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Abstract:  

Stormwater management is a key urban issue in the world, in line with the global issues of 

urban sprawl and climate change. It is urgent to investigate the effectiveness in managing 

stormwater with different strategies for maintain urban resilience. A method based on a 

storm water management model (SWMM) was developed for assessing the control of 

stormwater runoff volume and the percentage removal of suspended solids by 

implementing a Sponge City strategy. An interdisciplinary approach was adopted 

incorporating Low Impact Development (LID) with urban Green Infrastructure and Gray 

Infrastructure paradigms in a typical old residential community in Suzhou, China. Four 

types of sponge facilities for reducing stormwater runoff were bio-retention cells, 

permeable pavements, grassed pitches, and stormwater gardens. The simulation results 

indicate that the stormwater pipe system can meet the management standard for storms with 

a five-year recurrence interval. The volume capture ratio of annual runoff is 91% and the 

reduction rate of suspended solids is 56%. This study demonstrates that Sponge City 

strategy is an effective approach for managing stormwater, particularly in old and densely 

populated urban areas. Implementing spongy facilities with a LID strategy for stormwater 

management can significantly enhance urban water resilience and increase ecosystem 

services. 

Keywords: Sponge City; Residential Community; SWMM (Storm Water Management 

Model); Low Impact Development (LID); Ecosystem Services; 
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1. Introduction 

 

Intensified global urbanization in the past 100 years has significantly increased urban 

stormwater runoff volume, and brought with numerous problems of water pollution and 

flood disasters, which are also related to the impacts of climate change [1-3]. Between 1978 

and 2017, China’s urban population grew by 58.5%. Additionally, since 1981, the country’s 

built-up urban areas have increased by 29.5 times and the average urban road area per 

person has increased by 9.2 times (Fig. 1). Such rapid urbanization, together with the 

effects of climate change, has caused serious environmental problems since impervious 

surfaces convert precipitation to stormwater runoff and thus cause various problems related 

to water quantity and quality [4] such as urban waterlogging, water shortage, water 

pollution, ecosystem shrinking of lakes and rivers, and ecological deterioration of aquatic 

habitats [5-7]. In response, “Sponge City Program” relating to best management practices 

was proposed in 2013 for sustainable development in urban areas, which have sound 

“flexibility” integrating green and gray infrastructures to adapt to environmental changes 

and natural disasters. Sponge City development can manage urban surface runoff by 

absorbing, storing, seeping and purifying stormwater runoff, to combine ecological 

facilities and green-space patches with traditional gray infrastructure for urban runoff 

control [8]. Such stormwater management can not only solve the problems of waterlogging 

and water pollution, but also improve the water utilization efficiency to enhance ecosystem 

services in urban areas [9,10]. 

Residential areas often account for 40–50% of the urban development land area, with 

the roads and drainage facilities associated [11]. A low-cost management approach is 

needed for residential areas because high-density residential buildings, high impervious 

surface area rate, inelasticity for land use, and the high cost of stormwater management all 

depend on gray pipelines [12]. Low Impact Development (LID) represents the concept of 
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integrating land development with environmental concerns, by focusing on balances of 

sustainable water quality and pollutant load derived from developed areas [13,14]. LID 

facilities with small land occupation and low-cost maintenance with enhanced water quality 

of aquatic habitat are most suitable for urban residential areas. Additionally, residential 

areas have a large number of individual buildings and abundant green spaces, for which 

LID facilities can be used to improve the status of stormwater management and enhance the 

multiple ecological effects of the landscape, such as flooding mitigation and pollution 

reduction [15,16]. As the residential area can be an important practice object for Sponge 

City renovation, it will promote to build the whole city as a “big sponge” through the 

construction of green stormwater infrastructures in many residential areas called “small 

sponge”. Such a stormwater management strategy can enhance urban ecosystem services to 

provide nature benefits to human society, by improving capacities of flood risk reduction 

and the control of surface runoff pollution in both residential areas and whole cities [17]. 

To effectively control stormwater runoff, reduce stormwater pollution, and restore 

ecosystem function and biodiversity, the sponge renovation and ecological restoration of 

old residential areas have become a task of urban water management and a focus of local 

governments in China. However, the renovation of old residential areas is a complex task, 

especially in old towns. This complexity has been further exacerbated by the involvements 

of many government agencies, such as water conservancy bureaus, housing and 

construction bureaus, and municipal engineering departments [18]. Therefore, a 

comprehensive solution is required which integrates professional knowledge of landscape 

architecture, urban planning, land use, road and traffic planning, ecology, and hydrology. 

Even though Sponge City construction is similar to LID in that it is an innovative method 

with characteristics of a comprehensive engineering system for urban runoff control [13], 
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there are only limited studies in the selection of Sponge City facilities in China and the 

assessment of spongy facilities that have been implemented in actual design plans.  

