facilitate the implementation of a preassembled
control algorithm within a physically preassembled control box in order to simplify
the implementation of RTC systems, making it faster and more easily manageable.

The general control algorithm, developed at ifak Magdeburg, has been imple-
mented in standard process controllers with the hardware subsequently tested by
SEGNO Automation Company in Bremen. The Institute of Sanitary Engineering
and Waste Management (ISAH) of Leibniz University of Hannover has confirmed
the validity of the algorithm by additional simulation studies and has implemented
this type of RTC system into practice in the city of Hildesheim in cooperation with
SEGNO (Pabst et al. 2011; Pabst 2017).

4.1 Control System Design and Control Algorithm

The general-purpose control algorithm is the key step in the development of the
ADESBA RTC system box and is described in greater detail by Alex et al. (2008)
and Schiitze et al. (2005). The development and implementation of this general-
purpose control system algorithm makes possible a preassembled, configurable
control system based on a small number of securely predefined input parameters.

The basic idea behind the ADESBA control system is the coordination of com-
bined wastewater flows in the various branches of the system in order to ensure
uniform utilization of storage capacities of the entire sewer system. The control
system elements are the throttle valves of the storage facilities and of the other over-
flow structures of the sewer system. The overall objective is the reduction of CSO
discharges.

The SIMBA simulation software (Schiitze et al. 2017b) was used to develop, test
and refine the underlying control algorithm. The interface between the mapping of
features in the simulation model and their actual implementation in the PLC was
facilitated by a SIMBA block, permitting the description of automation functions in
the structured text language (IEC 61131-3 Standard). This enables control algo-
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rithms developed and tested on the basis of simulation to be implemented in PLCs
rapidly and with minimal error.

Furthermore, the concept of a general-purpose control algorithm enables the pos-
sibility of a modular design principle. That means that the key elements of the sewer
system are considered in a modular fashion, implying that identical control boxes
can be installed in other locations (Pabst et al. 2011).

4.2 Catchment Area of Hildesheim

The city of Hildesheim is situated in northern Germany (Fig. 7). Hildesheim’s sewer
system, serving a population of 103,000, is partly a combined sewer system and
partly a separate sewer system. Overall storage volume amounts to 16,061 m?, cor-
responding to a specific storage volume of 26 m*/Ajypervious-

The attached WWTP is designed for a population equivalent of 240,000. The
annual average rainfall amounts to 580 mm. The combined sewer system consists of
ten hydraulically separate sub-catchments with nine stormwater overflow tanks and
one stormwater overflow. Compared to the total storage volume, Tank 4
(Schiitzenallee) stands out with its 3822 m? capacity and its attached impervious
catchment area of 140 hectares. Except for the Bergmiihlenstrasse tank and the
GrofBle Venedig stormwater overflow, data on water levels in all tanks (in the tank
and at the stormwater overflows) and on flow quantities upstream of the throttle are
available online at a temporal resolution of 1 min. Figure 8 illustrates the system

Fig. 7 Case study in the city of Hildesheim, Germany
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Fig. 8 System schematic of Hildesheim sewer network. (Pabst 2017, adapted)

layout. At present, four of the ten storage tanks have been selected for control. Their
outflows are controlled dynamically to minimize the total overflow volume.

4.3 Simulation Study and Proof of Pollution Reduction

Since 2007, the Hildesheim urban drainage department has implemented a stepwise
optimization of the throttle settings. The first and second step is static optimization.
In a further step in 2010, with the implementation of the RTC system, the dynamic
control of the stormwater overflow tanks was further optimized. For this purpose,
first of all, a hydrological sewer network model was set up in SIMBA, thus allowing
the simulation and analysis of the control algorithms in a flexible manner. To ensure
that the wastewater is properly discharged from the catchment by new (higher)
throttle settings, a hydrodynamic simulation of the sewer network was performed
using the hydrodynamic SWMM block in SIMBA. The model was calibrated and
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Fig. 9 Results from verification at the inflow of WWTP of Hildesheim. (Pabst 2017)

verified; Fig. 9 presents a comparison between simulated and measured wastewater
treatment plant inflows for influent flow and COD concentration.

After calibration, the described general control algorithm was implemented,
tested and optimized in the simulation model. Next, multiple case studies and rain-
fall scenarios were analysed and performed (Pabst 2017).

Figure 10 shows the results from a simple case study with three controlled tanks
(tank 0, tank 4 and tank 6 of the sewer system in Hildesheim). The dotted lines rep-
resent static simulation results; the solid lines show the results using the control
algorithm. Analysing the maximum utilization of the stormwater tank capacity in
the treatment plant (tank 0), the basic principle of uniform utilization of storage
capacities becomes clear. It increases from below 40% in the case of stationary
throttle settings to 90% in the case of RTC system control (bottom figure).

The results of all simulations and case studies show a considerable reduction in
the quantities of CSO when using the RTC system. Confirmation of this basic suit-
ability of the control algorithm is given in Figs. 11 and 12 in the form of a long-term
simulation (28.2 years) and the proof of pollutant load reduction for each imple-
mentation step.

The long-term simulation for verifying the load reduction showed a considerable
reduction in stormwater discharges (32%) compared to the basic stationary state.
Compared to the maximum control potential based on the central basin approach
(DWA 2005), the degree of ADESBA control system efficiency, assuming uniform
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Fig. 10 Simulation results from a simple case study with three controlled tanks (Pabst 2017)
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Fig. 13 Schematic figure of ranges for parameter setting of throttle flows. (Pabst 2017)

distribution of rainfall, amounts to 82% and 92% relative to the amount discharged for
RTC of eight tanks and four tanks, respectively. Simulation studies with non-uniform
rainfall show that the real control potential of ADESBA is even higher. Additional
optimization potential (e.g. by boundary conditions of very sensitive-receiving waters)
emerges from the possibility of prioritizing the various tanks, especially with the aim
of minimizing the pollutant load of CSO. For this and for stepwise implementation,
the parameter setting of the general control algorithm is variable within the boundar-
ies in Fig. 13 (Pabst 2017; Pabst et al. 2011).

4.4 Implementation of the ADESBA RTC Module
at Hildesheim

According to the basic concept of a preassembled control system, the following
aspects were realized through development of the ADESBA RTC system box
(hardware):

* Full adaptability to standard technologies (hardware and software components)

* Possibility of application as a local control unit in stand-alone mode as well as
within a global RTC system

* Possibility of decentralized (on the structures) and centralized application (con-
trol room)

e Data storage and data management

* Possibility of visualization and parameterization from control room

e Utility as an engineering tool for testing and initial operation

For the catchment area of Hildesheim, Siemens products were used for
PLC. Moreover, a test of the RTC module performed during the project showed that
it can be completely adapted to standard, commercially available programmable
logic controllers.

At Hildesheim, numerous structures are installed underground, so that in this
case, GPRS could not be used as the communication medium. In collaboration with
the municipality of Hildesheim, SEGNO has instead used a DSL (broadband
Internet) network. The result was that, in the case of Hildesheim, network control
was additionally centralized since the cables to the treatment plant’s central PLC
were already available.
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In addition to having control and communication tasks, the RTC system box
can — and should — also be responsible for data storage and data management in the
sewer network. For the purpose of displaying, inputting or outputting data on the
spot, the box has been designed to allow the data to be captured via an OPC inter-
face to a visualization system (InTouch made by Wonderware). An additional inter-
face was created for the purpose of configuring the module from the visualization
system directly. In this form, even after system commissioning, the operator has
been provided with a tool that facilitates adjustments to the parameter settings. This
enables the module’s control behaviour to be directly influenced, whilst operating
convenience is enhanced (see Fig. 14).

Moreover, an engineering tool that supports the operation of the ADESBA box
with historical data has been developed (Fig. 15).

Thus, it has been successfully verified that the behaviour of the physical ADESBA
control box is identical to that of the model blocks. This simplifies the actual real-
ization of the control box and verification management of the linked control system
considerably.

Project execution covered not only development but also the testing of the RTC
system box — i.e. ensuring intercommunication between all the modules involved
and their interfaces. Another question of considerable importance to sewage system
operators is how the quality of the ADESBA RTC system box can be demonstrated
and proven. A fundamental problem when testing any RTC system for sewer sys-
tems is the non-reproducibility of rainfall events. That means control behaviour of

Fig. 14 Schematic structure of the ADESBA RTC system box. (Peikert et al. 2010, adapted by
Pabst 2017)
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Fig. 15 Engineering tool — test set-up with historical data. (Peikert et al. 2010, adapted by Pabst
2017)

Fig. 16 Scheme of the “tools” simulation and ADESBA control system. (Pabst 2017)

control systems cannot be accurately assessed solely on the basis of simulation
studies — the developed engineering tool compares data on actual events with data
on controlled events, thus permitting an assessment of ADESBA’s control behav-
iour. In its “control centre”, the test set-up provides for a PC with an interface for
processing historical data, an (OPC) interface to the various PLCs, a visualization
system and an evaluation database. Furthermore, it is possible to match the results
produced by the ADESBA box with those of the simulation in SIMBA. Especially
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Fig. 17 Results of comparison ADESBA engineering tool — simulation model throttle flow (top),
tank capacity and overflow (bottom). (Pabst 2017)

when the purpose is verification, this ensures a considerable improvement in the
presentation of control system behaviour. Figure 16 shows a scheme of the “tools”
simulation and ADESBA control system. Figure 17 presents this matching opera-
tion for the results of simulation with the SIMBA model and the engineering tool in
the city of Hildesheim (Pabst et al. 2011).

Currently, the control system is being implemented in the Hildesheim sewer net-
work. The switchover from the test system to actual deployment of the ADESBA
control system highlights a further advantage of utilizing the preassembled module.
In the validation phase, the prefabricated interfaces and the high degree of compat-
ibility enabled the control system module to be used first as an engineering tool for
the development of a RTC system and to support the verification process, before
being integrated into the system.
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With the possibility to set the minimum and maximum throttle discharge, the
operator can, gradually and in a controlled fashion, switch over from a conservative
throttle control system employing stationary values to the complete dynamical RTC
set-up. The gradual implementation of a dynamic sewer network RTC system of
increasing complexity is thus considerably simplified and rendered more practicable
(Pabst et al. 2011).

5 Conclusions

RTC, in the context of urban drainage engineering, denotes actively influencing the
flows in the sewer system by dynamically varying controllable devices such as
gates, movable weirs and pumps, depending on the current state of the drainage
system. Such active control allows better utilization of the existing sewer infrastruc-
ture (which represents an asset of high monetary value) and the reduction of pollu-
tion discharges.

A common misconception is that RTC is necessarily complex — often it is associ-
ated with rainfall prediction using radar techniques, complex remote sensing, data
transmission demands, etc.

However, the described case study in the city of Hildesheim shows that incorpo-
rating even simpler forms of RTC, such as relying only on water level and flow
information, can lead to improved system performance.

The ADESBA module is a preassembled RTC system box designed for control-
ling discharges in sewage systems. It was developed with the aim of considerably
simplifying the sewage network RTC system and making it more manageable, thus
helping to widen its utilization.
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Wetland Ecological Restoration Using
Near-Natural Method

Chun Ye and Chun-Hua Li

Abstract Wetland restoration efforts are increasing due to loss and degradation of
many natural wetlands. Eco-cities’ harmony with nature is considered an essential
goal for sustainable development worldwide. Among different methods for wetland
restoration, the ‘near-natural’ method of ecological restoration has been widely
proven to be an effective and practical method for eco-city construction. The
development history of the near-natural method is here reviewed, and the nature and
properties of the near-natural method are summarized. The differences between the
near-natural method and constructed wetland method are analysed, while the
phenomena and origin of pseudo-ecological engineering are presented. Finally,
Zhushanhu wetland ecological restoration is used as an example to illustrate the
design process of the near-natural method, and the ecological restoration results
have shown that this method is more effective, sustainable and longer lasting than
other methods and thus a practical prospect.

Keywords Near-natural - Ecological restoration - Wetland - Buffer zone of lake -
Pseudo-ecological engineering

1 Introduction

In 2008, for the first time in human history, half of the world’s population resided in
cities. In addition, with concerns about issues such as climate change, energy supply
and environmental health receiving increasing political attention, interest in the
sustainable development of our future cities has grown dramatically (Hgjer et al.
2011). Making existing cities and new urban developments more ecologically sound
and liveable is an urgent priority in the global push for sustainability (Kenworthy
2006). Eco-cities are considered to be important features in future planning.
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An eco-city is a city with a rational structure, an efficient function and a harmonious
relationship with the environment.

