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Cross-boundary Evolution of Urban
Planning and Urban Drainage Towards
the Water Sensitive “Sponge City”

Meiyue Zhou, Stephan Koster, Jian’e Zuo, Wu Che, and Xianping Wang

Abstract To counter its high urban pluvial flood vulnerability, China has been
promoting Sponge City Development, a critical urban transition that requires
cross-boundary evolution, particularly among the urban planning and urban drain-
age sectors. This article analyzes the relevant causes of high urban pluvial flood
vulnerabilities in Chinese cities and the enormous gaps between the status quo and
the ambitious targets. To bridge the gaps, a three-tier solution system is proposed
and is supported by a broad range of approaches, know-how, techniques, examples,
concepts, and policies. Firstly, water-sensitive urban planning can minimize mac-
roscale damage on the local hydrological cycle. For example, it is illustrated here
how cities can preserve critical ecological infrastructure effectively while develop-
ing resiliently, compactly, and habitably, for example, through spatial development
criteria, urban growth boundaries and multifunctional urban poly-centers.
Furthermore, implementations of low-impact development (LID) facilities can
ameliorate local hydrology and reduce runoff pollution. This research thoroughly
analyzes the relevant risks and challenges while customizing solutions, e.g., LID
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planning, based on improved hydrology — hydraulic and water quality simulations,
management train, and separated treatment. Lastly, urban sewer system can be
improved cost-efficiently via improving top-level designs and also via fully releasing,
utilizing, and activating the existing sewer system’s drainage and detention poten-
tial. Although the lessons and recommendations reviewed here are customized for
Chinese cities, they can also be a reference for other fast-developing cities endan-
gered by urban pluvial flooding.

1 Introduction

Due to economic reform, China has been experiencing unprecedented economic
growth and rapid urbanization. Till 2016 its urbanization ratio reached 57.35% with
792.98 million urban dwellers living in 656 cities and counties (NBS, 2017).
However, its ultra-urbanization in the past decades also caused substantial urban
environmental problems, such as severe ecological damage, air pollution, urban cli-
mate problems, water deterioration, and water scarcity. Urban pluvial flooding is a
notorious threat in particular for most Chinese cities and has led to billions of euros
lost on average each year (Yu and Liu 2003; State Flood Control and Drought Relief
Headquarters and PRC Ministry of Water Resources 2012). Within the years 2008—
2010, pluvial floods swept over 218 Chinese cities (Lv and Zhao 2013).

Future urban pluvial flooding scenarios will be exacerbated due to the impacts of
climate change and its synergy with the urban microclimate caused by land sealing.
A series of researchers have indicated that climate change will on one hand acceler-
ate China’s urbanization via surging the risks for rural populations (Chen et al.
2005; Huang et al. 2007) while on the other hand concentrating urbanization and
immigration to Central, Southern, and Eastern China in the middle and long term,
due to the predicted worsening climatic and geological disasters in Northern and
Western China than the rest of China. However, even Central, Southern, and Eastern
China also expect to face serious climate change challenges such as rising sea lev-
els, storm surges, extreme rainfall, flooding, seasonal droughts, and heat waves
(Chen et al. 2005; Xu et al. 2005; Zhang et al. 2008; Zhai et al. 2011a; Shi et al.
2012). Furthermore, urban microclimate, esp. UHIE (urban heat island effects) and
URIE (urban rain island effects), can escalate extreme weather esp. drought and
heavy rainfall (Zhai et al. 2011b). UHIE and URIE together with the nationwide
fiercer and more frequent heavy rainfall can intensify urban flooding risks. Hence,
it is foreseen that climate change will put more urban populations under the endur-
ing risks of urban stormwater flooding along with greater damages and higher eco-
nomic losses than before (Weng et al. 2013).

With the advancing urbanization of China, urban infrastructure construction esp.
municipal engineering development will continue to thrive. On one hand, large cit-
ies need to retrofit and improve their existing infrastructure. On the other hand, a
large number of small- and medium-sized cities will experience large-scale urban
infrastructure development esp. in water supply and drainage services (Xinhua
News Agency 2014).Yet, urban infrastructure construction esp. in medium- and
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small-sized cities faces serious funding shortages and therefore requires robust and
cost-effective solutions in the long term (Koizumi et al. 2008).

This article is targeted at reducing China’s urban flooding vulnerabilities and
resolves urban planning and urban drainage problems. This article also seeks to
explore and customize the state-of-the-art practices and concepts as future-oriented
solutions.

2 Materials and Methods

This article is based on a broad range of literature reviews covering major topics
such as urbanization, land-use planning, climate change, flood control, urban drain-
age, politics, administration, and finance. On one hand, we have integrated informa-
tion from relevant research results, policies, and reports from China and additionally
from international experiences. On the other hand, this research article is practice-
oriented, thanks to practical inputs from plenty expert interviews, stakeholder work-
shops, and site visits. Though Chinese cities are the main focus, other fast-developing
regions could also refer to the experiences, principles, concepts, and techniques
summarized here due to the integrated inputs.

3 Results and Discussions

3.1 Cause Analysis
3.1.1 Low-Efficiency Urban Expansion

The most evident symbol for China’s urbanization is the vast land use and land
cover changes (LULCC), esp. sealing natural land with impervious surfaces, which
has been particularly swift since the year 2000 (Kuang et al. 2013). Massive urban
expansion and construction often encroach over farmland and water bodies. For
instance, Shanghai has usurped 1158 km? of farmland in the last 20 years (Miao
et al. 2011), while Wuhan City has preserved only 27 of 147 lakes since 1949 (Di
Liu 2009). Such massive construction has also led to the unreasonable positioning
and arrangement of urban settlements. The construction of towns and cities is
located in many cases in low-lying areas, sometimes even in flood zones without
protection (Dai and Cao 2012).

Researchers have acknowledged that increasing imperviousness causes dramati-
cally higher stormwater runoff in addition to higher and earlier peak discharge
(Livingston and McCarron 1992; Schueler et al. 1992; Wijesekara et al. 2010; Yang
2013). It is no wonder that most of China’s big cities integrated runoff coefficients
reach as high as ca.0.4-0.8 (MOHURD 2011). For example, Shanghai, with over 80%
imperviousness, has 50-80% precipitation becoming runoff (Wang and Rao 2004).

Moreover, impervious surfaces also damage the urban hydrologic system. The
massive LULCC during China’s urbanization has not only eliminated lots of water



306 M. Zhou et al.

bodies but has also split, blocked, and impaired the natural hydraulic circulation of
the remaining urban water systems. These arbitrary disturbances increase the insta-
bility of natural water bodies’ hydrological processes, impair natural water bodies’
ecological security, and therefore aggravate urban water safety problems (Cuo et al.
2008; Liu 2009; Bao 2011; Kuang et al. 2013).