Understanding the effectiveness of innovative technical measures for runoff 

management under local habitat conditions remains a knowledge gap. The objective of this 

study is to examine the effect of Sponge City LID technology on stormwater runoff control, 

pollution reduction, and environmental improvement in the old town of Wujiang District in 

Suzhou City. As the Sponge City technology using the LID concept can improve the water 

management of the residential area, this study assesses the effectiveness of a planning 

scheme involving sponge facilities. Such assessment will help to design a liveable urban 

community by controlling total annual runoff quantity, reducing flood risks, and 

maintaining good water quality to enhance habitat quality in urban areas.  

2. Materials and Methods  

2.1. Study site 

Suzhou, in Jiangsu Province, south-eastern China, is an economically important and 

highly developed city, which has the highest level of industrialization and urbanization in 

China. Many areas in Suzhou are covered by dense river–lake–wetland networks. However, 

rapid urban development in Suzhou has caused many serious problems in urban water 

systems, such as the encroachment of river corridors and the truncation of rivers. Moreover, 

many rivers have become polluted with significant input of nonpoint source pollution 

[19,20] especially during storm events. These problems have reduced river self-purification 

capacity and caused ecosystem degradation in Suzhou [21]. 

For enhancing water pollution control, a renovation project with improving stormwater 

management was proposed for the Shuixianghuayuan old residential area in Songling 

Town, Wujiang District, Suzhou (31°08’59.6”N, 120°38’16.7”E). The location and land 
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use map of the Shuixianghuayuan old residential area is shown in Fig. 2. The total area of 

Shuixianghuayuan is 5.57 hectares, with a green-space area of 2.47 hectares, a building 

footprint of 1.54 hectares, a total road and paved area of 1.41 hectares, and a landscape pool 

and discharge ditch of 0.15 hectares. Additionally, there is some additional space for 

placing spongy facilities since the elevation of roads in the site is about 1.80–2.10 m and 

the longitudinal slope of the site is about 1–2‰. 

An investigation of the site revealed that both of the building density and residential 

population density were high. The surface impervious area rate was high, which resulted in 

a large integrated runoff coefficient of stormwater. In terms of underground conditions, the 

residential area has a combined drainage and sewer system, which means that the drainage 

of stormwater and sewage within the same pipe would result in the poor reuse of 

stormwater resources and cause serious pollution due to sewage overflow. A 

comprehensive assessment of the site showed that, under traditional development, the 

volume capture ratio of annual rainfall is 44.69%, which does not meet the requirement of 

Sponge City construction [22]. 

2.2. Study roadmap 

The purpose of the old residential renovation project was to build a Sponge City pilot 

which can improve the living environment and ensure water safety with stormwater runoff 

and maintain high water quality. Therefore, all parts of the planning scheme are based on 

how to collect the stormwater runoff using sponge facilities before it discharges to nearby 

rivers or lakes, and on how to provide the system with the ability to maintain water quality. 

The flowchart in Fig. 3 outlines the main phases of the stormwater management based on 

LID in the Shuixianghuayuan old residential area, as explained below:  

1) Phase I: Determining the planning objectives. Based on the analysis of the study 

area, and considering the knotty problems, developmental requirements and construction 
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situation, the planning objectives for a Sponge City are determined, including runoff 

volume control, flooding control and pollution control;  

2) Phase II: Designing the planning scheme. The design runoff control volume is 

calculated from the Technical Guidelines for Sponge City Construction (hereafter, 

Guidelines) [23]. The study area is then divided into several catchment zones, and suitable 

sponge facilities are selected based on the zones’ regional characteristics, such as bio-

retention cells and grassed pitches [24]. Finally, a general engineering planning scheme is 

established for spongy facilities; 

3) Phase III: Developing a rainfall-runoff model using a Storm Water Management 

Model (SWMM). A rainfall-runoff SWMM is developed, and values of each parameter are 

determined as input data for the model, including the area, slope, and length of sub-

catchments and drainage systems. Then, the temporal distribution of design storm intensity 

is established from the synthetic rainfall pattern of Chicago-storms with recurrence 

intervals of 2, 5, 10 and 20 years considered. Finally, two hydrological scenarios are 

proposed for simulation analysis and comparison, of which Scenario 1 is the traditional 

drainage system without sponge facilities and Scenario 2 is the drainage system with 

sponge facilities; 

4) Phase IV: Evaluating the planning objectives. Based on the Guidelines, the 

effectiveness of spongy facilities for controlling runoff volume and water quality is 

analyzed. Additionally, the effectiveness of sponge facilities for flood control is evaluated 

under storm conditions with different recurrence intervals.  