Wetlands are important resources, providing valuable ecosystem services,
including water purification, flood regulation, storm protection, biodiversity islands
and corridors, climate regulation (carbon sequestration), human relaxation and
nature observation or education. However, natural wetlands have suffered great loss
and degradation due to wetland reclamation throughout history, in addition to more
recent increases in water pollution, overuse of biotic resources and invasive
speciation. According to a TEEB (The Economics of Ecosystems and Biodiversity)
study, the world lost half of its wetlands in the twentieth century alone; wetlands
were reduced from 25 million km? to the current 12.8 million km?. Humans started
to pay more attention to the protection and restoration of wetlands as the importance
of wetlands became clearer. An increasing amount of engineering projects have
been conducted on wetlands around the world.

Among different methods for wetland restoration, the ‘near-natural’ method of
ecological restoration has been widely proven to be an effective method of eco-city
construction in practice. In 1713, a German named Carlowitz first raised the concept
of ‘near-natural forestry’ in his proposal for sustainable utilization. The near-natural
method is based on the concepts of potential natural vegetation and succession
theory in vegetation ecology (Miyawaki 1998; Wang et al. 2002). In 1938, Seifert
raised the concept of ‘near-natural river construction’, which included the concept
of near-natural torrent control, characterized by higher biodiversity, density and
productivity. Additionally, according to the concept of ‘ecological engineering’,
first proposed by H.T. Odum in 1962, the near-natural method is a fundamental
idea. The definition of ecological engineering is ‘environmental manipulation by
man using small amounts of supplementary energy to control systems in which the
main energy drives are coming from natural sources’ (Mitsch 1994, 2003; Odum
2003).

In China, many practices have demonstrated the near-natural method. For exam-
ple, Da and Guo (2014) proposed the use of the near-natural method to construct an
urban ecosystem in the city of Shanghai and introduced a theory and methodology
for the creation of near-natural forests and near-natural water systems. All the cases
have demonstrated that restoration using the near-natural method can be more effec-
tive, longer lasting, and economical compared to existing methods and that this
method is now worthy of being promoted as a means of constructing environments
for human settlement (Da and Guo 2014).

However, some pseudo-ecological engineering has been occasionally put into
practice, with negative results such as introduction of alien species and excessive
sediment dredging. Therefore, it is necessary to clarify the nature of positive wetland
ecological restoration, based on sound ecological principles.
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2  Why Not Pure-Natural?

Some may wonder why we do not use a pure-natural method. Odum noted in his
book (Fundamentals of Ecology 1971) that a purely natural environment is not
currently suitable for human beings, since no organism’s population is allowed to
increase beyond a natural balance, according to natural laws. To find a harmonious
coexistence between human beings and nature, the concept of ‘near nature’ is put
forward. Furthermore, a pure-natural self-recovering process tends to be slow.
Usually, ecological engineering can help recover the degraded environment by
saving as much as 15-20 years compared to self-recovery using pure-natural power.

3 Differences with Constructed Wetland

Constructed wetlands have been used widely to purify polluted water. However,
there are many differences between the constructed wetland method and wetland
ecological restoration with the near-natural method. A constructed wetland is an
artificial wetland created for the purpose of treating municipal or industrial
wastewater, grey water or storm water runoff. It may also be created for land
reclamation after mining, refining or other industrial activities that require mitigation
due to loss of natural areas as a result of development (Hoffmann et al. 2011).
Wetland ecological restoration with the near-natural method has the following
properties: (1) follows the laws of nature and ecology, (2) restores vegetation and
hydrological conditions with respect to a healthy natural wetland in a similar
environment, (3) allows some temporary artificial measures, (4) supports these
artificial measures with sufficient scientific proof, (5) prioritizes the importance of
the relationships and balance among different organisms in the wetlands and (6)
aims for the ultimate goal of self-sustainability.

The differences between the constructed wetland method and the near-natural
method are summarized in Table 1.

Table 1 Differences between constructed wetland method and near-natural method

Constructed wetland

method Near-natural method
Strength of artificial | Artificial wetland Relatively fewer artificial measures or
measures or facilities facilities are adopted; stimulates its self-
purification ability
Persistence of Most of these artificial | The artificial measures are temporary. As
artificial measures measures are permanent | wetland ecosystems are restored, these
measures will be taken away gradually
Maintenance strength | Regular maintenance The ultimate goal is to achieve
and management are self-sustainability

required
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4 Pseudo-Ecological Engineering

Ecological restoration work is in full swing now, especially in China, with numer-
ous wetland ecological restoration projects being conducted simultaneously. One
adverse consequence of this increased activity is that some projects were not
thoroughly analysed before implementation; thus, some defects and deficiencies
began to be exposed gradually after the completion of these projects.

In recent years, the term ‘pseudo-ecological engineering’ has been put forward
to describe and criticize ecological engineering projects that lack sufficient scientific
basis. The fallacy of pseudo-ecological engineering is mainly reflected in the
misunderstanding of ecological engineering concepts and resulting deviation in
practice. Here are summarized several of the more common features of pseudo-
ecological engineering.

4.1 Coarse and Simple Repetition

Since there was not enough time to analyse each project carefully, some projects
were designed to simply imitate the demonstration projects. Some project designers
forgot that ‘there is no cookbook available for ecological engineering design’. In
fact, each setting for ecological engineering design has a unique history and set of
interactions. Simple and coarse imitations deviate from the nature of ecological
engineering.

4.2 Against the Brachistochrone Curve

In mathematics and physics, a brachistochrone curve, or curve of fastest descent,
lies on a plane between point A and a lower point B, where B is not directly below
A, on which a bead slides frictionlessly under the influence of a uniform gravitational
field to a given end point in the shortest time (Hazewinkel 2001). In other words,
from one point to another, a straight line is the shortest path, namely, a distance, but
the arc of a circle requires the least time to reach the destination when gravity effects
are included. Figure 1 shows an example of the brachistochrone curve.

The shape and nature of brachistochrone curves may be used to gain insight into
several aspects of the process of wetland ecological restoration, such as reforming
basal morphology, water quality improvement, plant restoration and restoration of
aquatic animals. However, these steps cannot be conducted at the same time and
must be followed in a certain order to achieve the desired restoration effect.

During the process of wetland ecological restoration, the shortest path is to take
all restoration measures at the same time. However, if the shortest path is chosen,
the maxim ‘haste makes waste’ will likely hold true. For example, plant restoration
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Fig. 1 Brachistochrone curve (the figure from left to right represents three moments: initial, inter-
mediate and end state; the middle curve in the triangle is a brachistochrone curve)

should not be implemented before properly reforming basal morphology; otherwise,
plants cannot support themselves stably. After years of practice, the ‘brachistochrone
curve’ could be adapted to the following actions step by step, namely, reforming
basal morphology, water quality improvement, plant restoration and biomass and
species management based on food webs.

4.3 Dike Construction

Many dikes were built surrounding wetlands for the purpose of flood prevention or
landscaping during the past decades. However, dikes occupied the same areas as
aquatic macrophytes, which led to a massive decrease in aquatic macrophytes and
aquatic animal habitats and resulted in lower biodiversity.

In this respect, many studies have shown that natural barriers (e.g. marsh vegeta-
tion) cause less damage than dikes. However, natural barriers are not as effective in
coping with extreme hydraulic changes. Therefore, it is critical to find a win-win
strategy for both flood prevention and ecological improvement, for example, to
build a dike outside of wetland vegetation.

4.4 Excessive Sediment Dredging

Sediment dredging is the main technique for cleaning out endogenous pollution.
Dredging depth, mode, equipment and the treatment of sediment must be
scientifically analysed to protect the aquatic ecosystem. However, improper
sediment dredging is routinely performed by local governments every year, resulting
in a substantial loss of benthos in the sediment. The loss of benthonic organisms
will lead to imbalances in wetland ecosystems.
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4.5 Unscientific Plant Selection

Unscientific plant selection is characterized by the introduction of alien species and
the use of single indigenous species, i.e. monoculture. With increased globalization,
biological invasion of exotic species is a threat that ecologists and natural resource
managers must cope with. In wetland ecosystems, the best example in China is
Eichhornia crassipes, introduced deliberately from South America during the
1950s. As the fastest-growing aquatic plant in the world, the growth area of E.
crassipes can be doubled once every 6 days, and within 8 months, it can produce
600 thousand strains. As an exotic species, E. crassipes has no natural enemies in
China, which makes it in theory capable of unlimited growth. The Chinese
government has prioritized reducing the spread of E. crassipes and has spent a lot of
their efforts. In other cases, although no alien species were used in certain wetland
restoration projects, the species mix was too simple to form a stable biocoenosis
with low biodiversity. At the same time, low biodiversity also affects the landscape
and aesthetic functions of wetlands.

5 A Case Study on Wetland Restoration Using the Near-
Natural Method

To explain the restoration process and principles of the near-natural method, the
Zhushanhu wetland restoration project is used as an example. This wetland is
located in Yixing City of Jiangsu province, China (Fig. 2), within the buffer zone of
Taihu (Tai Lake), with a total area of 0.3 km? and water surface of 0.06 km?. The
Zhushanhu wetland has an irregular strip shape with a length of 1.8 km and an
average width of 105 m (Fig. 3). Zhushanhu wetland has a small catchment: about
0.89 km?. This wetland is surrounded by grassland and woodland; its southeast side
is close to the dike of Taihu; its northwest side is a highway. There are some
farmlands adjacent to the highway whose runoff has been collected through ditches
to the treatment ponds and then enters into a river flowing into Taihu. Therefore, the
outer pollution load from its catchment derives mainly from the storm water runoff.
During the ecological restoration process, no significant difference on storm water
runoff in its catchment was observed.

5.1 Ecological Restoration Objectives of the Zhushanhu
Wetland

The Zhushanhu wetland was once a swamp, containing sediment dredged from
Taihu and some waste construction materials (Fig. 4). The objectives of its ecological
restoration included the following: (1) improvement of water quality, (2) restoration
of aquatic organisms and (3) landscape and leisure.



Wetland Ecological Restoration Using Near-Natural Method 163

Fig. 2 Location of the Zhushanhu wetland

Fig. 3 The shape of the Zhushanhu wetland (red points are water sampling sites)

5.2 Design Principles
5.2.1 Design Restoration Steps Based on Brachistochrone Curve

The principles of the brachistochrone curve were applied to the ecological restora-
tion of wetlands. Copying all the principles of the target wetland directly seems
straightforward, but it is not actually a scientific method. The ecological restoration
of wetlands should be based on the development characteristics of wetland ecosys-
tems. Three steps were set up as follows: the first was reforming basal morphology,
the second was plant species selection and configuration and the third was biomass
and species management based on food webs.
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Fig. 4 The state of the Zhushanhu wetland before ecological restoration
5.2.2  Self-Organization Principle

Self-organization is a process where some form of overall order arises from local
interactions between parts of an initially disordered system. The process is
spontaneous and does not require control by any external agent. It is often triggered
by random fluctuations and amplified by positive feedback. Self-organization has
proven useful in biology, from the molecular to ecosystem level (Witzany 2014).

During the Zhushanhu wetland restoration, some of the aquatic animals, such as
fish and benthonic animals, were introduced when setting the foundation with the
dredged sediment from Taihu. Therefore, additional aquatic animals were not
introduced during the first year of ecological restoration. After a 1-year period of
self-organization, the food webs would be tested and biomass and species
management conducted.

5.2.3 Design Principle of Ecological Landscapes

In many ways, the environmental crisis is an urban design crisis, since several envi-
ronmental problems have arisen from urban design problems (Van Der Ryn and
Cowan 1996). Urban design can have profound impacts upon the environment in
many different ways (Cadenasso and Pickett 2008). Unfortunately, in many past
approaches, environmental effects were ignored during the urban design stage.
Urban design has not been taught in the context of its ecological impact, and as a
result many practices in the urban design field have been undertaken using
unsustainable design principles (Celik 2013).

Ecologically designed landscapes are those which use both ecological processes
and human values as form-giving elements. According to Celik (2013), ecological
landscape designs fall into four categories: (1) preservation of existing, functioning
ecological systems, (2) enhancement or re-establishment of degraded ecological
systems, (3) intensification of ecological processes to mitigate potential or existing
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ecological degradation, and (4) environmental interventions which reduce
nonrenewable resource consumption (Mozingo 1997).