In addition, impervious urban LULCC also exacerbates the flooding pressure
through escalating the UHIE and the accompanying URIE. Under URIE, urban
areas tend to receive more precipitation than suburbs during flooding seasons but
less than suburbs during dry seasons. In any case, URIE makes cities more suscep-
tible to high-intensity rainstorms, therefore aggravating the risk of urban flooding
(Zhai et al. 2011b). As Chinese cities feature especially severe UHIE (Tang et al.
2009; Zhai et al. 2011b; National Aeronautics and Space Administration 2013), one
can safely infer their strong URIE and hence predominantly high heavy rainfall
possibilities.

3.1.2 Infrastructure Planning and Construction

The ultra-rapid urbanization has left Chinese cities with a huge gap between the fast
aboveground development and the overdue underground urban infrastructure devel-
opment, such as the poor-quality urban drainage pipeline system (Koizumi et al.
2008). Nationwide surveys show that even the drainage capacities in provincial cit-
ies have about only 1y return period, while more than 70% of all the urban drainage
systems have only less than 1y design return periods (IWHR 2013). Such low urban
drainage pipeline capacities originate from the following facts:

(a) Though improved, China’s urban drainage standards have been set as very low,
e.g., ranging between 0.5 and 3y before 2014 and between 2 and Sy since 2014
for ordinary areas (MOHURD 2011, 2014a).

(b) The common application of flow attenuation coefficient for storm sewer design
until 2014 made the capacity of a 1y design return period storm sewer in China
only equal to a 0.5-0.8y abroad (Gong et al. 2012; MOHURD 2014a).

(c) Local decision-makers tend to adopt the lower limits of the already very low
urban drainage standards (IWHR 2013).

(d) The relevant weak monitoring, operation, and maintenance culture excessive
sewer misconnections, blockage, and damages. Meanwhile the common “low-
est unique bid” and subcontracting during government procurement may not
guarantee the due quality either (Robert Rothery 2003; Weisheng et al. 2013; Ye
et al. 2013).

(e) Plenty of the urban drainage pipeline systems in Chinese cities are already
heavily loaded even in dry seasons, due to the ever-increasing service area and
the higher stormwater runoff coefficients.

To sum up, massive LULCC surge Chinese cities’ pluvial flood risk via causing
higher and more rapid peak discharge and boosting URIE (Di Liu 2009). Meanwhile
the vanished natural drainage capacity fails to be compensated under the absence of
a robust and systematic drainage system (Wu and Zhai 2012). Consequently, in the
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event of heavy rainfall, large impervious urban areas intensely escalate and concen-
trate stormwater runoff in a short time. On one hand, the weak municipal sewer
system becomes a bottleneck for transferring floodwaters to the receiving water
bodies; on the other hand, the impaired inland water system not only fails to buffer
the intense stormwater runoff inflow but also poses an extra flooding risk. Take the
typical pluvial flood process in Wuhan City as example: after urbanization, its flood-
ing durations were squeezed from ca. 20 h to ca. 10 h; flood peak occurred 3—4 h
earlier, and the flood peak runoff turned significantly higher, severely surging the
shock on drainage system (Di Liu 2009). Evidently, should such low-efficiency
urbanization development continue, high urban flooding vulnerability will always
be an attribute of Chinese cities.

3.1.3 Regulative and Administrative Reasons

A critical driver behind the scenes of massive urban LULCC is the Chinese taxation
system and ideology about urbanization. On one hand, local governments heavily
depend on releasing land via land market to raise governmental revenue to fund
local urban infrastructure and public services (Ding 2007; Koizumi et al. 2008;
Wang 2013). By 2008, 60% of all local government finances originated from land-
releasing (Wong 2005). On the other hand, sealed land surfaces and high-rise build-
ings have been for a long time the dominating symbols of urbanization and
modernization and critical criteria for evaluating political performances. Local gov-
ernments have consequently spared no efforts to release more land, to promote
“huge” projects, esp. by developing undeveloped land into commercial and residen-
tial uses, even at the price of demolishing and replacing existing developments
(Koizumi et al. 2008; Li 2012; Wang 2013).

Furthermore, China’s broad, complex, and transiting framework of laws, regula-
tions, and standards on urban planning and construction, though contributive, was
not fully prepared to helm China’s swift urbanization processes. Firstly, the Soviet
“population speculation-land use-infrastructure layout” approach dominated
China’s urban planning for decades and failed to cope with the swift urbanization
and sustainability issues (Yu et al. 2011). Secondly, relevant regulations and stan-
dards often lose power in practice due to the lack of supportive details and require-
ments and due to lack of pertinence and justification (Wang 2013). For example, it
was not until 2002 and 2005 that China first issued administrative measures (ban fa)
for urban green lines and urban blue lines (MOHURD 2002, 2005a). However, it is
still not rare in practice to destroy the natural green and blue space first and then
artificially create “green lines” and “blue lines” for cities, due to the insufficient
legislations safeguarding urban natural infrastructures.

Lastly, China’s top-down planning decision-making, although it directed the
overall trend of its large and rapid urbanization, failed to effectively attend to details
(Yin 2008). On one hand, this is caused by the complex, sometimes overlapping
sometimes split administrative system, e.g., the fragmented and discontinuous urban
river landscape planning, administration, supervision, and maintenance (Bao 2011).
On the other hand, the common information silos among various departments and
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regions put Chinese cities in a vulnerable situation, esp. during emergencies such as
heavy rainfall or malfunction of critical infrastructure (Fang 20009).

3.2 China’s Countermeasures in Urban Planning and Urban
Drainage

The emerging urban environmental problems and the aggravating urban flooding
pressures have pushed Chinese authorities to ameliorate the urban planning system
and urban drainage system for its new era of urbanization.

China’s urban planning system is under transition. At the national scale, a long-
term blueprint “the National Major-Function-Oriented-Zoning (NMFOZ)” catego-
rizes different regions as optimized, prioritized, restricted, or prohibited for spatial
development (State Council 2010). At the regional scale, central government has
plotted urban clusters to develop both coordinately and synergistically. At the city
scale, recent years have seen the authorities repeatedly emphasizing enhancing the
spatial and environmental quality of urbanization; advocating principles such as
compact development, inventory planning, urban expansion control, and natural
space protection; constructing the underground infrastructure before the aboveg-
round infrastructure; and enhancing the role of water such as the official slogan
“water-oriented city”” (State Council 2010). To realize the above principles, urban
planning and construction are required to follow the zoning construction (suitable,
restricted, or prohibited) and the control boundary lines, such as urban yellow lines
(for urban infrastructure, including drainage facilities, flood-control facilities, etc.),
urban blue lines (for the prescribed urban surface water bodies), the urban green
lines (for various, prescribed urban green spaces), and the urban purple lines (pro-
tection scope for historical and cultural blocks and buildings) (State Council 1992;
MOHURD 2002, 2003, 2005b, 2005¢; State Council 2010; Xinhua News Agency
2014; Jie Fan 2015).