2.3. Sponge City planning  

2.3.1. Planning objectives 
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The sponge planning scheme includes three objectives: (1) the volume capture ratio of 

annual rainfall is over 80% and the designed rainfall depth is 26.7 mm; (2) the flow control 

target is to achieve the standard of drainage capacity for a design storm with a 2-year 

recurrence interval; and (3) the green space is provided with ecosystem service functions 

which can effectively reduce stormwater runoff pollution and achieve a 55% reduction of 

non-point source pollution [25]. 

2.3.2. Design runoff control volume 

The weighted average method was used to calculate the comprehensive runoff 

coefficient of the Shuixianghuayuan old residential area, based on the Guidelines [22]. The 

runoff coefficient of each underlying surface is as follows: hard roof: 0.85; green space: 

0.15; water: 1.00; and impervious pavement: 0.85. The comprehensive runoff coefficient of 

the total area is 0.42. Additionally, based on the volumetric method from the Guidelines, 

the design runoff control quantity is calculated as 624.14 m3 [26]. 

2.3.3. Selection of Sponge City facilities  

The framework design of conceptual sponge facilities for the Shuixianghuayuan old 

residential area is illustrated in Fig. 4. There are many types of sponge facilities, and each 

type has its own applicable scope, technical points, economical characteristics, and 

aesthetic values [27]. Based on the local conditions in Wujiang District, which has a high 

groundwater level [28] and weak soil permeability [29], bio-retention cells were primarily 

considered since they are appropriate for harvesting and purifying stormwater from roofs, 

roads, and gardens. In parking areas, permeable pavements were selected. In the central 

square area, which is a largely paved area with some green landscaped zones, grassed 

pitches and stormwater gardens were selected.  
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2.3.4. Planning for spongy facilities  

According to the present topographic elevation and design scheme of the rain sewer 

pipe network, the Shuixianghuayuan old residential area is divided into nine catchment 

areas (S1–S9). The planning scheme of sponge facilities is illustrated in Fig. 5. In this 

residential area, after the implementation of the planned sponge facilities, stormwater 

runoff from roofs, impermeable pavements, and roads will be collected and discharged to 

the municipal pipe network or nearby rivers. The total area of the footprint of sponge 

installations in Shuixianghuayuan is 9746 m2, accounting for 17% of the entire constructed 

area, in which the area of bio-retention cells is 1522 m2, the area of permeable pavements is 

3534 m2, the area of grassed pitches is 4448 m2, and the area of stormwater gardens is 243 

m2. 

2.4. Assessment on sponge facilities’ effectiveness 

2.4.1. Runoff simulation model 

The SWMM is a dynamic rainfall-runoff simulation model which can be used to 

simulate urban hydrological processes, pipe network hydrodynamic processes, and water 

quality evolution processes [30,31]. This study used the SWMM software to assess the 

effectiveness of sponge facilities in the Shuixianghuayuan old residential area. 

Fig. 6 shows the SWMM network for the Shuixianghuayuan old residential area, where 

the drainage system includes 68 sub-catchments (S1–S68), 62 nodes (J1–J62), 62 conduits 

(G1–G62), and three outlets (P1–P3). The input data include the area, width, and 

percentage imperviousness of the sub-catchment, the length and diameter of the pipe, and 

the invert elevation and maximum depth of the node. Details of these input data are 

summarized in Supplementary Materials 1, 2, and 3. Based on the SWMM user manual and 

some references [32-34], the ranges of hydrological parameters for the SWMM model are 
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given in Table 1, including the manning coefficients of the impervious and pervious 

surfaces, the depression storage of the impervious and pervious areas, and the maximum 

and minimum infiltration rates of pipes. 

The annual rainfall data and synthetic storm data for a typical year in Suzhou were also 

input into SWMM software for rainfall-runoff modelling, and two scenarios were simulated 

for comparison and analysis. Scenario 1 is a traditional drainage system without sponge 

facilities, and Scenario 2 is a drainage system with sponge facilities designed according to 

the above planning scheme. Here, runoff control volume and percentage removal of 

suspended solids were assessed through the comparison and analysis of simulations for the 

selected sponge facilities. 

2.4.2. Assessment of the flood control ability of spongy facilities via synthetic design 

rainfall 

The SWMM model can be used to simulate annual time series of rainfall or a singular 

rainfall event [30,31]. For this study, the simulation results for a singular rainfall event were 

used to assess the short-term runoff characteristics, while the modelling of a 2-hr design 

rainstorm event with a 5-min time step was used to assess the effectiveness of sponge 

facilities for flood control. 