Van Der Ryn and Cowan (1996) have noted principles of ecological design in
Table 2. Taken together, these five principles provide a strong framework for the
integration of ecology and design.

5.3 Engineering Practice with the Near-Natural Method

The engineering practice of Zhushanhu wetland included three steps, namely,
reforming basal morphology, plant species selection and configuration and biomass
and species management based on the food webs.

5.3.1 Basal Morphology Reforming

To identify a suitable basal morphology, five types of basement structures (Fig. 4)
were tested for their effects on nutrient removal efficiencies under simulated
laboratory conditions. The results show that basal morphology has significant
influences on water flow, particle sedimentation, effective retention time of
pollutants and pollutant transition pathway, among other variables (Kong 2015).
Different wetland basal morphologies result in differences in the specific surface
area of the sediment-water interface, consequently affecting the attachment space of
basal biofilm and exchange degree of sediment and water, eventually affecting
purification efficiency and availability of nutrients in wetland systems. In addition,
the substrate morphology also affects the strength of the light distribution through
the substrate, thereby affecting the development and growth of aquatic plants, and
thus making the nutrient removal efficiencies of wetland systems highly variable.
The total nitrogen removal rates of the five different basements above were, in order,
28.8%, 25.2%, 27.1%, 31.2% and 35.2%. The optimal structure was the multiple

Table 2 Principles of ecological design

Principles Summary of implication for landscape design

Solutions grow from Ecological design grows from an intimate, detailed knowledge of
places places and their nuances

Make nature visible Make sure natural cycles and processes are visible to bring the

designed environment back to life

Design with nature Nature’s living processes offer opportunities to design using natural
cycles, natural waste and regeneration as part of the total design

Ecological accounting | By tracing the environmental impacts of a design, we can discover the
informs design more ecologically sound options

Everyone is a designer | Listen to every voice in the design process
Van Der Ryn and Cowan (1996)
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Type A Type B

Type C Type D

Type E

Fig. 5 Five types of basement structures

up-down style (Type E in Fig. 5). Therefore, wetland basal morphology was
reformed in the multiple up-down style.

5.3.2 Plant Species Selection and Configuration

Based on the literature reviews and field surveys, a total of 5 vegetation groups, 11
vegetation types and 78 kinds of formations were identified in the local wetlands.
Among them, a total of 35 plant species were selected based on their effects on
pollution removal and landscape function.

Two kinds of plant configurations were used in the Zhushanhu wetland restora-
tion process (Fig. 6). Type I was designed to prevent soil erosion and increase land-
scape effects. From terrestrial area to water area, the distribution of plants was as
follows: Metasequoia, boxwood, Canna, Typha angustifolia community,
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Fig. 6 Plant configurations used in Zhushanhu wetland

Nymphoides peltata community and Vallisneria natans community. Type II was
used to remove runoff pollution efficiently. Its plant distribution from terrestrial to
water area in order was weeping willow, privet, Thalia, reed community, water lily
community and Hydrilla verticillata community.

5.3.3 Biomass and Species Management Based on Food Webs

Biomass and species management was not conducted until at least 1 year after veg-
etation restoration. Since sediment was taken directly from Taihu and added to
reform the basal morphology of Zhushanhu wetland, some benthonic organisms
and fish were also introduced into the Zhushanhu wetland at the same time. No
additional fish or benthonic organisms were added by humans.
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Fig. 7 Biomass and species management process of Zhushanhu wetland

The EWE (Ecopath with Ecosim) model was used to evaluate the optimal biomass
of plants, plankton, benthos, shrimp, crabs, molluscs and fish in the Zhushanhu wet-
land. According to the EWE model results, the following biomass adjustments were
recommended: (1) to harvest submergent plants and emergent plants by 40% and
30%, respectively, (2) to increase the biomass of filter feeders, Cyprinidae fish and
omnivorous fish to 1.5 times the current status, (3) to increase the fish biodiversity
and (4) to reduce the biomass of shrimp and crabs by 50%. Figure 7 shows the pic-
tures on biomass and species management actions for Zhushanhu wetland.

5.4 Ecological Restoration Effect
5.4.1 Water Quality

Water samples were collected at a depth of 0.5 m and evaluated according to the
National Surface Water Environmental Quality Standard (GB3838-2002). Water
samples were collected three times: before ecological restoration, during the resto-
ration period and after ecological restoration. The parameters were measured as
follows: total phosphorus (TP) using the ammonium molybdate spectrophotometric
method and total nitrogen (TN) via the alkaline potassium persulphate digestion-
UV spectrophotometric method.

In general, water quality improved from below Class V to Class II based on the
National Surface Water Environmental Quality Standard (GB3838-2002) (Fig. 8).
TN and TP concentrations were greatly decreased. For example, the concentration
of TN in the north section of the Zhushanhu wetland decreased from an average
level of 3.32 mg/L before ecological restoration to 1.36 mg/L during ecological res-
toration and then decreased to approximately 0.92 mg/L after ecological restoration.
TN concentrations decreased by 72.3% and 58.9% in the north section and south
section, respectively. TP concentrations decreased by 49.6% and 60.7% in the north
section and south section, respectively.
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Fig. 8 The concentration changes of TN and TP in different ecological restoration periods

5.4.2 Plant Biodiversity

Three plant surveys were conducted during the same season each year, namely,
before ecological restoration, during the restoration period and after ecological
restoration. The quadrate method and line intercept method were adopted to survey
plants in the Zhushanhu wetland. Plant biodiversity was expressed using the
Margalef richness index.

Wetland plant diversity increased significantly; Margalef richness index increased
from 1.20 in 2012 to 3.47 in 2014 and to 4.59 in 2015 for the north section and
increased from 0.8 in 2012 to 2.17 in 2014 and to 3.75 in 2015 for the south section
of the Zhushanhu wetland (Fig. 9).
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Fig. 9 The change in Margalef richness index in different ecological restoration periods
5.4.3 Ecological Landscape

The community desired a wild wetland park that had a close connection with Taihu.
The design strategy for the Zhushanhu wetlands was chosen by the local government
to express the traditional architecture style in south China. The surrounding
environment was designed to be well integrated with the wetland, with no walls
such that people could visit it freely.

The ecological landscape was designed based on the above-mentioned require-
ments and/or community priorities. Figure 10 shows its landscape effect. The wet-
land is close to Taihu and only a few hundred metres from the dike of Taihu. An
elegant pavilion in the style of traditional architecture in south China is located in
the terrestrial area of the Zhushanhu wetland for people to relax or enjoy the scen-
ery. A bicycle path was built around the wetland so that people could conveniently
visit the area. The arrangement of plants varies in colour from year to year.
Transitional native plantings envelope the bike path, the overlooks and the
wetland.

6 Conclusion

Wetland restoration using the near-natural method has proven to be an effective
method of constructing ecological cities in practice. Near-natural restoration is both
a method and a theory. Its meaning surpasses ecology, embracing a philosophy of
‘harmony between man and nature’ (Da and Guo 2014). Compared with the
constructed wetland method, the near-natural method employs fewer artificial
measures or facilities, and these artificial measures are temporary. As wetland
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Fig. 10 Landscape effect of the Zhushanhu wetland

ecosystems are restored, these measures will be gradually removed. The ultimate
goal of near-natural wetland restoration is to achieve self-sustainability. Additionally,
wetland ecological restoration should avoid ‘pseudo-ecological engineering’.
Wetland ecological restoration with near-natural methods should follow the
brachistochrone curve, the self-organization principle and the design principles of
ecological landscapes. The case study of the Zhushanhu wetland ecological
restoration demonstrated that restoration using the near-natural method could be
more effective, longer lasting and economical than existing methods.
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Urban Flood Prevention

Marec Iligen and Holger Ackermann

Abstract Today’s cities face the challenge of climate change adaptation world-
wide. In this context, prevention of damage caused by flash floods plays an impor-
tant role. This requires a cooperative pluvial flood risk management approach,
which includes planning, technical, and administrative measures and involves pre-
liminary flood risk analyses. This article outlines the main components of this risk
management approach, which has proven its effectiveness in Europe. The recom-
mendations formulated for this purpose are applicable or adaptable to regions with
other constraints, such as China, for example.

1 Introduction

Throughout the world, many cities and their citizens have painfully experienced in
recent years the dramatic damage that can be caused by pluvial floods. In addition
to property damage totaling millions of dollars, these events also involved the loss
of human lives (European Environment Agency 2012). The rising relevance of
urban flooding is also reflected in the continuously rising costs of the insurance
industry to cover the losses due to extreme rainfall and pluvial floods (GDV 2017,
Swiss Re 2014, Sorensen and Mobini 2017). In the aftermath of these events, the
question always arises as to whether and how the resulting damage could have been
avoided or at least mitigated.

Ongoing precaution to prevent pluvial floods is a challenge that must be taken up
by cities in the upcoming years and decades — especially in light of climate change
and the anticipated increase in heavy rainfall (IPCC 2012; Hoornweg et al. 2011,
Emilsson and Sang 2017; Zhou 2014; Tol 2002). This applies above all to cities and
metropolises in Europe as well as in Asia and in other regions of the world (Jiang
et al. 2018; DWA 2016).
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However, the objective of a forward-looking flood prevention strategy at the
municipal level cannot be to control the enormous surface runoff of particularly rare
rainfall extremes with the conventional technical drainage structures (Arnbjerg-
Nielsen et al. 2013; Charlesworth 2010). Rather, the settlement areas and the infra-
structure should be designed in such a way that the remaining risks of flooding,
which vary considerably within the city, are acceptable (Illgen 2017; Susnika et al.
2014; Emilsson and Sang 2017). Such a risk management approach, which covers
planning, technical, and organizational measures, is therefore a reasonable concept
to better cope with rare and extreme precipitation in urban areas and to reduce
resulting damages (DWA 2016; Jha et al. 2012).

2 Pluvial Flood Risk Management

An urban flash flood denotes the flooding of a settlement area resulting from local-
ized torrential rain. Such convective precipitation events mainly occur in Europe
during the summer months (DWA 2016, Arnbjerg-Nielsen et al. 2013) and are char-
acterized by enormous quantities of rain over areas of a few square kilometers in a
very short period of time. They are often accompanied by thunderstorms and hail.
In general, urban flash floods can occur everywhere — even far away from rivers and
creeks. Figure 1 illustrates a few pictorial impressions of a local flash flood caused
by extreme rainfall. In this example from 2010, approximately 100 mm of rain fell
over a period of 2 h.

Flash floods have particular characteristics and occur suddenly, while in neigh-
boring areas there may be only little or no rain (Arnbjerg-Nielsen et al. 2013;

Fig. 1 Local flash flood in an urban area



Urban Flood Prevention 175

European Environment Agency 2012; Illgen 2017). In contrast to river floods, no
significant warning time is currently possible. Due to the enormous rain intensities,
stormwater runoff often far exceeds the hydraulic capacities of public and private
drainage facilities and of the local watercourses. As a result, rainwater and sludge
flow more or less randomly from agricultural, forestry-related, or other surrounding
areas to urban settlements via ditches and roadways. Small drainage ditches,
streams, and roads become torrential currents, and the surface water flows uncon-
trolled through the residential area into low points of the terrain. Land and buildings
are rapidly flooded. Buildings, technical equipment, and property assets are
destroyed or massively damaged. In addition to the high, solely monetary losses,
there can also be an acute danger to life and limb, for example, around critical infra-
structures such as electricity installations or underpasses, underground parking
garages and tunnels, or in children’s and senior citizens’ facilities.

In the future, an advanced urban flood prevention that accounts for the local risks
of pluvial floods must receive greater attention within municipalities (IPCC 2012;
DWA 2016; Jiang et al. 2018). In many cities, active and ongoing precautionary
measures against exceptional rainfall have not yet been established or at best are
limited to fulfilling the respective design requirements for the public sewer system.
To date, the scenario of an extreme rainfall event remains largely unconsidered in
municipal planning activities, and the long-sighted prevention against the risks of
pluvial flooding is given not enough priority within many municipalities and their
administrations. Nevertheless, there are already numerous cities around the world,
today, which have addressed the issue intensively and have taken a pioneering role
(C40 2016; Engberg 2018; Susnika et al. 2014; Jiang et al. 2018).

Particularly in the context of the intensive settlement development and the enor-
mous changes with respect to environmental protection in China, pluvial flood pre-
vention, following the paradigm described here, should be integrated into all urban
planning at an early stage.