China’s urban drainage system is entering a new era as well. Since 2014 the
central government requires cities to upgrade from two-level to a three-level urban
drainage system. The conventional two-level drainage system comprised only of the
municipal-level drainage system with low-return periods (i.e., drainage sewer and
pump stations) and the hydraulic-level drainage system with high-return periods
(i.e., the flood control system against fluvial flood, ocean tide, torrential flood, and
debris flow), leaving a huge drainage gap in between (Huang 2009). The newly
founded three-level drainage system introduces a gap-bridging level, i.e., the local
flooding prevention and control system, whose design recurrence intervals for
megacities, large cities, and smaller cities are correspondingly 50-100 years,
30-50 years, and 20-30 years (MOHURD 2014a). Furthermore, the design
standards of the municipal drainage system and the hydraulic drainage system were
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significantly enhanced. Since 2006, storm sewer design standards were upgraded
twice, and the design return period increased from 0.5-3 years to 2-5 years for
ordinary urban areas, from 3-5 years to 3—10 years for important downtown areas,
and even 10-50 years for downtown underground spaces (MOHURD 2011, 2014a).
Meanwhile, the revision of rainfall intensity equations and the abolishment of flow
attenuation coefficients since 2014 have led to a giant leap in the practical drainage
capacities of storm sewers, for which cities have to gradually catch up (MOHURD
2011, 2014a). Taking a southern city as an example, its 1-year return period storm
sewer design for rainfall intensity rose from 33 mm/day to 43 mm/day.

How to realize the newly founded local flooding prevention and control system?
Since 2014, China’s central government has been strongly promoting “Sponge
City,” a modern urban stormwater management system that is designed to maintain,
restore, and maximize the urban capacity for stormwater infiltration, detention,
retention, purification, utilization, and discharge, thereby effectively controlling
stormwater runoff (esp. total runoff, peak volume, and peak time) (MOHURD
2014b). The central government encourages cities to regain such functions via flex-
ibly customizing and combining natural and artificial approaches, ranging from pro-
tecting the existing ecological system to restoring damaged water bodies and other
natural environments and to promoting low-impact development (LID). A Sponge
City should comprise the following three interactive and interconnected elemental
systems:

(a) LID system: to reduce, decelerate, and treat stormwater runoff via infiltration,
storage, regulation, conveyance, interception, and treatment. The LID under
China’s Sponge City context covers a broad range of facilities, e.g., pervious
pavements, green roof, first-flush diversion, perforated pipe, infiltration trench,
rain barrels, low-lying green space, bio-retention, grass swale, vegetated filter
strips, detention ponds, regulation chambers, retention ponds, stormwater wet-
lands, infiltration basin, and infiltration wells (MOHURD 2014b).

(b) Drainage sewer system: to collect, transport, and discharge stormwater runoff
within its design capacity.

(c) Excess runoff discharge system: comprising retention water bodies, flood way,
deep tunnels, etc.

Evidently, the Sponge City campaign will last for decades. Ambitious targets such
as reducing the stormwater runoff coefficient to maximum 0.3 should be reached by
at least 80% of urban built area by 2030. To facilitate the enforcement, the central
government not only assigned batches of pilot cities but also added stormwater
runoff control ratios as mandatory control criteria for the urban master plan, the
regulatory plans, and the special plans for roads, water, and green space, and set
Sponge City as prerequisites of urban planning permission and project construction
(State Council 2015).



310 M. Zhou et al.

3.3 Recommendations for Urban Planning and Urban
Drainage

3.3.1 Challenges to Solve

The coming decades will witness huge progress to China’s urban drainage and
urban planning systems if the following challenges and deficiencies can be effec-
tively tackled.

First of all, Sponge City covers various sectors, disciplines, and industries (e.g.,
urban planning, geology, hydrology, meteorology, civil engineering, landscape
planning, ecology, and botany). Its scales range from site to drainage zone, to city,
and to watershed. However, due to administrative reasons, most Chinese cities are
not ready for such systematic, cross-regional, cross-sector, and cross-profession
cooperation yet, not only for the phases of planning but also during the phases of
construction, operation, and maintenance. For example, due to lack of cooperation
and coordination between different urban sectors, it was not a rare case in the first
3 years of Sponge City Development that the silts from urban greening construction
block the freshly finished pervious pavements.

Secondly, China’s current experience and talent reserve for Sponge City might
be insufficient to achieve the ambitious targets set above in the short term. Despite
plenty of LID research and demonstrations in China, there is seldom reliable, long-
term operational, and maintenance experience available. Moreover, local practitio-
ners and industries seriously lack LID expertise, since it is often the research
institutions that carry out LID projects. As a consequence of the lack of data, experi-
ence, and talent, the relevant administrations don’t dare yet to compel Sponge City
Development in practice; the practice of Sponge City Development can at last differ
a lot from the beautiful top-level design as well; despite the national campaign of
Sponge City Development, cities rather cautiously demonstrate it in small regions
rather than spoil it via large-scale constructions. In the coming years, how success-
fully researchers, sectors, practitioners, and industries can build up and disseminate
relevant experiences will directly influence how well China can cope with the many
realistic challenges in the relevant standard making, design, construction, operation,
and maintenance issues.

Thirdly, the drainage pipeline sector faces perhaps the trickiest challenge,
namely, how to upgrade to higher and stricter drainage standards, and for higher
flexibility and resilience toward changes in population, land use, and climate, while
causing the least disturbance to urban operations.

Fourthly, a huge challenge is how to deal with the current level of heavy storm-
water runoff contamination and hence the risks of siltation and blockage for LID
facilities and groundwater contamination.

Lastly, how to persistently finance Sponge City, which requires thousands of bil-
lions of RMB investment (Ren 2015)? The central government promotes public-
private partnerships (PPP) to bridge the huge financial gap, namely, on the one hand
including Sponge City projects into governmental procurement and on the other
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hand encouraging auxiliary financial support such as loans, bonds, and securities
(State Council 2015). However, PPP won’t be able to prop up Sponge City smoothly
and effectively in the long run, unless the Chinese authorities can coordinate the
risks to PPP stakeholders and reasonably reduce the numerous hurdles from laws,
regulations, supervision, water tariffs and financial frameworks, etc. (Choi et al.
2010; Cheung and Chan 2011).

3.3.2 How to Enhance Urban Planning

Urban planning and construction is not only the source but also the cure for China’s
high urban pluvial flood vulnerabilities. Here the authors would like to firstly
emphasize solidifying the base, namely, the role and mechanisms of the urban plan-
ning system, and then suggest land uses and land cover in detail, i.e., where not to
develop and where and how to develop.