Based on the short-duration rainfall models recommended in the Technical Guidelines 

for the Establishment of Intensity-Duration-Frequency Curves and Design Rainstorm 

Profiles [23], the Chicago-storms [35] was chosen for a synthetic rainfall model, and the 

local storm intensity formula was used to generate design rainstorm events in Suzhou City. 

The design rainfall intensity formula for Suzhou is as follows [36]: 

𝑞 =
3306.63(1+0.8201 log𝑃)

(𝑡+18.99)0.7735
                       (1) 

The formula for transforming into Chicago storm intensity is as follows: 
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𝑖 =
𝑎

(t+𝑏)𝑐
=

19.83(1+0.8201 log𝑃)

(𝑡+18.99)0.7735
                  (2) 

where q is the design rainfall intensity in L/(s*hm2 ), P is the design rainfall recurrence 

interval in years, t is the design rainfall time in min, i is the rainfall intensity in mm/min, 

and a, b, and c are rainfall parameters for Suzhou.  

The formulas of rainfall intensity before and after the time for peak rainfall are as 

follows: 

𝑖(𝑡𝑎) =
𝑎[

(1−𝑐)𝑡𝑎
𝑟

+𝑏]

(
𝑡𝑎
𝑟
+𝑏)

1+𝑐                             (3) 

and 

𝑖(𝑡𝑏) =
𝑎[

(1−𝑐)𝑡𝑏
1−𝑟

+𝑏]

(
𝑡𝑏
1−𝑟

+𝑏)
1+𝑐                             (4) 

where i(ta) and i(tb) are the instantaneous rainfall intensity in mm/min; ta and tb are the 

times before and after the peak time in min, respectively; r is the peak time during 0-1 

range, which represents the peak occurrence at the beginning (0) and the end (1) of the 

storm, respectively. In this study, 0.4 was chosen as the value of r [37], and a, b, and c were 

obtained from Equation (2). From Equations (1)–(4), 2-h synthetic storms with recurrence 

intervals of 2, 5, 10, and 20 years were determined, as summarized in Fig. 7. 

3. Results  

3.1 Runoff control volume  

The total runoff control volume of sponge facilities in each catchment area can meet the 

demand of runoff control volume in the corresponding area (Table 2). As shown in the 

table, the simulation results show that the total annual runoff control volume of the 

Shuixianghuayuan old residential area is 970.75 m3, which is equivalent to 41.52 mm of the 

designed rainfall depth and corresponds to 91% of the volume capture ratio of annual 
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runoff. This shows that the implementation of sponge facilities can meet the planning 

control target of 80% in volume. 

3.2 Assessment of flooding control 

Under Scenario 1 (the traditional drainage system without sponge facilities), the 5-min 

maximum floodwater volumes from each link and node are much higher than that under 

Scenario 2 (the drainage system with sponge facilities) in Fig. 8, where different colors 

represent the 5-min maximum floodwater volumes from each link and node, respectively. 

As shown in Fig. 8(a), the floodwater volumes from links G3, G5, G9, G12, G14, G19, 

G20, G22, G24, G25, G28, G29, G31, G32, G34, G46, and G60 are lower under Scenario 2 

than under Scenario 1. Fig. 9(a) shows that the floodwater volumes from all nodes except 

the outlet are lower than 0.3 m, which indicates that the scheme also meets the flood control 

standard for a storm with a 5-year recurrence interval. Furthermore, the simulation results 

in Fig. 9(c) show that the local flooding situations would not be serious even if a 20-year 

recurrence-interval storm occurred. 

Their time series were calculated based on the standing water depth of 0.15m and 

flooding criteria. Fig. 10 shows the variations of floodwater volumes under the two 

scenarios for a storm with a 20-year recurrence interval. The results reveal that Scenario 2 

has much lower flooding risks than Scenario 1. Additionally, taking the site with the lowest 

elevation as an example, Fig. 11 shows that, in Scenario 2, the duration of standing water 

depths exceeding 0.15 m is 7.5 min whereas it is 17.5 min in Scenario 1, which clearly 

demonstrates that the sponge facilities have a better flood control ability in Scenario 2 than 

in Scenario 1. 

3.3 Calculation of water quality 
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Based on the ecological purification functions of the sponge system in the 

Shuixianghuayuan old residential area, the percentage removal of suspended solids (SS) 

based on the Guidelines [22] can be used as an indicator parameter to assess water quality 

in this area. This study also evaluates the effect of water quality control based on the 

following Equations (5)–(7):  

𝑟 =
∑𝑊𝑖∗𝑛𝑖

∑𝑊𝑖
                                    (5) 

 

𝑛𝑗 = 𝑎 ∗ 𝑟                                    (6) 

and 

𝑠 =
∑𝐴𝑗∗𝜑𝑗∗𝑛𝑗

∑𝐴𝑗∗𝜑𝑗
                                  (7) 

where r is the comprehensive removal rate of SS by sponge facilities in percent, Wi is the 

runoff control quantity of single sponge facilities in m3, ni is the average removal rate of SS 

by a single type of sponge facility in percent, a is the annual total runoff control rate in 

percent, s is the removal rate of SS load in catchment areas, Aj is the area of the sub-

catchments in hm2, nj is the removal rate of the SS load of the sub-catchments in percent, 

and φj is the comprehensive rainfall runoff coefficient of the sub-catchments. 