Municipalities — including all of their public and private players — are encour-
aged to initiate the development of a risk-oriented and integrated flood prevention,
to establish it in the municipality, and to implement the according measures over the
long term (DWA 2016). The core feature of an effective precaution against flash
floods in urban areas is a risk management concept that combines all effective pre-
cautionary and coping measures (Fig. 2).

This risk management comprises the identification and assessment of existing
risks to precipitation beyond the design level of public drainage systems, as well as
the development and implementation of appropriate precautionary measures at the
municipal and private levels. Of particular importance are a systematic channeling
of surface water within residential areas, extensive retention of surface water on
public areas, and property- or object-related flood protection measures (Illgen
2017). Precautionary planning and technical measures against urban flooding are
closely interconnected with retention-oriented stormwater management (e.g.,
sponge city principle), as well as with water-sensitive and climate-adapted urban
planning (Davis and Naumann 2017; Zhou 2014; Jha et al. 2012). It is only through
consistent implementation of such a risk management concept that damage from
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Fig. 2 Pluvial flood risk management cycle and precautionary measures

very rare or extreme rainfall events can be effectively mitigated, limited, or even
avoided with adequate economic commitment.

In addition to municipal urban drainage utilities and local policy makers, city
planners, road planners, green space planners, building designers, and property
owners are called upon to develop and implement effective protective measures.
This necessitates intensive communication and exchange among the parties involved
and must also include disaster control and local rescue forces (DWA 2016). Urban
planning processes and responsibilities must also be adapted and, where necessary,
realigned (Hughes et al. 2018).

In order to prevent or mitigate damage due to pluvial flooding, the public sector
in particular must provide a substantial contribution in addition to the property own-
ers. This applies in particular to precautionary measures that are directly related to
municipal infrastructure and fall within the remit of municipal or regional authori-
ties. In terms of responsibility, the possible precautionary measures can be differen-
tiated as either:

e Relating to infrastructure and under administration of the municipality
e Relating to property and under the responsibility of the property owner

Municipalities are obligated to ensure a defined level of flood protection. By operat-
ing a well-designed public drainage system, they provide, together with the estate
drainage facilities, a substantial contribution to urban flood protection. However, the
feasible protection level has its limits, especially in view of very rare and extreme rain-
fall events beyond the legal design specifications of the drainage infrastructure (Fig. 3).
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Fig. 3 Elements of urban flood protection and their contribution to the feasible protection level for
different storm intensities

One important element of a progressive flood protection strategy is a systematic
integration of the possible discharge and retention capacities of roadways and open
spaces, which, as urban infrastructure, also lie within the range of responsibilities of
the municipality.

In order to limit damage, especially in the case of an extreme rainfall event, the
technical protection measures by public and private property owners come to the
fore. For an efficient precautionary approach, however, it is necessary that infra-
structure and property-related measures are closely aligned and coordinated.

3 Hazard and Risk Analyses

A fundamental requirement for the initiation, development, and implementation of
effective precautionary measures and thus for the commencement of a systematic
risk management strategy is to identify the critical flood hazard and risk areas.
Identification and spatial delineation of existing hazard areas, determination of spe-
cific causes of flooding, and the assessment of local flood risks must always take
place at the outset of the risk management process in order to attain appropriate
planning and technical and/or organizational precautionary measures at both the
municipal and private levels (Illgen 2017).
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The objective of a systematic risk assessment must be to weigh the locally vary-
ing risks in order to define key areas for action and to deploy the available resources
as efficiently as possible to minimize risk. A number of approaches can be consid-
ered to estimate or to calculate the risk of flooding (Lowe et al. 2017; DWA 2016).
These approaches differ in terms of the required data base, the calculation tools
used, the validity of the results of the computations, and the costs. Whereas a few
years ago it was practically impossible to model pluvial flooding processes in urban
areas, today powerful computational tools and high-resolution basic data are avail-
able. In total, the risk analyses should help to answer the following questions:

* How is the flooding situation in case of a heavy cloudburst?

*  Which areas would be flooded, and where are particularly high water levels to be
expected?

e Which buildings and infrastructure would be affected?

e Where would the biggest damages occur?

*  Where is the risk of damage acceptable, and where not?

*  Where should precautionary measures be considered?

Flood risk is generally composed of two components, the component of flood
hazard on the one hand and the component of vulnerability on the other, which can
be quantified as damage potential (DWA 2016). Pluvial floods in noncritical regions
are assessed differently than floods in areas where a high monetary damage or high
danger to life and limb is to be expected. Estimating localized flooding risks there-
fore consists of three steps that must be taken in sequence: (1) determination of
flood hazards, (2) estimation of potential damages, and (3) determination and
assessment of the pluvial flood risks as combination of flood hazard and damage
potential.

For this purpose, it is advisable to classify the local flood hazard, the estimated
damage potential, and the resulting flood risk into categories and assign them to
individual buildings, properties, or city sectors. Estimating the (monetary) damage
potential is particularly important if the concrete (monetary) benefit for precaution-
ary measures is needed for decision-making.

Quantifying the damage potential is often difficult, especially when nonmone-
tary damage must be considered. Monetary damage functions, as they are already
applied to estimate the effects of river flooding, are to date either not available for
pluvial flooding or at best subject to great uncertainties. It is therefore recommended
to define categories for the individual risk components that allow a simple qualita-
tive classification (e.g., low, moderate, high).

3.1 Analysis of Flood Hazard

A variety of more or less detailed methodological approaches to analyzing pluvial
flood risks is available (DWA 2016; Fuchs and Schmid 2015; Yin et al. 2016).
Beside the hydraulic analysis of the frequency and quantity of surcharge and
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overflow of the drainage system, as it is applied in the context of conventional urban
drainage planning, simplified approaches use topographical data and digital terrain
models to analyze surface flow paths and ground depressions. These approaches are
independent of a particular precipitation load. Advanced approaches consider the
flooding processes related to a particular storm event either by simply filling terrain
depressions for calculated surface water volumes or by modelling the dynamic run-
off and flow processes (2D surface flow/flooding models, dual 1D/2D drainage and
flooding models). An overview of the most important approaches is provided below.

3.1.1 GIS-Based Flow Path Analysis

Topography-based flood hazard analysis is based on digital terrain models. Digital
elevation data are evaluated using specific tools of geographical information systems
(GIS). The required terrain models are now available in many places or can be gener-
ated at comparatively little expense (e.g., using airborne laser scanning). In some
cases, the resolutions are low (e.g., one elevation point for 10 m x 10 m). In many
cases, at least in Germany, resolutions on the order of 2 m x 2 m or better are avail-
able and sufficiently precise. With GIS application, it is possible to locate surface
flow paths and ground depressions and visualize them in corresponding maps (Fig. 4).

3.1.2 Simplified Flood Computation

Based on topographical analysis, GIS can be applied in an additional step to quan-
tify and visualize water levels for terrain depressions for arbitrary rainfall scenarios.
For the determined catchments of the terrain depressions, the surface runoff volume
can be estimated based on catchment-specific runoff coefficients and the rain depth
of the selected storm scenario. The static filling of individual terrain depressions is

Fig. 4 Results of a topographical analysis based on a digital terrain model
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Fig. 5 Potential retention volume of a swale (left) and event-based filling volume and water level

Fig. 6 Example of a flood map based on a volumetric analysis of a digital terrain model

approximated using GIS for the estimated surface runoff volumes by filling the ter-
rain surface from the low points up (Fig. 5). The result is a flood map for a particular
storm scenario, which allows the evaluation according to the spatial extent of the
flood plain, the estimated water depths, and finally the associated flood risks.

The results of these simplified flooding calculations are considered as a rough
approximation of the flooded areas. The water level above the terrain level can be
used as one criterion for further assessment. Figure 6 shows a flood map example
resulting from this procedure.

By a similar process, the calculated surcharge volume that leaves the urban
drainage system can be applied as estimated surface water load if a hydrodynamic
calculation of the urban drainage network for a corresponding rainfall event is avail-
able. The overflow volumes are then summarized to catchment-specific surface run-
off volumes. This approach offers the advantage that the hydraulic capacity and the
surcharge condition of the drainage system are taken into account. Otherwise, when
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estimating the surface runoff volume, these parameters are included only in a vastly
simplified manner, for example, by a general reduction of the rain depth in the order
of magnitude of the hydraulic capacity of the stormwater network (e.g., 15-30 mm).

Particularities of topography are accounted for in the spatial characteristics of the
terrain depressions and the boundaries of the catchment areas. However, this simpli-
fied methodology does not explicitly consider the surface flow processes. This also
applies to the transfer of excess runoff volumes to surrounding areas when a depres-
sion is filled to capacity and overflowing. Precise statements about water levels
along the flow paths are also not directly possible. The advantage of the method is
that it involves relatively little expense and can be implemented through more or
less simple application of GIS tools, but without the use of a hydraulic flow model.

3.1.3 2D Flood Simulations

In addition to the analysis tools based on GIS, today there are also hydraulic simula-
tion programs available that can compute surface runoff and flow processes. These
can be coupled with hydraulic drainage network or watercourse models. A simula-
tion of surface flow patterns also requires detailed information about the topogra-
phy, whichis represented in atwo-dimensional surface grid. For this, a high-resolution
elevation (i.e., digital terrain) model is essential.

2D models for surface runoff simulation only describe flow processes on the ter-
rain surface. In urban areas, runoff usually occurs on the surface and in the drainage
network. However, with increasing statistical return period of the considered storm
events, the relevance of the drainage system on flood processes decreases.
Accordingly, it is sufficient to consider the discharge via the drainage system in
simplified form when accounting for larger return periods of 50 or 100 years. This
can be done, for example, by a proportional reduction of the rain depth or
intensity.

2D surface runoff models are based on the two-dimensional representation of the
Navier-Stokes (i.e., shallow water) equations. In contrast to the topographical meth-
ods described above and simplified flood calculations, the application of 2D models
for simulating surface runoff yields flow patterns that include water depths and lat-
eral flood plain dimensions. These are to be regarded as approximations depending
on the resolution of the elevation model used and other assumptions made. They
provide a clear picture of the overall flood situation. In addition, possible overflows
of sinks due to increased inflows from their direct catchment area and the subsequent
activation of further flow paths and sinks can be accurately calculated hydraulically.
Furthermore, small water bodies in the area can be included in the calculation if
necessary. Figure 7 shows an example of the results of a 2D surface runoff simula-
tion for an urban area.

When creating models, it is recommended to define buildings as non-passable
flow barriers in the terrain model. Special attention must be paid to the proper rep-
resentation of the surface grid along sensitive flow paths. Depending on the quality
of the elevation model, manual reprocessing and correction of elevation data are
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Fig. 7 Example of a flood map based on a 2D surface runoff simulation

generally necessary, in particular around bridges and underpasses but also in many
other areas. Preparation of the terrain grid for the runoff simulation (preprocessing)
is typically the most expensive step in the process and plays a major role with regard
to the quality of the calculation results. This preparation must be undertaken care-
fully and comprehensively and should include site visits. This also applies to the
aforementioned solely GIS-based methods.

If a 2D surface runoff model is coupled with a hydraulic sewer discharge model
(1D), even more precise simulation results are possible. This applies in particular to
rainfall events in which the public drainage system features a large discharge por-
tion. This is the case, for example, with statistical return periods of up
to10-30 years.

The coupled 1D/2D simulation involves a concurrent 1D computation of the flow
processes in the drainage system and of the 2D flow processes on the surface (dual
drainage). This facilitates the bidirectional exchange of water volumes between the
surface and the sewer system within the model. Coupling of the two simulation
models takes place at the nodes of the network (manhole, gully, etc.) which act as
points of exchange between the drainage system and the surface. In order to accom-
plish the coupling, these points must be localized and their hydraulic properties
defined, and they must be accounted for in both models. An alternative simplifica-
tion is to distribute the exchange of water over the entire length of each channel.

Both simulation models run simultaneously; as soon as water emerges from the
drainage network during overflow, the subsequent flow over the surface is calcu-
lated directly in the 2D surface model. If there are manholes and/or road gullies with
water levels below ground level in the area of surface flooding, the water can reenter
the drainage system. This method is very computationally intensive if small surface
elements are included (i.e., at high spatial resolution of the computational grid).
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Fig. 8 Example of a flood map based on a dual drainage simulation model (1D/2D)

In addition, some coupled models provide the opportunity for detailed simula-
tion of runoff formation processes using the 2D surface runoff model (e.g., direct
irrigation of unpaved open spaces or paved yards and roads). This is especially
recommended when considering very heavy or extreme rainfall, in which the estate
drainage systems are usually heavily overloaded. In general, these facilities are not
a part of all models or at least not included in a detailed manner. The runoff from
rooftops, on the other hand, can be directly assigned to the urban drainage system.