Multidisciplinary Urban Planning and Local Water Boards

First of all, urban planning can only direct urbanization and prevent and solve urban
environmental problems at the very source, if the approved regulatory plans become
statutory and the urban planning sector gets authorized to exercise certain urban
planning-related environmental protection on behalf of the environmental sectors
(Yin 2008). Moreover, the new era of urbanization, not only featured with Sponge
City but also inventory planning, compact development, smart city, etc., requires
reducing pressure from the top-down decision-making system and opening urban
planning for more independent, multidisciplinary, cross-sector, and multi-
stakeholder participations. This means not only to develop harmonized and coopera-
tive sector policies between the urban planning sector, water sector, environmental
sector, urban climatic sector, and traffic sector, etc. (Ellis et al. 2002) but also to
simplify the know-how of the relevant sectors and research fields, to develop user-
friendly toolboxes to enhance the feasibility of multidisciplinary urban planning
(Ng 2012). However, the water sector itself needs to become more united, in order
to develop a stronger voice in urban development. Despite years of debate around
reforming China’s dispersed and overlapping water-relevant ministry framework,
Chinese cities badly need a better coordinated water sector within the existing
framework. Learning from the EU and Singapore (Check 1997; Liefferink et al.
2011; Watson 2014; Hiiesker and Moss 2015), it is recommended that each level of
Chinese government should form, lead, and coordinate a corresponding level water
board comprised of the critical local water stakeholders, e.g., water supply and
drainage, flood control, water resource, river and lake administrations, agriculture,
and fisheries. An efficient water board requires not only a well-designed network
management but also a clear empowerment to coordinate, participate, supervise,
and impact the water-related issues throughout urban planning and construction,
e.g., ensuring the safety of drainage pipelines during underground construction,
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restricting the development of low-lying areas, and safeguarding water bodies from
development (Check 1997). In this respect, Zhejiang Province is a pioneer by pro-
moting the “Five Water Comprehensive Control Office” (T17K35) to coordinate
wastewater treatment, flood control, pluvial flood discharge, water supply security,
and water saving (Chun 2015). However, huge potential still exists for Chinese cities
to develop effective downscaling, e.g., assuring and authorizing the effective water
administration to drainage-zone levels (Check 1997), to introduce and customize
bottom-up approaches to the conventional top-down approach (Watson 2014).

Such cross-sector and multidisciplinary cooperation is not only necessary for the
urban planning phase but also critical for improving the urban management. In fact,
a key for achieving Sponge City Development would be, via multidisciplinary con-
versation, input, and cooperation, to optimize the construction schedules, to super-
vise the construction process, and to achieve integrated operation and maintenance
for the road, urban landscape, urban drainage infrastructure, and urban water
bodies.

Where Not to Develop: Critical Ecological Infrastructure

The biggest lesson for China from the decades of massive urban construction is not
about what to develop but rather where not to develop. The urban planning sector
needs to take the lead in preserving, restoring, and maintaining urban critical eco-
logical infrastructure (CEI), i.e., the critical natural elements and structures formed
by natural green spaces and water bodies, acting as ecological calming buffers
between urban zones (Yin 2008; Yu et al. 2011; Lafortezza et al. 2013). When well
arranged, CEI brings tremendous benefits to cities, e.g., improving urban resilience
against pluvial flooding, maintaining natural water cycles, improving the urban
microclimate, and relieving air pollution (Pretty et al. 2007; Forest Research 2010;
Lafortezza et al. 2013). Within the context of Chinese urban planning systems, the
most practical approach to realize and remedy CEI directs to the urban green lines
(UGL) and urban blue lines (UBL), both of which are mandatory for Chinese cities
master planning, regulatory planning, and detailed planning. However, the follow-
ing deficits of the current UGL and UBL need to be solved; otherwise CEI and its
beneficial effects cannot be scaled up: on one hand, the passive and affiliated roles
of UGL and UBL make them always compromised for other urban special plans,
e.g., roads and utility lines. On the other hand, such a high-footprint approach still
prevails, as using UBL and UGL for conquering nature rather than working with
nature, e.g., landfilling natural rivers somewhere and excavating artificial ponds
elsewhere, “building a valid green space but destroying the ecological environment”
(Saunders and Yu 2012).

In order to retain and restore more CEI, we recommend the following approaches.
Firstly, the urban planning sector needs multidisciplinary cooperation to rectify,
identify, classify, and upgrade UGL and UBL according to their CEI potentials and
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hence to set corresponding protection buffers and protection measures, as well as to
initiate relevant guidelines and directives. The core criteria of identifying CEI
potentials should include, for instance, soil and water preservation, low mainte-
nance, climate change resilience, ecological diversity, biodiversity, and a low over-
all carbon footprint. Due to limited urban natural spaces, brownfield restoration will
become a major source for CEI development, e.g., restoring abandoned industrial
parks into wetland parks (Turenscape 2016). Secondly, as continuity and connectiv-
ity can synergize the beneficial effects of CEI, it is recommended to plan CEI as an
overall ecological system and to hierarchically connect the different tiers of CEI via
spatial planning ranging from site and neighborhood scales to the district and city
scales and to the city-region and regional scales (Benedict and McMahon 2002;
Weber et al. 2006; Wickham et al. 2010; EEA 2011; Lafortezza et al. 2013). Thereby,
even if only for CEI, the scope of urban planning and the relevant land investigation
and database development needs to expand from the urban built area and urban
plan-to-build area to the whole urban planning area or even to the whole administra-
tive region of a city. In this respect, Shenzhen City undeniably foreruns via enforc-
ing the “basic ecological control line” (FEAEZSE L) since 2005 (People’s
government of Shenzhen 2013; Xiao and Xie 2014; Peng 2014).

As to UGL particularly, it is time to enhance the quality of UGL as solely quan-
titative control tools (viz., the mandatory criteria of the green rate and the green
space per capita) at certain levels connived the unsustainable urban greening men-
tioned before. Therefore, we recommend that relevant authorities customize obliga-
tory guidelines and eco-design directives to preserve/restore/optimize/create the
mature urban green space esp. for the high flood risk areas and ecologically sensi-
tive areas. Particularly, considering the well-proven contributions of urban forests in
pluvial flood control and stormwater purification, it is recommended to delineate the
critical root zone as protection zone for the preserved trees and native forest rem-
nants and to include more mature trees into preservation lists rather than only for
“ancient and famous trees” and over 50-year-old trees (Brabec et al. 2002; Yin 2008;
MOHURD 2012; Stone Environmental Inc. 2014). Stakeholders could also use
tools like the Urban Forest Effect Model to evaluate the benefits of UGL (Jayasooriya
and Ng 2014). As for the artificial landscape, eco-design in comparison with the
conventional landscape can significantly enhance the CEI potentials of a landscape,
e.g., the multi-advantages of the customized native polyculture over conventional
turf (Mark Simmons 2013).