Based on Equations (5)–(7), the percentage removal of SS by sponge facilities was 

calculated from runoff in the Shuixianghuayuan old residential area. The SS removal rate of 

several selected sponge facilities in the study area was obtained based on the value range 

given in the Guidelines, in which the SS removal rate of stormwater garden and bio-

retention cells is 70% (see Table 3). The results in Table 3 also show that the reduction rate 

of SS can reach 56% annually, which meets the requirement of planning indicators. 

4. Discussions 
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4.1. Runoff control volume 

The runoff control volumes of various facilities and each catchment area were 

calculated based on the constraints of green space, permeable pavement, tree-root system 

protection, and permeability in each catchment area. By comparing the designed runoff 

control volume, the situations of meeting the standard were evaluated. The calculated 

runoff control volume was based on the water-holding capacity of different sponge facilities 

and the volumetric method in the Guidelines. In each catchment area, the demand of runoff 

control volume in the corresponding area was met by the total runoff control volume of 

sponge facilities that include bio-retention cells, permeable pavement, grassed pitch, and 

stormwater garden [21].  The planning control target of 80% in volume was achieved 

through the implementation of sponge facilities, which indicates effective LID design 

performance [54]. 

4.2. Flooding control assessment 

One of the planning objectives for the Shuixianghuayuan old residential area is to 

achieve the standard of drainage capacity for a design storm with a 2-year recurrence 

interval. Based on the modelling results of the SWMM, the effectiveness of sponge 

facilities for flood control under two scenarios was assessed under stormwater conditions 

with recurrence intervals of 5, 10, and 20 years (Figs. 8, 9). For the drainage system with 

sponge facilities (Scenario 2), the 5-min maximum floodwater volumes from each link and 

node were much lower than that under the traditional drainage system without sponge 

facilities (Scenario 1), which reflects the effectiveness of Sponge City facilities [68]. 

To further assess the effectiveness of sponge facilities for flood control, the time series 

of the flood volumes and standing water depths were compared between the two scenarios. 

The flooding risks are associated with standing water depths calculated according to the site 
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topography and the flood volumes of each node. Our results reveal that flooding risks under 

Scenario 2 were much lower than Scenario 1, which indicates that the sponge facilities have 

a better and effective flood control capacity to manage rainwater [69]. 

4.3. Application of LID  

The application of the proposed approach to Wujiang is an example of how LID can be 

used to inform the management of stormwater runoff. By implementing the stormwater 

garden and bi-retention cells of spongy facilities, the simulation results show that the target 

runoff control volume and SS removal rate given in the Guidelines are achievable for a 

typical old residential area (Table 3). The reduction of runoff volume can also be achieved 

via adopting other facilities, such as green roofs, permeable pavements, and rain barrels 

[38]. Furthermore, Liu et al. [39] studied the effectiveness of different Green Infrastructure 

(GI) on the reduction of runoff and reported a limited effect based on a single GI with 

importance of GI combined effect. Moreover, Mei et al. [40] indicated that the combination 

of bio-retention cells and vegetated swale appears to be the most cost-effective GI option 

for unit investment. These results correspond well with the results of our study, confirming 

the effectiveness of stormwater gardens and bi-retention cells for reducing runoff. 

Additionally, our study shows the effectiveness of spongy facilities on the removal rate of 

SS, which could be of use for their application in enhancing urban ecosystems in the 

renovation plans for old residential areas in the future. Since the investment and revenue 

mechanisms of the Sponge City Plan are still at an exploratory stage, the cost-effectiveness 

of the implementation of GI should be fully considered with integrated assessments.  

The Sponge City Plan deviates from the traditional rapid-draining approach in an 

attempt to preserve or restore the sponge-like capacity of natural landscapes to absorb and 

store rainwater during urbanization [41]. Thereby, as a holistic, ecosystem-based approach 

that integrates with urban planning and design, Sponge City Plan has multi-capacities for 
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alleviating flooding risk, reducing runoff pollution, and augmenting water supply for 

different uses, including environmental uses, toward water resilience and sustainability 

[67]. Notably, the initiative prioritizes ecosystem conservation and habitat restoration, 

explicitly considering the water and environmental impact of development while meeting 

the rising demand for water resources. It reflects the modern understanding of tackling 

urban water issues in a holistic, sustainable way, and is consistent with integrated urban 

water management [42-44]. 