The classification into hazard classes can be done with the results of the 2D
simulations or the coupled 1D/2D simulations according to the resulting water
depths. As additional evaluation criteria, calculated flow velocities can also be used.
Figure 8 shows an example of a flood map with water depth based on the application
of a dual drainage model (1D/2D).

3.1.4 Evaluation and Classification of Flood Hazards

Depending on the calculation method used, different types of results are obtained
(accumulated catchment area, water levels, etc.). On the basis of the results, the
catchment can be divided into regions of varying hazard classes in order to approxi-
mate and prioritize the spatial variation in terms of flood hazard. The criteria for the
categories must be selected with regard to the applied methodology and the local
boundary conditions. An example with orientation values is shown in Table 1.
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Table 1 Criteria to assess and categorize the flood hazard (example)

Hazard Flash flood Water Catchment area along Specific retention volume
class hazard depth flow path of a swale

1 Low <10cm | <1 hectare Aside a swale

2 Moderate 10-30 cm | 1-5 hectare 100-500 m*/hectare

3 High 30-50 cm | 5-10 hectare 50-100 m*/hectare

4 Very high >50cm | > 10 hectare < 50 m*/hectare

Fig. 9 Example of a simplified flood risk map

3.2  Analysis and Assessment of Pluvial Flood Risks

In order to assess pluvial flood risks, damage potential must be determined and
linked to the local flood hazard. Estimating, characterizing, and assessing the dam-
age potential of objects and areas affected by a pluvial flood require an appropriate
set of additional data, e.g., geo-referenced data and information regarding:

The use of buildings and/or properties (e.g., housing, hospital, electricity

supply)

The use of open spaces (e.g., traffic areas, commercial areas, green spaces)
The structural design of buildings (e.g., with/without basement floors)
The infrastructure facilities (e.g., subways, tunnels, neuralgic supply facilities)

With these data, varying damage potentials can be defined (e.g., low, moderate,
high) and allocated to buildings, properties, or districts. For example, an object-
related determination into damage potential classes can be carried out and visual-
ized in corresponding maps. An example is shown in Fig. 9, where a simplified risk



Urban Flood Prevention 185

Fig. 10 Example of a systematic flood risk map

map illustrates the flood hazard and the property-related damage potential in
combination.

It is also possible to directly assign a risk category to individual buildings and
facilities. In this case, the hazard class from the flood calculations is offset against
the damage potential class to create a risk class. A corresponding risk matrix must
be defined for this purpose. Figure 10 shows an example.

The methods for estimating flood risks presented here require a wealth of geo-
referenced data with a high degree of detail. In Germany, for example, these data are
largely available nationwide. In other countries, however, this is not the case, so
simplified and pragmatic approaches must be chosen or the spatial resolution
reduced. This also applies to China, for example, where the development of corre-
sponding geo-based data has only just begun. These efforts should be continued or
even intensified.

4 Precautionary Measures

The primary objective of a risk management strategy for pluvial flood prevention in
urban areas is to minimize the locally varying flood risk in an economically reason-
able manner (Illgen 2017). Hazard and risk considerations are used to identify the
existing flood risks due to heavy or extreme rainfall. These considerations provide,
among other things, spatially differentiated findings on the flood hazard and the
causes of flooding, as well as on the probability and extent of potential flood
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Fig. 11 Major categories of prevention measures

damage (DWA 2016). On this basis, existing risk hotspots can be identified, action
requirements derived, and priorities for action determined.

Based on this, suitable precautionary measures can be designed, evaluated in
terms of their effectiveness, and finally implemented. They should be described in a
master plan, together with the overall risk management strategy, the individual pri-
orities, and a rough time schedule (e.g., The City of Copenhagen 2012). The master
plan should also specify the responsibilities, the workflow, and the financial require-
ments for each measure.

Urban flood prevention is a cross-sectional task and affects various stakeholders.
This cross-sectionality is based on the diversity of opportunities for precautionary
measures against pluvial flooding (Fig. 11).

The different measures are the responsibility of different authorities and disci-
plines. They cover infrastructure design, an urban planning, as well as administra-
tive measures (DWA 2016; Illgen 2017). In addition, the citizens and companies of
a community are also called upon to contribute toward flood protection by personal
precautions. The field of action for local authorities includes, for example, the fol-
lowing measures:

* Broad retention of stormwater in urban areas

e Prevention of inflow from green land, agricultural areas, and forested land from
outside of urban areas

¢ Discharge or storage of unavoidable surface water along roads

e Multiple use of open or green spaces for low-damage retention of surface water

e Appropriate design and operation of public drainage facilities

¢ Removal of hydraulic bottlenecks and realization of additional retention capaci-
ties along creeks and ditches

e Optimization of maintenance activities (drainage system, watercourses, etc.)

¢ Implementation of a water-sensitive urban development
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e Improved alignment of the administrative structure to the task of flood
prevention
» Establishment of a coordination unit for interdisciplinary measures

4.1 Infrastructure-Related Precautionary Measures

Precautionary measures relating to infrastructure may be either of a technical or a
planning nature (Charlesworth 2010; Davis and Naumann 2017; Gill et al. 2007).
Technical measures to prevent or mitigate damage from pluvial floods include, in
particular, the design, construction, and operation of technical facilities for the tar-
geted retention or drainage of runoff in the areas of:

e Roads and pathways

* Open and green spaces

e Public drainage systems (sewers)

* Water bodies and drainage ditches

* Green spaces, agricultural areas, and forested land outside the urban area

In the context of water-sensitive urban development, road planning in particular
plays an important role (Illgen 2017). Roads are the main runoff paths for surface
water in case of torrential storms. Therefore, it is important to understand the impor-
tance of road space as a surface discharge element as well as a temporary storage
space and to use it as a measure of pluvial flood prevention (Fig. 12). Some excellent
examples can also be found, for instance, in the city of Copenhagen (Ramboll
Studio Dreiseitl 2018).

Along main flow surface paths, for example, the priority should be given to
cross-sectional profiling with raised sides or ramps on footpaths, rather than com-
pletely barrier-free road construction. Drainage of the roadway itself generally
depends on the local conditions (building development, surface, sewer system, flood
risk). If possible, green elements should be integrated which provide both retention
and improved aesthetics.

The public drainage system and its storage facilities can also be managed with a
targeted flow control system to better exploit the existing storage capacity. Moreover,

Fig. 12 Examples of water-sensitive street design and construction
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Fig. 13 Stormwater inlets with three-dimensional screens to avoid blocking

Fig. 14 Urban lawn redesigned as multifunctional retention basin for extreme rainfall

emergency discharge points can be implemented at suitable sites in the drainage
system, to discharge water into water bodies, open spaces, or other noncritical areas
in exceptional cases (e.g. once every 10-30 years).

Larger inlets to the drainage system should be designed with adequate dimen-
sions and should be equipped with three-dimensional screens. This is particularly
important for capturing runoff from outlying, natural or quasi-natural catchments at
the residential borders (Fig. 13).

For pluvial flood prevention and, in particular, damage limitation, there is always
the option of directing unavoidable surface water specifically to selected areas with
lower damage potential and consciously accepting the damage caused there instead
of even greater damage in other areas (Fig. 14).



Urban Flood Prevention 189

| ~ o« ane
(\ qui fo— rn’;“;ej/ (\ _?T““x ; I‘“"’_Eﬁ-g———
\ vV

AL PN ® L oFPP

Fig. 15 Principle of a multifunctional urban retention space as a flood precaution measure

Fig. 16 Multifunctional design of an open space as retention basin for extreme rainfall

As primarily public spaces, these types of multifunctional urban retention areas
mostly serve their purpose as traffic areas (roads, parking spaces) or as recreational
areas for the population (e.g., green spaces, athletic fields, playgrounds, parks, or
squares). In the case of a flash flood, they briefly assume their additional function as
a retention space for stormwater (Fig. 15).

Essentially, public green spaces, paved public spaces with no buildings, large
public sports facilities, parking lots, ponds, brownfield sites, or undeveloped areas
can be suitable for this purpose (Fig. 16). A major advantage of such a multifunc-
tional use of space is the very high cost efficiency. Compared to alternative flood
precaution measures, the adapted design of open and green spaces is often associ-
ated with relatively low costs.
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Multifunctional urban retention areas are useful to improve the management of
extreme precipitation events. During a storm event far above the design level of
public drainage systems, these areas take up and store surface water. This reduces or
even prevents flooding damage elsewhere. It is consciously accepted that in (very)
rare cases the main use of the area is temporarily restricted or not possible and that
the affected area may have to be cleaned or repaired after the event. However, these
restrictions of use are given preference over much more extensive damage to prop-
erty, higher personal risks, and/or a diffuse distribution of dirt or pollutants in the
environment, which would occur elsewhere without this targeted and controlled
emergency retention. A multifunctional use of space offers the following
advantages:

* Improved protection against flooding with minimal land consumption

e Multiple use of existing or already planned infrastructure

* Avoidance of competition for land or space by combining requirements

e Lower or minimal costs (economic efficiency) and bundling of financial resources

* Simple consideration in redesigns and renovations

* High potential for synergy with other measures of adaptation to climate change
(e.g., measures to decrease heat or improve air quality)

» High potential for increasing area value (e.g., design-based or ecologically)

4.2 Property and Building-Related Precautionary Measures

Very heavy rainfall events are always associated with extremely large volumes of
surface water within residential areas — regardless if additional measures in infra-
structure have been implemented to prevent flooding or not. Protective measures
against pluvial flooding on the part of the municipality can only offer a limited
degree of protection. Thus, it is also necessary that property owners independently
seek property protection to effectively prevent damage to their buildings and con-
tribute to the overall flood protection. Property protection measures are therefore an
elementary component of a holistic approach for pluvial flood prevention (Fig. 3).

At the property level, there are also various possibilities for flood prevention
(Fig. 11; Illgen 2017). In addition to suitable behavior during a flash flood, technical
flood protection measures are vital, especially in already developed areas. This
includes, for example, protective elements directly on buildings and facilities as
well as in their surroundings. Typical examples at this point are backwater protec-
tion devices, raised entrances or light shafts, water- and pressure-tight windows and
doors, as well as automatically closing bulkheads or safety gates (Fig. 17). These
elements usually act as a last barrier against inflowing water and are of particular
importance for the effective flood protection of the property.

Particularly in the case of existing buildings, object protection measures are
often considerably more economical than large-scale flood protection measures
implemented by the public sector. In general, they can also be implemented more
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Fig. 17 Examples of technical and constructive flood protection measures

quickly and thus offer a more rapid approach to flood protection. Whether the cor-
responding investments are profitable must be assessed by the property owners
themselves and with regard to the possible damage (flood risk). Industrial and com-
mercial enterprises are usually affected to a much greater degree; thus, protective
measures are particularly worthwhile here.

5 Conclusion and Outlook

Early and ongoing precautionary measures against pluvial flooding must receive
greater attention in urban areas in the coming years and decades — particularly in
light of climate change and expected increases in storm intensities. This mission is
particularly important in cities and metropolitan areas, not only in Europe but in
Asia and the rest of the world.

In this context, integrated risk management with regard to extreme rainfall rep-
resents a proven solution in Germany and Europe. This strategy comprises planning
and technical and administrative measures and is based on a systematic risk analysis
with regard to pluvial flooding.

The primary objective of this risk management is to minimize the locally varying
flood risks in an economically appropriate manner, by reducing either the flood
hazards or the potential damages. Existing flood risks can be identified and priori-
tized by means of hazard and risk analyses. Digital terrain models, geographic
information systems, and hydraulic flow models can be applied to generate hazard
and risk maps. On this basis, hotspots of flood risk can be identified, and required
actions can be specified. Finally, suitable precautionary measures can be developed,
reviewed for effectiveness, and then implemented.

The options for pluvial flood prevention measures are versatile. They are primar-
ily focused on heavy rainfall beyond the design level of urban drainage systems but
can be combined very well with measures of general rainwater management (e.g.,
according to the sponge city principle). In addition to technical protection measures
on buildings by the property owners, infrastructural and urban planning measures
under the direction of the municipality are especially recommended. They are
mainly oriented toward an increased retention of stormwater or surface water. This
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includes, for example, integrating the requirements of pluvial flood prevention from
the outset when planning or redesigning roads, squares, or green spaces and design-
ing them as multifunctional retention areas. In this context, the primary goal should
be water-sensitive urban development that also offers better adaptation to other
aspects of climate change (e.g., heat reduction, improvement of microclimate).