As to UBL, an overall watershed view is highly recommended for the local plan-
ning board including esp. the water resource sector and the flood control sector to
plan UBL, namely to coordinate and customize short-term, middle-term, and long-
term UBL plans for the overall targets of gradually restoring the hydrological net-
work of the local watershed by reconnecting and restoring disturbed rivers while
conserving remnant water bodies and undeveloped floodplains and restricting fur-
ther development of developed riverine floodplains (Ellis et al. 2002; Rong et al.
2009; Liao 2012; Yang and Li 2014).
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How to Develop: Urban Built-Up Area

How to make cities more resilient against unending challenges such as climate
change, population fluctuation, economy transition, and deteriorating environments
and resources? China needs more resilient urban structures, as the severe urban
environmental and resource problems have already proven the obsolescence of the
extensive, passive economy-driven and population-driven urban construction and
expansion. Nowadays compact city is quite often counted as a solution. However, if
compact city is merely limited to the pursuit of always higher-density living, it may
neither bring a healthier city nor curb urban expansion (Neuman 2005; Wei and
Zhang 2012). The authors believe that the way toward urban resilience and sustain-
able urban spatial development lies in organized, controlled, and moderate decen-
tralization. To put it into a scenario, it is the urban clustering formed ploy centers
featured with urban growth boundaries, compact and mixed-land use, and multi-
functional and relatively independent urban operation, buffered by traffic routes and
ecological land in between (Geng 2008; Chiu. 2012; Xinli et al. 2013;
U.S. Department of Energy 2014). Rather than a fixed blueprint, this is a process-
oriented direction (Neuman 2005). Hereafter illustrated in details about its spatial
development features.

1. Urban Growth Boundary

Urban growth boundary (UGB) is a well-known tool for curbing urban expan-
sion. Despite Chinese central government’s call for UGBs since 2006, the UGB
practice of several pilot megacities and large cites failed to substantially control
urban expansion due to (1) the deficiencies of the methodologies for setting UGBs,
including the commonly adopted constrained cellular automata-based methodolo-
gies, (2) the nonenforcement characteristic of UGB, and (3) the incomplete cover-
age of development permits and hence large amount of unofficial development
outside of the UGB (Li 2011; Wan et al. 2013; Long et al. 2015). Therefore, it is
recommended to effectively control urban sprawl with UGB as follows. Firstly,
authorities should summarize and evaluate the existing UGB experiences and pro-
vide clear guidelines for UGB determination. Environmental capacity analysis and
flood risk analysis should particularly be taken as mandatory toolbox elements for
UGB determination to secure the bottom line of local environmental quality and
urban security. Planners can use different levels of environmental quality standards
such as surface water quality to infer the corresponding upper limits of population,
industrial allocation, construction land, and hence the scales of UGB (Fu et al.
2009). The urban planning sector should integrate flood risk as a mandatory concern
and add interacting hydrological risk simulations into its daily toolbox, therefore
delineating the high-risk flood zones as construction-limited or even as construction-
forbidden areas (van Sebastiaan et al. 2011; Xu et al. 2013). Therefore, it would be
promising for determining UGB to develop spatial models that couple Constrained
Cellular Automata Model with Green Infrastructure Assessment Model and Soil
Conservation Service Model or with hydrologic and hydraulic framework (Li 2011;
Xu et al. 2013; Giacomoni et al. 2014). Moreover, Chinese authorities may have to
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set UGB as mandatory or even statutory requirements for all cities, not only for the
megacities and large cities, since small-medium cities and towns will become the
major contributors for the growth of construction land (State Council 2016).
Furthermore, it is necessary to fully enforce development permits without exception
and to strictly monitor land use with technologies such as remote sensing.
Meanwhile, cities should be authorized to moderately adjust UGB with sufficient
demonstration on the premise of not breaking the critical bottom lines mentioned
above.

2. Multifunctional Poly-center with Mixed Land Use

Depending on the scale of the cities, poly-center can refer to multipolar cities and
satellite towns. Besides, based on the fragmentation analysis of built-up land, cities
can delineate new poly-centers by uniting the construction-land fragments with
high defragmentation potentials (Wei and Zhang 2012). Spatial planning for multi-
functional poly-centers, beyond the simple high density and intensity of industrial
and residential land uses, requires mixed land use, multimodal transportation, and
high degrees of accessibility in order to activate urban operation even within small
spatial scopes (Neuman 2005). Such multiple urban function allocation largely
depends upon the political and economic decisions, housing policies, employment-
decentralization, and industrial allocations which are beyond the context of this
article (Gilli 2009). But in order to ease such transitions, China’s urban planning
sector should soon revise its still mutually exclusive land classification system for
more compatibility capacities (Yin 2008).

Urban open spaces are particularly great sites for multifunctional planning.
When well designed with integrated approaches and multidisciplinary involvement,
they can safely augment the urban stormwater detention and retention capacity
without using extra land, hence significantly reducing the peak runoff and protect-
ing surface water via reducing CSOs and stormwater tank overflow (Fu et al. 2009;
Michael et al. 2011). There are many such examples worldwide, such as the SMART
tunnel in Kuala Lumpur and the squares, streets, parks, and even playgrounds also
used for stormwater detention in Hamburg and Rotterdam (Kannapiran 2005).
However, this also poses more requirements of the upstream stormwater manage-
ment processes for sure.

3. Space Development Criteria

The interpretations of compact city, which are based on the idea against urban
sprawl, have gradually evolved over years. Researchers have gradually agreed that
compact city rather than fixed blueprints is the evolving process toward more effi-
cient and habitable urban land uses. Namely, construction density and intensity,
including the population density, building density, traffic density, plot ratio, etc.,
should be neither too low due to the efficiency nor too high due to the habitability
(Neuman 2005; Yan et al. 2013; Martilli 2014). Despite the will from Chinese
authorities for more compact land use, the existing construction density indexes are
criticized as incomplete, unspecific, lacking of technical proof, susceptible to
changes, and lacking of enforcement (Zhou and Zou 2004; Ban et al. 2007; Yin
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2008). The mandatory construction density and intensity control criteria as required
by the national codes include construction land area, population capacity, land-use
type, plot ratio, building height, green rate, green space allocation, and underground
space development layout (Ministry of Construction 2002, 2005). However, only
few mandatory construction density limits are available in the national codes, e.g.,
for residential areas, maximum building density of 30% and minimum plot ratio of
1.0. Consequently, urban construction compactness in practice is out of control
along with the tremendous extensive land use. For example, in campus cities and
development zones, there are plenty of hyper-dense urban areas afflicted with poor
habitability, overloaded drainage infrastructure, and hence high risk of pluvial
flooding. Such construction density disorder results in not only the wasting of land
resource and land sealing but also urban decay (Geng 2008). Therefore, we recom-
mend updating the construction density indexes as follows:

(a) To add an open space ratio as another mandatory criteria to form a three-
dimensional construction density index combination including plot ratio, site
coverage, building height, and open space ratio, which can effectively describe
urban density and simulate the possible urban morphologies (Haupt et al. 2004;
Dong 2012). As urban open space offers a great platform for various multifunc-
tional stormwater controls (US NAP 2009), the open space ratio will be another
important Sponge City criterion in addition to the plot ratio and low-lying green
space ratio.