4.4 Management implication and future direction 

In order to meet the drainage requirements of sustainable urban development, urban 

stormwater management has become increasingly sophisticated, multi-dimensional, and 

integrated in nature [45]. Integrative urban drainage management is relevant with 

environmental requirements with ecological challenges, such as restoring and maintaining 

the natural flow regime, reducing non-point source pollution, rainwater harvesting and 

reuse, ecosystem protection and conservation, and enhancing ecosystem services in terms 

of eco-aesthetics and eco-recreation [46]. Although China’s water management was 

traditionally engineering-oriented and sector-based, especially in urban areas, only recently 

has China started to pay more attention to holistic stormwater management including low-

impact development [47], and therefore the country has little prior ecological knowledge 

and experience [27]. In recent decades, urban stormwater management has received much 

attention across the world, as evidenced by an exponential growth in the use of urban 

drainage terminology [45], partially in response to societal needs for improved stormwater 

management under changing development conditions such as climate change and 

urbanization [48,49].  

Corresponding to the increased requirements for managing urban stormwater, 

implementing the Sponge City Plan requires understanding and accounting for not only 
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urban hydrology [49], including landscape imperviousness and hydrological impact [50], 

and stormwater runoff dynamics [51], but also available technical measures and their 

performance [52-55], spatial heterogeneity and adaptability [56,57], and management 

strategy and governance [58], supported by reliable hydrological modelling assessment 

[59]. All these important aspects demand both technical knowledge and strong management 

strategies with governance capacity, challenging China’s ambition for holistic urban 

stormwater management [60].  

Along with increasingly frequent extreme climate events caused by climate change 

[61,62], the combination of urban stormwater management and habitat eco-restoration in 

order to enhance the capacity for dealing with sudden-on-set disasters is a crucial strategy 

for alleviating the impact of urban rainstorm floods. Site-scale field experiments in 

combination with water-scale scenario simulations will help determine reasonable GI 

design parameters [40]. Taking an integrated, watershed-scale approach and focusing on the 

connectivity of the source–community–region–watershed scales can prevent the 

segmentation and isolation of the system and focus on the full benefits of the Sponge City 

approach—which includes factors such as nature conservation, flood reduction, ecosystem 

service enhancement, and water resource protection—and ultimately promote a healthier 

watershed. 

5. Conclusions 

Previous studies have focused on Low Impact Development (LID) in order to pursue 

sustainability, and reported that different Green Infrastructure (GI) parameters show 

different sensitivities that are related to rainfall characteristics [38]. The Chinese 

government’s “Sponge City Plan”, as a holistic strategy, can tackle urban pluvial flooding 

while improving ecosystem services and enhancing environmental and habitat health 

[63,64]. This study indicates that Sponge City construction with a LID approach integrating 

green and gray infrastructure paradigms can effectively improve water quality and allow 
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urban runoff control in a typical old residential community. Using a case study of the 

Shuixianghuayuan old residential area in Songling Town, Wujiang District, Suzhou, the 

study shows that a sponge system combined with bio-retention cells, permeable pavements, 

grassed pitches and stormwater gardens can reduce flooding risks with a storm with a 5-

year recurrence interval while maintaining water quality with a 56% reduction of SS load. 

The results indicate that the proposed method of implementing spongy facilities can be used 

for renovation planning in old residential areas in China for the development of sponge 

cities. Understanding the reliability of innovative technical measures for stormwater runoff 

management with a focus on ecosystem services and urban sustainability under local habitat 

conditions remains a knowledge gap [65]. Thus, the added value that LID can bring to 

regenerating old urban areas offers timely and effective options for solutions to economic 

and water challenges in an urbanizing world [66]. Based on our findings, further studies 

should explore how government policies could better preserve better ecosystem services for 

urban rainwater management from regional and national perspectives[67], and ensure more 

sustainable development with flood resilience [68] and risk management [70], in particular 

when regenerating ecologically-friendly urban habitats.  
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Figure Captions: 

 

Fig. 1 Changes in (a) the built-up urban areas and (b) the average urban road surface area 

per person from 1981 to 2018 in China. 

 

Fig. 2 Location and land use map of the Shuixianghuayuan old residential area in the 

Wujiang District, Suzhou, China. 

 

Fig. 3 Flowchart of the stormwater management based on Low Impact Development (LID) 

in the Shuixianghuayuan old residential area. 

 

Fig. 4 Conceptual framework of sponge facilities for the Shuixianghuayuan old residential 

area. 

 

Fig. 5 General sponge planning scheme for the Shuixianghuayuan old residential area 

 

Fig. 6 Generalized map (sub-catchments, nodes, links, etc.) of the Shuixianghuayuan old 

residential area in the storm water management model (SWMM). 