It is important to understand flood prevention as an interdisciplinary cross-
sectional task in which different disciplines, administrative departments, and civil
actors must contribute. Pluvial flood risk management can only be successful if it is
given sufficient priority in the community and if the management process is well
coordinated. This requires intensive communication and exchange between the
participants.

The approach offered here for pluvial flood risk management is based on very
positive experiences in Germany and Europe. However, the described approaches
and recommendations can also be applied to other regions and adapted to the spe-
cific local conditions.
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Urban Pipe Assessment Method and Its
Application in Two Chinese Cities
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Jiane Zuo

Abstract With urbanization in China, the sewer system is increasing in scope, and
as a result sewer pipe defects have appeared frequently and caused problems. For
example, sewer pipe defects lead to the leakage of wastewater, which may pollute
groundwater in northern China. On the other hand, underground water may flow into
the sewer pipes in southern China as the underground water level is higher than the
sewer pipe (unlike in northern China), which dilutes the inlet wastewater in terms of
COD to the wastewater treatment plant, reducing the treatment and operating effi-
ciency. As some large cities in China are gradually being equipped with CCTV
devices, the demand for an evaluation method usable by Chinese operators is urgent.
Therefore, an objective and comprehensive evaluation system should be established
to avoid defects and provides real-time practical suggestions under the current condi-
tions of China. Fuzzy mathematic methods in sewer condition evaluation were uti-
lized to decrease the uncertainty during the evaluation process in some studies, but
the reliabilities of the evaluations varied based on different fuzzy methods chosen.
Thus, fuzzy mathematic methods were introduced in the whole process of evaluation
to eliminate artificial errors and give more objective assessment results. A novel
comprehensive sewer condition assessment method was also established.

1 Sewer Pipes in China and Assessment Using Fuzzy
Mathematic Methods

1.1 Sewer Pipes in China

With the rapid urbanization in China, the construction of wastewater treatment
facilities is dramatically increasing. More than half of the sewer pipes have been
installed in the past 10 years; however, sewer systems receive little attention when
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compared to other public works (Liu et al. 2011). Although the designed service life
of sewer pipes is at least 50 years, the risk of pipe failure caused by pipe defects
increases as the time of usage increases. Along with the short average age of sewer
pipes in China, related problems have been frequently reported across the country
such as road subsidence, sewerage overflow, and wastewater treatment plant failure,
among others. To avoid accidents caused by sewer defects, periodical inspection
work should be carried out to understand the sewer fitness levels. Effective mainte-
nance and rehabilitation strategies can be undertaken to prolong the lifetime of sew-
ers. Many kinds of technology are now in use to carry out sewer inspection work,
for example, closed-circuit television (CCTV), sonar, hand-held cameras, and road
surface radar, among others. Among these technologies, CCTV is the most accepted
and widespread method (Shehab-Eldeen 2001). Some foreign sewer managing
authorities initially established an evaluation system based on CCTV video such as
the Water Research Centre (WRC) standard in the UK and the Abwassertechnische
Vereinigung (ATV) 149 standard in Germany. Historically, a huge number of sewer
pipes in these countries were built using bricks, and thus, the defects are mainly
defined using these standards based on brick material. However, China contains
relatively few brick sewer pipes, so the existing foreign methods are not suitable for
direct application in Chinese cities. As some large cities in China are gradually
being equipped with CCTV devices, the demand for an evaluation method usable by
Chinese operators is urgent. Some local sewer management authorities developed
their own standards by imitating foreign ones. However, problems emerged when
these simplified methods encountered various limitations. Their so-called “quantita-
tive” method simply adds the number of defects occurring in the pipe to give a val-
ued index, which varies across several orders of magnitude under different
circumstances, making little sense when comparing different pipes. The results of
the evaluation should give meaningful instructions to maintenance strategy making.
Therefore, there is a need to establish a more objective and more comprehensive
evaluation system under the current conditions of China. Fuzzy mathematic meth-
ods in sewer condition evaluation were utilized to decrease the uncertainty during
the evaluation process in some studies, but the reliabilities of the evaluations varied
based on different fuzzy methods chosen (Gua et al. 1994). Thus, fuzzy mathematic
methods were introduced in the whole process of evaluation to eliminate artificial
errors and give more objective assessment results. A novel comprehensive sewer
condition assessment method was also established.

1.2 Assessment Method Based on Fuzzy Mathematic Method

To give the final assessment result of a certain section of pipe quantitatively, three
processes should be carried out. First is to record and code every defect occurring in
one pipe according to a certain identification standard; second is to classify the
degree of each defect into different categories; and third is to consider all the defects
in different damage degrees to give an overall result (Low et al. 2011). Aside from
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the overall assessment result, the tightness, function, and stability of the pipe are
also considered in this method to represent the defect effects on different aspects of
the pipe features. Tightness indicates the leakage potential and structural change of
the pipe. Function mainly represents the transportation ability of the sewerage.
Stability shows whether the pipe condition will tend to become worse in the future.

1.2.1 Defect Coding, Identification, and Damage Degree Classification

Based on some preview works using sewer videos in different Chinese cities and
other practices from European standards, the defect coding and classification rules
were established. In total, 15 types of defects were defined: deformation (D), crack-
ing (C), break/collapse (B), surface corrosion/damage (S), intruding connection
(IC), joint damage (JD), displaced joint/opened joint (DJ), unauthorized/miscon-
nected branch (MB), plant roots (R), attached deposits (AD), settled deposits/sedi-
mentation (SD), other obstacles (OO), ingress of soil (IS), groundwater in filtration
(I), and sewerage exfiltration (E) [18]. For each defect, an eigenvector was given to
describe the damage degree. For example, the percentage of cross-sectional change
of a pipe is the eigenvector of the defect deformation. For any currently existing
defect classification standard, home and abroad, the level is classified by simply
comparing the value of the eigenvector with the level boundary value. In this way, a
slight error made by different operators can cause a huge difference in the classifica-
tion results when the eigenvector value is close to the boundary. For example, a
boundary for Level 1 and Level 2 is 60 (cm or % or others). A set of identified values
of 59.2 and 60.4 by two operators can put the same defect into different levels. To
eliminate this kind of phenomenon, a piecewise function was introduced in this
method. The eigenvector value is expressed in a set of piecewise functions. The
piecewise functions of some of the defects are shown in Table 1.

Instead of putting it at one level, the defect class is expressed as a vector R,
which is the linear combination of four different levels, which are slight, moderate,
severe, and urgent.

R = (r ey

i i-slight r.i—moderate ri—severe r.i—urgent)’

WNETe 7 ignt, Fimoderater Tiseveres ANA Fiypeen are the portions of a certain defect i
categorized as slight, moderate, severe, and urgent degrees, respectively.

Table 1 Record sheet of pipeline video inspections

Upstream Downstream
Location inspection well | inspection well | Material Video
(road name) | GIS GIS Diameter | Depth | number Defects
Tuangui N31.13 N31.33 Concrete | About | 20,160,428 | Infiltration
South Road | E[]8.23 E118.28 DN800 |0.8m Obstruction
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For example, a 27 cm crack is the combination of 80% moderate and 20% slight,
expressed as (0.2 0.8 0 0), as shown in Fig. 1. The boundary values of each defect
can be adjusted according to the feedback of the actual assessment work. Therefore,
all the defects with different damage degrees occurring in one pipe can be written as
one vector R as follows:

eformation slight rDeformation modrate r-Deformation severe rDeformation urgent D

] |

R _ D r‘Crack slight r‘Crack modrate r‘Crack severe rCrack urgent D
- . 1
El rRoot slight rRoot modrate rRoot severe rFeoot urgent El

(@)

1.2.2 Hierarchical Structure Establishment

Some of the defects mentioned above may affect one or all of the aspects of tight-
ness, function, and stability of the pipe. Simply summing up the scores of the differ-
ent defects enlarges or covers the contribution of a certain defect. Therefore, the
mathematical methods of fuzzy comprehensive evaluation (FCE) and analytical
hierarchy process (AHP) are introduced in the assessment process to objectively
balance the contributions of the different defects. First, the hierarchical structure of
the assessment was established, as shown in Fig. 2.
In our process, the factor set denotes the types of defects:

U ={crack, deformation, ..., root} (3)

The decision set denotes the damage degree of each defect:
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Fig. 2 Hierarchical structure of the assessment process

v ={slight, moderate, severe, urgent} )

Therefore, the evaluation is the fuzzy mapping f: U — V, as previously described,
that is:

f(u.v,)=R (5)

1.2.3 Weight of Defects

According to FCE, the final assessment should be the inner product of the weight of
defects and the fuzzy mapping R. Let the health index H represent the final results;
three subindices H, H, and H; denote tightness, function, and stability,
respectively.

Therefore,

H=AR, (©6)

where A is the weight of defects A = (apeformarions Acracks -+ - Aroor)-

Using the pairwise comparison method and the consistency check of AHP,
weight A can be calculated. The dimensions and the value of the weight vector A
vary depending on the type of defect occurring in each pipe. Therefore, the defects
that do not occur in a certain section do not “occupy” the weights in the vector.
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Similarly, weight vector A,, which concerns all the defects affecting tightness, can
be calculated by comparing the related defects, namely, A, and A;.

1.2.4 Expression of the Result

The final result is calculated as
H=(AH, +AH, +AH,) )

After the homogenization process, the overall index H always falls into the inter-
val [0, 1] (sometimes larger than 1). The larger the H is, the worse the health condi-
tion will be. The maintenance and rehabilitation strategy can be made upon the
ranking of H in the different sections of the sewer pipes. In studying the sewer
conditions of Chinese cities, one can simply classify pipes with a good state when
H € (0, 0.25), with moderate problems when H € (0.25, 0.5), with severe problems
when H € (0.5, 0.75), and with urgent action required when H € (0.75, +0).

After the establishment of the assessment method, it was applied in two Chinese
cities, Yixing and Wuxi Cities, in order to test the feasibility and reliability of the
method. In addition, assessment methods were adjusted to make them more suitable
for sewer pipes in Yixing based on the assessment method introduced above, while
further analysis was performed with respect to the properties that may influence the
sewer pipes in Wuxi City.

2 Sewer Pipe Inspection in Yixing and Adjustment
for the Assessment Method

First, the description of pipeline defects from qualitative method to quantitative
method is converted. Quantitative description can intuitively reflect the pipeline
situation and provide the basis for pipeline classification management, so it is
important to employ quantitative calculation methods for pipeline operation and
management.

At present, there are no specific and unified standards for the quantitative method
of pipeline defects in China. Some universities and administrations have studied the
theory of some quantitative methods for the description of pipeline defects. Thong
Soon Low et al. applied fuzzy comprehensive evaluation to quantify pipeline
defects. Although these calculation models have advantages in theory, the complex
data statistics and mathematical barriers make them inefficient in practical applica-
tions and difficult to generalize. They are more used in academic research and in
isolated situations. Moreover, the surrounding environment of pipelines and the
quality of pipeline construction vary greatly. It is difficult for a model to consider
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the characteristics in different areas and to consider both internal and external
factors.

Therefore, this research cites a quantitative method of drainage pipeline defects
established in Yixing Water Special Project, which is applicable in South China.

2.1 Introduction for Yixing

Yixing City is located in southern Jiangsu, the west coast of Tai Hu, and famous for
its potteries in China. There are about 681 km of drainage pipe network with infra-
structure data in Yixing City, with a service area of 1996.6 km and a service popula-
tion of 1.07 million covering 11 districts in Yixing City. Most of the drainage
pipelines and related facilities in Yixing City are aging. With the expansion of
urbanization in recent years, the drainage network has been rapidly built and
expanded to form a complex drainage network system. The new and old pipelines
in this system are connected in a complicated manner, a phenomenon that is com-
mon in many small cities in China.

Over 250 inspection videos of defective pipelines were obtained. These pipelines
were surveilled by a local company in 2014, according to the investigation of the
national Water Special Project. Initially, pipeline defects were divided into ten
types: groundwater infiltration, interface damage, disconnection, dislocation, defor-
mation, collapse, corrosion, breakage, obstructions, and sediment. Then the number
of each defect is counted; the result is shown in Fig. 3.

Interface damage, disconnection, and dislocation are each caused by interface
problems, resulting in groundwater and soil infiltration, so they are classified as the
same type of defect.