(b) We also suggest that the central authority specifies the lower and upper limits
for the various development density and intensity criteria of the different land
uses at the different urban zones of various scales of cities that are located in
different climatic zones. They should provide basic revision formulas for the
local cities to further customize the development density and intensity limits
according to the coefficient factors such as plot area, traffic capacity, runoff
control, and the distance to CEIL. One can find density zoning experience from
the forerunner Chinese cities such as Shanghai, Guangzhou, and Shenzhen
(Zhou and Zou 2004; People’s government of Shenzhen 2014). As for the exist-
ing hyper-compact urban areas, local government should focus on its step-by-
step redevelopment toward safer and better environments and higher resource
and energy efficiency, instead of even higher construction densities (Geng
2008).

3.3.3 How to Realize Low-Impact Development

Sponge City Development opens a huge platform and market for LID facilities in
China. However, China must overcome the following challenges to implement LID
effectively. Firstly, there is a lack of high-resolution data that are crucial for LID
planning such as land use, land cover, geologic and hydraulic data, empirical cost,
and performance data. Secondly, the stormwater runoff of most Chinese cities can
be heavily contaminated and poses a high risk of causing a fast defect of LID units
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and of groundwater pollution. For example, Beijing roof runoff (COD 123-
328 mg/L) was even more contaminated than German road runoff (COD 582 mg/L)
(Che et al. 2003). Thirdly, uneven rainfall distribution and limited urban land
resources make it difficult to search for cost-effective scales and placements of LID
units. We therefore suggest the following routes for the coming age of LID
implementations:

Firstly, cities should accelerate the relevant monitoring and high-resolution data-
base construction and sharing. Cities can meanwhile customize local stormwater
management models such as SWMM for the LID selection, placement, and assess-
ment with limited data as follows: (1) Carry out LID on several high-resolution,
well-gauged urban catchments; calibrate and validate each high-resolution model.
(2) Regionalize the model for large-scale low-resolution urban areas with reason-
able efforts including surface discretization and processing the high-resolution
models calibrated parameter sets. Such regionalized low-resolution models can
accurately simulate runoff volume although they tend to over-simulate peak runoff
(Krebs et al. 2014).

Secondly, effective pollution prevention measures can significantly reduce the
contamination load and hence increase the life span of LID facilities, e.g. enhancing
urban waste management; public education; disconnecting stormwater hotspots
from LID facilities; controlling the application of fertilizers and pesticides espe-
cially nearby LID infiltration facilities, for example, via slow-release fertilizer,
maximum dosing limits, fertilizer-free zones and fertilizer-free seasons (EP Florida
2015); and limiting toxic construction material such as galvanized roofing materials
(Foerster 1996; Clark et al. 2008).

Thirdly, LID design should follow the stormwater management process (also
called as treatment train), selectively combining LID units in series to reduce the
overall land use of LID and the effectiveness of both runoff control and runoff pol-
lution control (Liu et al. 2015a). A full LID management process includes source
control, site control, regional control, and conveyance control in between, each
comprised of various possible LID units with different functions such as stormwater
absorption, pretreatment, filtration, infiltration, detention, storage, retention, con-
veyance, treatment, etc. (susdrain, 2012; MPCA 2015b). Optimal combinations can
be found by evaluating project targets, site conditions, the runoff reduction and pol-
lutant removal performance of various LID units, and other critical concerns of
stakeholders such as amenity, ecological service, and costs. There are various tools
developed to assist with the selection of a management train, such as the runoff
quality scoring system in Germany (DWA 2007), the Minimal Impact Design
Standards (MIDS) Calculator in Minnesota (MPCA 2015a), and various models
such as SWMM, SUSTAIN, MUSIC, and L-THIA LID in the USA and Australia
(Jayasooriya and Ng 2014; Liu et al. 2015b). In order to control stormwater runoff
as close to the source as possible, source control is of primary importance, namely,
to reduce runoff formation and to separate differently contaminated runoff. The
coming years will see huge growth of green roof and pervious pavements in Chinese
cities due to the authorities demands for an increase in perviousness. Yet, green
roofs and pervious pavement are no universal cure and need to be taken with
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precautions, e.g., allowing pervious pavements only for low-traffic load roads to
avoid pavement deformation and groundwater pollution and selecting extensive/
intensive green roofs according to local climate and the site water balance.
Separating differently contaminated runoff at the source can significantly enhance
the cost-effectiveness of runoff control via avoiding treating large amount of low-
concentrated mixed runoff (Ellis et al. 2002). For example, the management trains
of roof runoff and road runoff should have as few overlaps as possible. Since the
first-flush concentration of most runoff pollutants is within a short-time period, it is
highly recommended for Chinese cities to customize the split-flow control volume
according to the local land use and runoff pollution load and to divert first flush to
wastewater sewer or separate treatment facilities. For instance, the split-flow vol-
ume in Beijing is recommended for the first 1-3 mm rainfall for roof runoff, 4-5 mm
for neighborhood runoff, and 6-8 mm for downtown road runoff (Che et al. 2007).
Another critical concern for designing a LID treatment train is to base LID pro-
cesses on the pollutant particle sizes (Wong et al. 2002). As most of the runoff pol-
lutants are adsorbed to suspended solids (Gooré Bi et al. 2015), TSS removal
facilities and designs can significantly reduce the pollutant load and increase the
lifespan of LID, such as a vortex separator, vegetation buffers, forebays, and design
for sufficient hydraulic residence time.

Sufficient support and attention should be invested upon improving stormwater
management modeling. China’s current local stormwater models still have huge
upgrading potential in terms of accuracy, water quality simulation, universal appli-
cability, and user experience (Wu et al. 2010). Yet, even the universal model SWMM,
which is a sophisticated, common tool for Chinese researchers and designers, also
has many gaps to fill, e.g., to accurately address a broad range of the LID practices
rather than only for green roofs, rain gardens, infiltration, and bio-retention prac-
tices (Jayasooriya and Ng 2014). It must be able to simulate the outflow-inflow
connection between the LID practices to simulate the distribution of pervious sur-
face’s runoff to LID practices in a single sub-catchment (Rosa et al. 2015). China’s
Sponge City Development will accelerate the trend of LID simulations, such as to
promote stakeholder participation, cyber infrastructure, web-based models, model
coupling, real-time monitoring and modeling, etc.