 

Fig. 7 Two-hour synthetic rainfall events with recurrence intervals (P) of 2, 5, 10, and 20 

years for Suzhou. 

 

Fig.8 Flood simulation of each link for scenarios 1 (left) and 2 (right) under storm 

conditions with recurrence intervals of 5 (a), 10 (b), and 20 (c) years.  Different colors 

represent different capacities for floodwater from each link.  Red lines indicate the high 

capacity for floodwater volumes and blue lines indicate the low capacity of for floodwater 

volumes. 

 

Fig.9 Flood simulation of each node for scenarios 1 (left) and 2 (right) under storm 

conditions with recurrence intervals of 5 (a), 10 (b), and 20 (c) years.  Different colors 

represent different capacities for floodwaters from each node, respectively. Red nodes 

indicate the high capacity of floodwaters, and blue the low capacity. 

 

Fig.10 Comparison of the flooded areas for scenarios 1 and 2 for a storm with a recurrence 

interval (P) of 20 years. 

 

Fig.11 Comparison of the standing water depth for scenarios 1 and 2 for a storm with a 

recurrence interval (P) of 20 years. 
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Fig.1 (a) Changes in (a) the built-up urban areas from 1981 to 2018 in China. (b) Changes of the 

average urban road surface area per person (1981-2018). 
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Fig.2 Location and land use map of the Shuixianghuayuan old residential area in the Songling 

Town, Wujiang District of Suzhou, China (31°08’59.6”N, 120°38’16.7”E).  the 

Shuixianghuayuan old residential area in Wujiang District, Suzhou. 
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Fig.3 Flowchart of the stormwater management based on LID in an old residential area. 
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Fig.4 Conceptual framework of sponge facilities for the Shuixianghuayuan old residential 

area. 
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Fig.5 General sponge planning scheme for the Shuixianghuayuan old residential area. 
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Fig.6 Generalized map (sub-catchments, nodes, links, etc.) of the Shuixianghuayuan old residential 

area in SWMM model. 
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Fig.7 Two-hour synthetic rainfall events with 2-, 5-, 10-, and 20-year recurrence intervals 

(P) for Suzhou. 
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Fig.8 Flood simulation of each link for Scenario 1 (left) and 2 (right) under storm 

conditions with 5-, 10-, and 20-year recurrence intervals: (a) 5-year; (b) 10-year; (c) 20-

year. Different colors represent different capacities for floodwater from each link. Red lines 

indicate the high capacity for floodwater volumes and blue lines indicate the low capacity 

of for floodwater volumes. 
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Fig.9 Flood simulation of each node for Scenario 1 (left) and 2 (right) under storm 

conditions with 5-, 10-, and 20-year recurrence intervals: (a) 5-year; (b) 10-year; (c) 20-

year. Different colors represent different capacities for floodwater from each node, 

respectively. Red nodes indicate the high capacity of floodwaters, and blue the low 

capacity. 
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Fig.10 Comparison of the flooded areas for scenarios 1 and 2 for a storm with a recurrence 

interval (P) of 20 years. 
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Fig.11 Comparison of the standing water depth for scenarios 1 and 2 for a storm with a 

recurrence interval (P) of 20- years.
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Table 1. Ranges of hydrologic parameters for the storm water management model 

(SWMM).  

Parameter  Range  Units Parameter Range Units 

Area 0.003～0.5 ha Dstore-Imperv 1.27～2 mm 

Width 2～70 m Dstore-Perv 2～15 mm 

Slope 1～5 ‰ Max.Infil.Rate 72.4～78.1 mm.h-1 

Imperv 30～80 % Min.Infil.Rate 3.18～3.82 mm.h-1 

N-Imperv 0.01～0.03 - Decay Constant 2～4 h-1 

N-Perv 0.1～0.3 - Drying Time 7～10 d 

N-Roughness 0.011～0.036 -    

Notes: Imperv means percentage imperviousness of the sub-catchment; N-Imperv and N-Perv mean 

the Manning coefficients of the impervious and pervious surfaces, respectively; N-Roughness 

means the Manning roughness coefficient of pipelines; Dstore-Imperv and Dstore-Perv mean the 

depression storage of the impervious and pervious areas, respectively. 
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Table 2. Calculated runoff control volumes in each catchment area. 