Although deformation and collapse are different in terms of visual effects, defor-
mation will eventually lead to collapse. Plastic pipelines are widely used, and

100
90

30
20

Number of each defect
[y s LA & o~ B8
oo oo Oo b

1 1 &
&

= . -
& & .‘é} & o c"po \lﬁ"’ & "?{b ‘aF"s“
§ P 2 o & ;
‘&i;s\ﬁ \:‘:\ﬁ -j"-'b A b”ﬁ Q’sﬂ“ ; 4_0"‘ k-__o\ ".-‘é S:p‘f* q-:‘d-

Fig. 3 Statistics of each type of defect found in inspected sewer pipes
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sudden collapse of plastic pipelines caused by deformation is a common situation,
so deformation and collapse are classified as the same type of defect.

Corrosion and breakage are defects on the inner wall of pipeline. Corrosion
mostly occurs in reinforced concrete pipes, and breakage mostly occurs in plastic
pipes. The later stage of corrosion is similar to breakage, so corrosion and breakage
are classified as the same type of defect.

Pipeline defects are thus divided into five types: groundwater infiltration, inter-
face damage/disconnection/dislocation, deformation/collapse, corrosion/breakage,
and obstructions/sediment.

2.2 Establishment of Standardized Inspection Records
and Quantitative Method

2.2.1 Inspection Records

Before pipeline defect quantification, pipeline video inspections should be carried
out, and standard inspection method established. This standardized inspection
method can reduce mismanagement, facilitate the removal of defects, facilitate the
quantification of defects, and contribute to the unification of the pipeline defect
database systems.

The process of standardized inspection method includes GIS location, QV initial
inspection, and CCTV defect site inspection.

Pipeline inspection should ensure that there is less water and silt in the pipeline
and the water level is less than 30% of the pipe diameter. If the condition cannot be
satisfied, the pipeline should be blocked and cleaned. The operation of QV is simple
and does not require a strict condition; thus, QV is utilized first for detecting. If
there is no defect, it is recorded as qualified. If a defect is found, the defect location
is recorded and filmed. If, using QV, it is difficult to observe or locate defects in
some cases, such as cracks, leakage, collapse, interface problems, etc., CCTV
should be employed for further inspection and to record the defect type in the pipe-
line, shown in Table 1.

2.2.2 Extraction of Image of Defects

1. Groundwater Infiltration

Definition: Groundwater infiltration is a type of pipeline defects which results in
the entry of groundwater into the pipeline. This type of defect is due to the failure of
pipeline integrity in the area where the groundwater level is relatively high.

Groundwater infiltration is easily observed in the inspection videos, and it is also
the type of defect with the most image data. This type of defect is usually accompa-
nied by other kinds of defects, shown in Fig. 4.
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a b

Fig. 4 Groundwater infiltration in sewer pipes. (a) Drip infiltration. (b) Flow infiltration. (c)
Splash infiltration

Table 2 Classification of groundwater infiltration

Defect

name Drip infiltration Flow infiltration Splash infiltration

Description | Water dripping in Water running in through a | Water entering the pipe
through a defect or defect or faulty joint or “under pressure” through a
faulty joint or drain/ drain/sewer wall. A defect or faulty joint, not
sewer wall. Not a continuous flow will be necessarily a heavy flow
continuous flow visible

Groundwater infiltration is divided into three types (Table 2), drip infiltration,
flow infiltration, and splash infiltration, according to the severity of the infiltration
in the pictures taken from the videos.

2. Interface Damage/Disconnection/Dislocation

Definition: The ends of the two connected pipelines are not fully jointed.

This type of defect (Fig. 5) is often related to the previous construction quality
and is difficult to repair. The repair of such defect often requires excavation of the
ground, affecting the discharge capacity of the pipeline and the ground traffic.
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Fig. 5 An example of
interface problem

3. Deformation/Collapse

Definition: Pipelines are deformed by the external force and will become more
affected over time.

If there is no timely maintenance of the deformed pipeline, the collapse of the
pipeline will eventually occur, as shown in Fig. 6.

4. Corrosion/Breakage

Definition: A kind of defect in pipeline integrity caused by the external forces or
the sewage corrosion.

Some of the pipeline breakage is caused by corrosion, but most breakage is
caused by uneven stress or sudden impacts, such as damage from road excavation.
This kind of defect can cause cracks in the inner wall of the pipeline, as well as
cracks in the outer wall, shown in Fig. 7.

5. Obstruction/Sediment

Definition: A type of defect, referring to the area of wetted cross section decreas-
ing gradually, including bottom silting, garbage blockage, root invasion, dirt
attached to the pipe wall, etc.

Most of these defects are caused by sediment deposition at the bottom of the
pipeline. For such defects, conventional dredging can achieve good results. The
defects are shown in Fig. 8.

2.2.3 Quantitative Calculation of Pipeline Defects

1. Defect Quantification
® Groundwater Infiltration

Groundwater infiltration is divided into drip infiltration, flow infiltration, and
splash infiltration, according to the severity and nature of the infiltration. Numerical
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Fig. 6 Examples of deformation/collapse. (a) Deformation less than 10. (b) Deformation more
than 10%. (¢) Deformation more than 50%

Fig. 7 Examples of corrosion/breakage
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Fig. 8 Examples of obstruction/sediment. (a) The ratio of the obstruction/sediment sectional area
to the pipe sectional area is less than 30%. (b) The ratio of the obstruction/sediment sectional area
to the pipe sectional area is more than 30% and less than 50%. (c) The ratio of the obstruction/sedi-
ment sectional area to the pipe sectional area is more than 50%

Table 3 Classification of groundwater infiltration

Defect name Drip infiltration Flow infiltration Splash infiltration
Range of a, (0,0.3] (0.3, 0.6] 0.6, 1]

values are used to quantify the severity of the defects; O represents no defects of this
kind, and 1 represents a serious splash infiltration. The specific value ranges are
shown in Table 3.

® Interface Damage/Disconnection/Dislocation
Similarly, numerical values are used to quantify the severity of the defects.

They can be calculated using the following formula.

a=s/m )
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where:

s: the vertical length of interface damage/disconnection/dislocation.
m: the thickness of the pipeline wall.
The maximum value of a; is 1, which represents a very serious defect.

® Deformation/Collapse

This kind of defects can be quantified using the following formula.
a, = —2_x100% ©
360

where

6: the angle that the deformation/collapse section occupied the circumference of the
pipeline
@ Corrosion/Breakage

The degree of corrosion or breakage can be quantified using the following
formula.

a,=C,/C (10)

where:

C:: length of corrosion/breakage
C: circumference of the pipeline

® Obstruction/Sediment
This kind of defect can be quantified using the following formula.

a,=F /F (11)

where:

F;: the obstructions/sediments section area
F the pipe section area at obstructions/sediments

2. Method of Pipeline Importance Quantification

Considering the complexity of the pipeline defects, a multivariate analysis model
was used to calculate the pipeline importance. Ten influence factors were chosen as
model input, namely, depth, soil property, groundwater level, ground traffic condi-
tion, vegetation, material, age, length, diameter, and hydraulic gradient.

Table 4 shows that professionals can use a ten ordinal value system to evaluate the
influence degree of the influence factors. Score 1 represents little influence on the
pipeline status, and Score 10 represents great influence. Professionals also should
give a comprehensive score for the pipeline general status. Using these scores and
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Table 4 Professional score sheet of ten influence factors

Type Value Score

Depth m 1,2,3,4,5,6,7,8,9, 10)
Soil Excellent, good, poor (1,2,3,4,5,6,7,8,9, 10)
Groundwater level -m (1,2,3,4,5,6,7,8,9, 10)
Ground traffic Excellent, good, poor (1,2,3,4,5,6,7,8,9, 10)
Vegetation Excellent, good, poor (1,2,3,4,5,6,7,8,9, 10)
Material Excellent, good, poor (1,2,3,4,5,6,7,8,9, 10)
Length km (1,2,3,4,5,6,7,8,9, 10)
Diameter m (1,2,3,4,5,6,7,8,9, 10)
Age -y (1,2,3,4,5,6,7,8,9, 10)
Hydraulic gradient %o (1,2,3,4,5,6,7,8,9, 10)

Table 5 Classification of soil conditions

Soil condition Excellent Good Poor
Average number of strikes > 300 > 100 <100
<300

mathematical methods, the relationship between factors and results and the parame-
ters of the factors in this model are obtained. This model can be used to predict the
pipeline general status in the future: more data should create a more accurate model.
Most of the ten influence factors can be described using numerical values, such as
depth, diameter, and hydraulic gradient. However, soil condition, ground traffic con-
dition, vegetation, and material are described using excellent, good, and poor as
qualifiers.

Soil Condition

The soil around the pipeline has a great influence on the pipeline structural stability.
Soil settling ability should be studied as it can present the comprehensive soil condi-
tion. Soil settling ability can be measured by drilling out detection. Steel rod with
standard diameter will be fixed perpendicular to the surface of soil. Then a hammer
with standard weight is used to strike the steel rod until it gets into the soil 30 cm.
The number of the strikes can present the soil settling ability (Table 5).

Ground Traffic Condition

The structural defects of pipelines are more likely to occur in places where the traf-
fic flow is large, since large traffic flows lead to large pipe load-bearing conditions.
Once a pipeline has structural defects, its maintenance will affect the road traffic in
turn. The traffic flow is selected to represent the ground traffic condition. Table 6
shows the ground traffic conditions and the ranges of their corresponding traffic
flows, while Table 7 shows the division of the pipeline importance.
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Table 6 Classification of ground traffic conditions

Traffic flow (vehicles/day) Excellent Good Poor

Important road <60 [60,600) > 600
Sub-important road <80 [80,800) > 800
Common road <100 [100,1000) > 1000

Table 7 Classification of road importance

Importance Important Sub-important Common
Vehicle speed(km/h) >80 > 40 <40

<80
Vegetation

The roots of plants will grow larger and larger, gradually invading the drainage pipes
and destroying the structural integrity. Therefore the vegetation condition is described
by whether there are lawns, shrubs, or trees around the pipes, as shown in Table 8.

Material

The material of the pipelines generally includes concrete, reinforced concrete, plas-
tic, and other material. According to the structural stability, the classification of the
material is shown in Table 9.

A model was established to describe the relationship between the influence fac-
tors and the pipeline general status after the statistical analysis and evaluation of
professionals. An example of the drainage pipeline evaluation in a southern region
is given in detail. One hundred professionals provided scores relating to the general
status and each factor of the drainage pipeline. The model can be established by
counting the score value and assessing the weight of each factor, informing which
factor has a more important influence on the general status of the pipeline. And the
general status of the drainage pipeline can be predicted by the evaluation of influ-
ence factors. The first step of the model establishment is to collect data, as shown in
Fig. 9.

The data was fitted and analyzed using Microsoft Excel, and the parameters were
obtained as shown in Tables 10, 11, and 12.