Lastly, the following factors will also decide the success or failure of LID prac-
tices. A prerequisite is the sustaining funding and management mechanisms. We
recommend officially assigning LID practices such as stormwater utility, to clearly
define the ownership-duty-and-benefit distribution and balance among the LID
facilities, storm sewer pipelines, wastewater sewers, and treatment facilities, to
adopt stormwater runoff discharge fees, to allocate funding from the municipal
finance according to multi-services of LID practices, and to explore various tax and
insurance incentives for the LID campaign. Moreover, proper maintenance of LID
is crucial but also seems difficult and tedious for local municipalities. Therefore, it
is worthwhile for Chinese cities to customize clear LID operation and maintenance
guidelines, to issue maintenance certificates to certified companies, and to imple-
ment mandatory and regular third-party inspections (Michael et al. 2011). LID
authorities should also never overlook the risk management of stormwater reuse and
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should regulate the reuse application, reuse scale, and reuse treatment to minimize
the risk of public infection, particularly considering the relatively highly contami-
nated stormwater runoff quality and the high population density in Chinese cities.

3.3.4 How to Upgrade the Sewer System?

Recent central government policies clearly point out the development trend of the
conventional urban drainage system (including drainage pipelines, pump stations,
and drainage ditches), namely, increased drainage pipeline design standards, sepa-
rated sewer systems, utility tunnels, deep tunnels, and digital management.
Admittedly, these new era urban drainage infrastructures, if properly carried out,
will improve the urban drainage capability. However, it can take decades to com-
plete such a national infrastructure revolution due to the enormous investment
requirement, the limitations from built urban space, and conflicts with urban opera-
tions. However, the most urgent, practical, and cost-efficient solutions should be to
fully utilize the drainage capacity and storage capacity of existing drainage infra-
structure. It is not rare for Chinese cities to have a significant amount of silted or
damaged drainage pipelines and drainage ditches and hence huge loss of its drain-
age and storage capacities. The direct causes for such avoidable losses include a
massive number of illicit sewer connections (i.e., storm sewers often convey com-
bined wastewater), poor site management of construction sites (i.e., a lot sand and
silt flow into drainage pipelines), and illegal wastewater dumping (especially oily
wastewater discharge from restaurants and slurry discharge from construction sites)
(Huang et al. 2007; Li et al. 2014; Wang 2014). The indirect causes can originate
from the sewer design, construction, pipeline material, engineering supervision,
quality control, and operation and maintenance (O&M). Most Chinese cities have
not yet developed scientific, systematic, and stable O&M mechanisms for drainage
pipelines. The sewer O&M approaches still feature low efficiency, high labor inten-
sity, high risk potential, and low technology (e.g., sewer dredging mainly depends
on human labor), due to a lack of attention and finance. The following approaches
are recommended to fully activate the drainage and storage capacity of conventional
drainage infrastructure.

First of all, the relevant top-level designs should be improved and made more
explicit to reduce, avoid, and remedy the problems damaging the drainage infra-
structure’s capacity as mentioned above. Contributing efforts would be to develop
explicit national technical guidelines, standards, and liability mechanisms to direct
and regulate the relevant survey, consensus, design, construction, materials, engi-
neering supervision, operation, and maintenance and to develop a training-
certification-supervision system for the relevant practitioners (Xue and Song 2014).
The conventional drainage infrastructure will benefit from more attention, support,
and organization via a more efficient institutional setting with a clear duty-power-
finance structure for integrating drainage infrastructure, wastewater treatment
plants, and flood control. The top-level financing design should esp. consider the
long-term, stable finance for regular and qualified drainage infrastructure operation
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and maintenance. Some of the other critical top-level design efforts include to effec-
tively forbid the “lowest unique bid” behaviors, to prioritize and advance drainage
infrastructure planning before land trade with developers in order to gain sufficient
time and support for the qualified planning and reliable construction of drainage
infrastructure (Ellis et al. 2002), to promote full-scale coverage of connection per-
mission for public drainage pipelines, to enhance the monitoring and punishment of
illegal wastewater dumping, to enhance construction site management criteria, etc.

Furthermore, the conventional drainage system can release, utilize, and activate
its drainage and storage capacity via a three-step innovation and improvement, in
order to reduce the costly burden of building inline or offline tanks, tunnels, and
basins. Firstly, fitting hydrodynamic sewer self-cleaning technologies into drainage
infrastructures can release the capacity inhabited by silt. Such self-cleaning facili-
ties, based on a preset hydrodynamic mechanism, automatically detain upstream
stormwater or wastewater and form an adequate flush wave from the impounded
water to remove silt. With neither intensive labor nor external powers, self-cleaning
sewers can create an easy and approachable physical sewer base for other critical
sewer O&M tasks, such as online monitoring, video inspection, and trenchless
repair. Secondly, urban drainage infrastructure can further exert its inline storage
potential via embedding flow control technology such as weirs and vortex valves.
Flow control devices restrict the flow rate from its upstream sewer to its downstream
sewer, utilizing the otherwise unused volume of the upstream drainage pipeline,
storage tank, and road space, attenuating peak flow, and protecting downstream
drainage and treatment facilities (Richard et al. 1994; Andoh et al. 2009).

Lastly, to fully activate the capacity of the whole drainage network, measures to
increase its connectivity, flexibility, and resilience are necessary. To increase the
drainage network connectivity, it is recommended to add connection pipes to
increase the drainage pipeline density esp. for high flood risk urban catchments
(Peng et al. 2015). The enhancement of sewer network flexibility and resilience
depends on the promotion of decentralized systems, flexible design alternatives, and
smart sewer technologies. Therefore, new constructions and infrastructure retrofits
should prioritize the decentralized system at the planning phase over the conven-
tional centralized system, due to the prior’s integrated advantages in terms of flexi-
bility, sustainability, and security (Dong et al. 2012). At the early design phase,
designers need to select local suitable flexible design alternatives rather than the
conventional rigid design, such as the “robust design, phased design, modular
design, modular/component platform design, and design for remanufacturing”
(Spiller et al. 2015). Intelligent sewer technologies, including smart metering, smart
control (smart valves, pumps), intelligent processing and analysis, and decision-
making tools, can fully activate the overall capacity of drainage network by allotting
drainage water among the differently loaded drainage pipelines. However, modern
intelligent sewer technologies are still only viable for developed cities due to the
relatively expensive investment requirement.
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4 Conclusions

Decades of massive urban construction not only wins China high urbanization and
economy growth but also causes severe urban environmental problems, particularly
the widespread high urban pluvial flood vulnerabilities. Since 2014, China has been
promoting Sponge City Development #4534 117 & 1%, a Chinese version of Water
Sensitive Cities, to alleviate this high urban pluvial flood problem and meanwhile to
improve the urban water system.

The causes for Chinese cities’ high urban pluvial flood risk are a complicated
cluster, which is related to several urban sectors and various urban development
phases, especially urban planning; the planning, construction, operation and main-
tenance of drainage infrastructure; the relevant regulations and administrations of
water bodies and green infrastructure. This review analyzes the causes and classifies
the complicated causes into the following three categories:

Firstly, the low-efficiency urban expansion, which is featured with massive
growth of impervious land use and land covers, caused higher and more intensive
stormwater runoff, severely damaged urban hydrologic system, and escalated urban
heat island effects and urban rain island effects.

Secondly, the planning, construction, and maintenance of urban drainage infra-
structure severely lag behind the overground development. Urban drainage infra-
structure becomes a bottleneck of drainage, due to the following reasons: low
drainage standards; use of flow attenuation coefficient; common “lowest unique
bid”; weak engineering supervision; poor operation and maintenance; excessive
sewer misconnections, blockage, and damages; ever-increasing service area and
high runoff coefficient; and low water tariff and high dependence on governmental
subsidies.

Last but not the least are the regulative and administrative reasons. For example,
both the taxation mechanism and the political fever for a sealed urban image encour-
aged local governments’ overdependence on land releasing. Moreover, the relevant
laws, regulations, and standards on urban planning and construction are not cutting-
edge and agile enough for China’s very swift urbanization, such as the insufficient
legislations and shallow enforcements for safeguarding urban natural infrastructure.
Also necessary to mention are the typical problems of top-down planning decision
system: the complex, sometimes overlapping sometimes split administrative system
and their information silos.

As analyzed in this article, Chinese authorities have started series of countermea-
sures in the urban planning sector and urban drainage sector. Sponge City
Development, as one of the most systematic evolution, set series of ambitious tar-
gets yet needs to solve the following challenges and problems: from cross-boundary
cooperation experience to the capacity of relevant talents, to the not well-separated
drainage system, to the power distribution, to more efficient administration, to long-
term finance, to effective legislation, etc.

Just as the high urban pluvial flood vulnerabilities are caused systematically, it
requires also cross-boundary efforts, evolution, and cooperation to develop into a
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water-sensitive, climate change-resilient Sponge City. We customize for Chinese
cities series of recommendations for their urban planning, low-impact development
and urban sewer system. Here briefly summarizes some of the key points.

There is a lot that urban planning sector can improve to avoid and to solve the
urban pluvial flood problems and urban water system problems from the
beginning:

Firstly, in order to keep urban construction relatively in control, the authority
should authorize and support the urban planning sector to exert the function of envi-
ronmental and ecological protection. Particularly the dispersed water sectors should
get better streamlined, coordinated, and integrated and actively participate in all the
phases of urban planning and construction, to protect and to optimize the urban
water system from the very beginning.

A most preliminary concern of urban planning should be to firstly preserve the
valuable critical ecological infrastructures free from development. The urban green
lines and urban blue lines of current urban planning system, if well enforced, can
serve this means, if only the multidisciplinary contributions can be introduced to
rectify, identify, classify, and upgrade the urban green lines and urban blue lines
according to their potentials of critical ecological infrastructures.

While planning for urban developed land, we think, cities can gain more climate
change resilience via organized, controlled, and moderate urban decentralization
and clustering, formed ploy centers featured with urban growth boundaries, com-
pact and mixed-land use, and multifunctional and relatively independent urban
operation, buffered by traffic routes and ecological land in between.

In order to curb urban fragmentation, we recommend Chinese authorities to fully
promote urban growth boundary and strictly enforce the development permits
nationwide. Yet more efforts still need to be invested in developing methodologies
for scientifically setting urban boundaries, considering, for example, not only envi-
ronmental capacities but also flood risks.

It is also recommended to revise China’s still mutually exclusive land classifica-
tion system for more compatibility capacities, so that to encourage more multifunc-
tional and mixed land use of urban area. This can activate cities efficiently. For
example, multifunctional open spaces, if properly designed, can safely augment the
urban stormwater detention and retention capacity without using extra land.

Compact city development can at the source limit urban imperviousness and the
impacts on hydrological cycle. To balance between land use efficiency and habit-
ability, we recommend the central authority to specify the lower and upper limits for
the various development density and intensity criteria accordingly and to form a
three-dimensional construction density index combination including plot ratio, site
coverage, building height, and open space ratio.

Low-impact development, as core element of China Sponge City Development,
can very well connect the urban planning sector and the drainage sector. We firstly
analyzed the challenges for LID, such as lack of high-resolution data, heavy storm-
water runoff contamination, uneven rainfall distribution, limited urban land
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resources, and critical gaps in modelling. Based on that this technical review cus-
tomized recommendations about how to accelerate relevant monitoring and high-
resolution database construction and sharing, how to customize local stormwater
management models, how to effectively prevent stormwater runoff pollution and
hence to increase the life span of LID facilities, and how to customize stormwater
management process. Besides, we also listed some critical points to improve the
stormwater management simulation tools and shared some insights about sustain-
ing, funding, and management mechanisms for LID.

As to the sewer system, the most urgent, practical, and cost-efficient solutions
should be to fully utilize the drainage capacity and storage capacity of existing
drainage infrastructure.

Hereto this article customized recommendations for improving the relevant top-
level design, in such as national technical guidelines, standards and liability mecha-
nisms, more efficient institutional setting, long-term reliable financing design,
prohibition of “lowest unique bid,” and prioritization of drainage infrastructure
before land trade.

Technically, this technical review described a three-step innovation and improve-
ments to release, utilize, and activate the drainage and storage capacity of sewer
system: to fit hydrodynamic sewer self-cleaning technologies into drainage infra-
structures, to embed flow-control technology such as weirs and vortex valves, and
to promote measures for enhancing sewer connectivity, flexibility, and resilience,
such as connection pipes, decentralized systems, flexible design alternative, and
smart sewer technologies.

In its first 3 years, 2015-2017 Sponge City Development has been taking over
more expectations, not only urban pluvial flood control but also improvement of the
whole urban water environment. For both expectations, this decades-long national
mega project and evolution requires mind-opening cross-boundary evolution and
cooperation especially among urban planning, drainage system, and urban natural
infrastructure. This review, based on the past lessons and cutting-edge trends, sum-
marizes the relevant causes and recommendations and serves as an introduction for
the beginning of this cross-boundary evolution. In the coming years, China’s Sponge
City Development will bring the world lots of technical and administrational inno-
vations and breakthrough and lively demonstrate how to evolve toward water-
sensitive cities with cross-boundary efforts.
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