The formula of the pipeline importance is obtained using these attributes and
parameters, as shown in Table 12.

y = 0.345x, +0.221x, - 0.157xx, +0.253x, +0.156x, +0.042x, - 0.352x,
+0.008x, —1.624x, +0.045x,, (12)

y: pipeline importance index

x:depth, (m)

X,:so0il condition, as shown in Table 5
x;:groundwater level, (m)

x,:ground traffic condition, as shown in Table 6
Xs: vegetation condition, as shown in Table 8
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Table 8 Classification of vegetation condition

J. Zuo

Excellent

Good

Poor

Vegetation condition

No shrub or arbor

No arbor

Large shrub or arbor

Table 9 Classification of material

Excellent Good Poor
Material Plastic Reinforced concrete Concrete
Fig. 9 Statistics table for influence factors of drainage pipeline
Table 10 Model fitting results
Standard | Statistics of modification
Adjusted | errors of | R? F Sig.F Durbin-

Model | R R? |R? estimate | modification | modification | dfl | df2 | modification | Watson
1 0.894 | 0.88 | 0.785 0.3970 | 0.800 52.534 7 92 | 0.000 2.150
Table 11 Model fitting results

Model Sum of squares Df Mean square F Sig
Regression 57.964 7 8.281 52.534 0.000
Residual 14.501 92 0.158

Total 72.466 99
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Table 12 Model coefficients

Nonstandard Colinearity
coefficient statistics
Standard Standard

Model B error coefficient |t Sig. Tolerance | VIF
Constant —0.503 |0.442 —1.139 0.258
x1 depth 0.249 |0.181 0.345 1.388 |0.171 |0.028 37.174
x2 soil condition 0.156 |0.188 0.221 0.999 |0.320 |0.146 13.553
x3 groundwater 0.188 |0.036 —0.157 1.743 10.000 |0.035 3.528
level
x4 ground traffic 0.345 10.129 0.253 6.853 | 0.136 |0.356 52.321
condition
x5 vegetation 0.120 |0.234 0.156 2.637 10.000 | 0.624 3.485
x6 material 0.433 10.223 0.042 5.367 | 0.000 |0.036 2.739
x7 age —0.456 |0.085 —0.352 7.447 10.749 |0.824 1.836
x8 length 0.007 |0.085 0.008 2.179 10457 |0.315 3.489
x9 diameter 1.432 10.153 1.624 —3.783 1 0.626 |0.371 15.589
x10 hydraulic 0.192 10.032 —0.045 —1.638 1 0.289 |0.626 1.372
gradient

X¢: material, as shown in Table 9
Xx7: age, (year)

xg: length, (m)

Xo: diameter, (m)

xyo:hydraulic gradient; (%o)

Multiple regression analysis was used considering six main factors: depth,
ground traffic condition, material, age, diameter, and hydraulic gradient. Pipelines
were categorized into important pipelines, secondary pipelines, and general pipe-
lines, and a model was established for the pipeline status evaluation.

y = 0.345x, +0.253x, +0.042x, - 0.352x, —1.624x, +0.045x,,  (13)

where:

y: pipeline importance index
x;: depth, (m)

x,: ground traffic condition
Xs: material

Xx7: age, (year)

Xo: diameter, (m)

X;0: hydraulic gradient, (%o)

3. Comprehensive Formula for Quantifying Pipeline Defects

Considering the defects of the pipeline and the importance of the pipeline, the
following formula is utilized:
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Table 13 Priority level of pipeline maintenance

Q Q=0 0<Q<05 05<Q<1 Q>1
Grade | No Slight Medium Serious
defect
Measure | No Pipelines should be Pipelines should be Pipelines should be
measure | inspected again within | repaired within repaired immediately
1 year 3 months
Q=y, b, (14)

Q: pipeline comprehensive index
y;: pipeline importance index

b;: ith pipeline defect index

Y b;: pipeline defect index

The pipeline comprehensive index can be obtained by adding up the indices of
each pipe section. The maintenance program can be established according to the
value of the pipeline comprehensive index, as shown in Table 13.

2.2.4 Pipeline Defect Record Sheet

Data obtained from the above steps can be recorded in a sheet as shown in Table 14.

2.3 Application in Yixing City

A 2-year inspection was carried out using QV and CCTV for select pipelines in
Yixing City. The inspections covered 82 roads in Yicheng and Hufu Districts. The
distribution of sewage pipes in Yixing City is as shown in Fig. 10.

The red points in Fig. 10 denote the pipelines studied. In total, 436 inspection
videos were utilized to study these pipelines, whose total length is about 16.86 km,
as shown in Table 15.

Yicheng District is the Old City and located in the center of Yixing. The average
age of the pipelines is relatively high, and the pipeline system is complicated. Hufu
District is a newer area boosted by tourism, which began constructing drainage
systems after 2008. The pipelines in Hufu District are configured in a tree-like hier-
archical distribution.

The ages and diameters of the pipelines inspected in these two districts are shown
in Fig. 11.



Table 14 Pipeline defect record sheet

Video number Measuring record Calculation
Defect | (A) Groundwater Drip infiltration(0, 0.3) ao=
types | infiltration Flow infiltration(0.3, 0.6)
Splash infiltration(0.6, 1)
(B) Interface damage/ | a, = s/m a;= s/'m= |a=
disconnection/ The vertical length of interface damage/
dislocation disconnection/dislocations
The thickness of the pipeline wall m
(C) Deformation/ a=
collapse a, = ix100% a, = 6 _
360 360
The angle that the deformation/collapse
section occupied the circumference of the
pipeline 6
(D) Corrosion/breakage | a; = C/C a;=C/C= a=
The length of the corrosion/breakage C=
The circumference of the pipeline C =
(E) Obstruction/ a,=F/F F/F= as=

sediment

The obstructions/sediments section
area Fi=

The pipe section area at obstructions/
sediments F =

Fig. 10 Pipelines in Yixing City and pipelines inspected in this study
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Table 15 Distribution of the inspected pipelines

J. Zuo

Area Road/quantity Effective pipe section/section Effective length /m
Yicheng District 62 315 12,650
Hufu District 20 121 4210
a b
13-36 less than DN1000 and above
months 12 months 5%
22% 19% DN300 and
N800 below 39%
12%
DN500
19%
less than more than
12 months 36 months
more than 59% DN400 DN300 and below
36 months 25% DN400
13 - 36 months DN500
DN800

Fig. 11 Ages and diameters of the inspected sewer pipes

Table 16 Amount of each type of defect observed in the inspected pipelines

Interface damage/
Groundwater | Deformation/ | disconnection/ Corrosion/ | Obstruction/
infiltration collapse dislocation breakage sediment
Amount | 56 21 27 18 11
Table 17 Distribution of the pipeline comprehensive indices
Q=0 0<Q<05 05<Q<1 Q>1
Amount of pipe sections 328 63 31 14

Figure 11a shows that 59% of pipelines have a pipe age of more than 3 years and
the remaining 41% have been installed within the last 2 years, which indicates a
rapid development of the pipeline system. Figure 11b shows that 83% of pipelines
have a diameter of 500 mm or less. They can be inspected using pipeline robots
when problems arise.

Quantification of Pipeline Defects
Inspection programs were conducted for pipelines in Yixing City, according to the
standardized inspection record and the quantitative method described in earlier sec-
tions. Data from the 436 pipelines were analyzed, and it was found that there were
133 defects and 108 defective pipelines, with some pipelines having more than one
defect. The types and the importance of the defects are shown in Table 16.

The pipeline comprehensive index Q can be obtained using the formula 2-6: the
distribution of the indices are shown in Table 17.
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Table 17 shows that 14 sewers with serious defects should be repaired immedi-
ately, 31 sewers with medium defects should be repaired within 3 months, and 63
sewers with slight defects should be inspected again within 1 year.

2.3.1 Pipeline Dynamic Management Model

Yixing City has built a pipeline management platform based on the geographic
information system (GIS) in 2015, as shown in Fig. 12. This platform recorded the
basic information of all the main pipelines in Yixing City, such as depth, ground
traffic condition, material, age, diameter, elevation. and hydraulic gradient.

This platform is basically a database of infrastructural information (Hu et al.
2010). It can provide quick search results for the basic data of pipelines, but it lacks
the data of operations and defects. It does not implement automatic management
and cannot provide technical support for the maintenance plan of pipelines.

The following optimizations were undertaken for this platform:

1. Module of the pipeline importance calculation
The algorithm of y = 0.345x;, + 0.253x, + 0.042x,0.352x,—
1.624x, + 0.045x,, was developed to grade pipelines according to the value of
the pipeline importance index y.

2. Module of the defect quantification
The pipeline defect index ) b; can be obtained by inputting five defect indices
of each type in this module.

3. Module of the comprehensive evaluation of the pipeline
The algorithm of Q = )] yb; is introduced in this module. Thus, the pipeline
comprehensive index q can be obtained automatically.

4. Module of characterization with color

Fig. 12 The GIS platform in Yixing City. (a) The distribution of the main pipelines in Yixing City.
(b) The distribution of pipelines in Yicheng District
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Table 18 The comprehensive indices Q and their corresponding color labeling

Range Qx>1 05<Q<1 0<Q<05 Q=0
Grade Serious Medium Slight No defect
Color labeling Red Orange Yellow Green

Fig. 13 Interface of the pipeline evaluation system of Yixing City. (The language of the program
operation interface is Chinese as this application was carried out in China.) (a) Search of pipeline
information. (b) Calculation of pipeline importance. (c¢) Pipeline defect quantification. (d)
Quantification results

Four colors, red, orange, yellow, and green, were used to describe the severity of
the defects in a pipeline. The severity can be quantified according to the value of
Q. The relationship among them is shown in Table 18.

The optimized user interface is shown in Fig. 13.

A sewer pipe with groundwater infiltration was selected to demonstrate the func-
tions of the optimized platform, as shown in Fig. 14.

The pipeline importance index y = 1 is obtained according to the automatic cal-
culation. The pipeline defect index value Y'b; = 0.5 is obtained, because there is
only one defect, namely, flow infiltration, in the pipeline. The pipeline comprehen-
sive index Q is calculated to be 5, and should be marked yellow in the map of GIS,
as shown in Fig. 15.
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Fig. 14 The interface of the automatic quantification of groundwater infiltration

Fig. 15 The interface of the automatic grading of defective pipelines
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Table 19 Pipeline maintenance programs

Groundwater Interface Deformation/ | Corrosion/ Obstruction/
infiltration problems collapse breakage sediment
Slight | Quick-drying CIPP or CIPP or Hot-melt plastic | Upstream
cement excavation | excavation or quick-drying | water-washing or
Quick-drying glue cement excavation
Medium | Hot-melt plastic | CIPP or CIPP or CIPP or High-pressure
or quick-drying excavation | excavation excavation washing or
cement excavation
Serious | CIPP or CIPP or CIPP or CIPP or High-pressure
excavation excavation | excavation excavation washing or
excavation

Fig. 16 The interface of the GIS platform

The ultimate task of pipeline operation and management is the pipeline mainte-
nance. The study of the online operation and management mode is aimed to reduce
the occurrence of pipeline operation accidents, to enhance the efficiency of the
drainage system, and to realize the information-based operation of the drainage
system in Yixing City. The authors propose five kinds of maintenance programs
aimed at the five types of pipeline defects, as shown in Table 19.

Managers can complete the search of pipeline information easily in this plat-
form, as shown in Fig. 16.

This optimized platform provides functions to calculate the indices, classify the
pipelines, and characterize the pipelines with different colors according to their
comprehensive indices. Thus, managers can make maintenance plans based on the
pipeline colors showed on the platform interface. For example, if a pipeline is
marked in red, indicating a badly damaged pipeline, it will be prioritized in the
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Fig. 17 The interface of the pipeline status warning

maintenance schedule. In general, this platform provides a more reasonable sched-
ule for pipeline maintenance, as shown in Fig. 17.

The online operation and management mode can help managers obtain informa-
tion of the pipelines quickly and make the maintenance work easier. Managers can
conduct the secondary information collection according to the color labeling of the
pipelines. This information can then be used to evaluate the accuracy of the pipeline
defect assessment and to correct the assessment system. Using this method, the
pipeline management capability of this platform can be improved significantly.

At present, many cities in China have established an urban drainage system data-
base based on GIS technology. However, there is not yet a unified standard of data
storage including updates, due to the complexity and inconsistency of pipe network
conditions countrywide (Wei 2011). Pipeline maintenance plans also should con-
sider the difference among the cities such as locations, climate, and management
infrastructure.

3 Sewer Pipe Inspection and Analysis in Wuxi City

Due to uninformed construction practices, lax supervision during construction, and
the lack of regular maintenance, sewer pipes tend to be out of order in many cities
in China; in the worst cases, injuries have resulted due to accidents. Both the inter-
nal and external environments of pipelines are complicated and highly influencing,
and many types of defects may occur at different degrees, which makes it difficult
to perform thorough analysis based on a few samples. Sewer pipes are influenced
externally by the soil environment and internally by sewage, for example. Many
external factors can lead to the appearance of the sewer pipe defects. Beyond that,
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the material, age, relative length, and diameter can also influence the health condi-
tions of sewer pipes. The structural stability of sewer material will be weakened as
the pipes age and the defects worsen. As for the sewer pipes with larger diameter
and shorter length, their rigidities are relatively high, which means they are unable
to deform along with the whole structure and will undergo joint damage and crack
defects instead. When this happens, soil around the pipe will flow inward, leading
to further deformations from its original position and eventual pipe collapse.
Therefore, analyzing how sewer pipe properties affect the sewer pipe condition
could provide reasonable guidelines for construction and maintenance of sewer
pipes. Thus, sewer pipes were inspected and data collected in Wuxi City to study the
sewer pipe defect properties and the sewer system conditions.

Wauxi City is located in the Yangtze River Delta, a region with countless rivers
and lakes. The total area of Wuxi City is 4627 km?, of which the water surface area
is 1342 km?, occupying 29.0% of the total area. Water resources are generally
speaking abundant; how