Partition 

number 

Catchment 

area (m2) 

Designed 

runoff 

control 

volume 

Vs(m3) 

Scale of sponge facilities 
Runoff 

control 

volume 

Vs(m3) 

Bioretention 

cell (m2) 

Permeable 

pavement 

(m2) 

Grassed 

pitch 

(m2) 

Stormwater 

garden (m2) 

S1 5555 62.29 134 619 432 0 73.70 

S2 3900 43.73 132 523 302 0 72.60 

S3 5376 60.29 183 165 339 0 100.65 

S4 5420 60.78 182 344 515 0 100.10 

S5 5818 65.24 99 110 351 243 188.10 

S6 4864 54.54 150 261 337 0 82.50 

S7 9104 102.09 312 495 727 0 171.60 

S8 7650 85.79 158 426 701 0 86.90 

S9 7970 89.38 172 591 743 0 94.60 

Total 55657 624.14 1522 3534 4448 243 970.75 

Notes: Runoff control volume means the volume of sponge facilities for catchment runoff control. 
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Table 3. Percentage removal of suspended solids (SS) from runoff by sponge facilities in 

the Shuixianghuayuan old residential area. 

Partition 

number 

Catchment 

area (m2) 

Runoff control volume Vs(m3) Comprehensive 

removal rate of 

SS (%)  

Removal rate of SS 

load (%)  
Bioretention 

cell (m3) 

Stormwater 

garden (m3) 

S1 5555 65.66 0 70.0 56.0 

S2 3900 64.68 0 70.0 56.0 

S3 5376 89.67 0 70.0 56.0 

S4 5420 89.18 0 70.0 56.0 

S5 5818 48.51 119.07 70.0 56.0 

S6 4864 73.5 0 70.0 56.0 

S7 9104 152.88 0 70.0 56.0 

S8 7650 77.42 0 70.0 56.0 

S9 7970 84.28 0 70.0 56.0 

Total 55657    56.0 

Notes: Comprehensive removal rate of SS means the comprehensive removal rate of SS from runoff 

by sponge facilities. Removal rate of SS load means the removal rate of SS load from runoff in 

catchment areas. 
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Supplementary Materials 1. Generalized results for sub-catchments in the storm water 

management model (SWMM). 

Sub- 

catchments 

Area 

(m2) 

Width

(m) 

Percentage 

Imperviousness 

(%) 

Sub- 

catchments 

Area 

(m2) 

Width

(m) 

Percentage 

Imperviousness 

(%) 

S1 564.10  11.30  94  S35 565.53  12.91  57  

S2 706.81  14.86  60  S36 479.72  15.10  35  

S3 727.23  15.03  30  S37 737.31  17.64  43  

S4 416.95  18.86  33  S38 488.02  16.89  87  

S5 660.42  15.33  31  S39 946.83  15.61  57  

S6 664.04  15.31  33  S40 194.33  10.14  24  

S7 639.65  15.37  18  S41 745.32  12.44  0  

S8 598.18  13.92  68  S42 792.47  23.18  73  

S9 706.60  16.18  46  S43 898.60  17.16  32  

S10 712.52  16.42  61  S44 2172.81  42.03  71  

S11 345.62  14.84  63  S45 768.83  11.33  37  

S12 464.02  15.94  62  S46 1780.09  24.75  62  

S13 438.41  15.69  56  S47 1141.39  21.47  86  

S14 647.06  16.48  56  S48 1052.67  21.23  7  

S15 708.15  15.86  63  S49 851.66  22.95  4  

S16 560.60  15.61  56  S50 1247.59  36.44  25  

S17 639.10  16.00  41  S51 796.15  16.53  75  

S18 527.03  15.60  55  S52 654.56  16.29  0  

S19 919.59  18.70  18  S53 524.53  11.99  51  

S20 1624.62  23.36  69  S54 1569.03  27.87  0  

S21 879.96  18.18  38  S55 712.28  17.53  73  

S22 749.94  17.81  24  S56 524.34  22.05  59  

S23 773.70  17.73  0  S57 1834.12  28.79  35  

S24 447.38  12.87  57  S58 1654.21  30.43  26  

S25 412.02  12.86  65  S59 467.28  7.42  83  

S26 630.32  19.06  51  S60 788.52  16.22  29  

S27 398.43  12.40  59  S61 1317.64  24.27  27  

S28 568.68  18.74  0  S62 1035.57  21.57  37  

S29 828.21  19.77  11  S63 984.87  21.08  51  

S30 522.16  14.33  56  S64 453.81  9.26  9  

S31 656.84  14.11  65  S65 1014.92  21.24  51  

S32 498.21  14.33  19  S66 570.12  12.91  17  

S33 304.75  12.90  22  S67 2229.83  39.27  46  

S34 662.74  19.86  68  S68 1514.40  32.46  29  
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Supplementary Materials 2. Generalized results for pipes in the SWMM.  

Pipes Length (m) 
Diameter 

(m) 
Slope (%) Pipes Length (m) 

Diameter 

(m) 
Slope (%) 

G1 22 400 1.5 G32 30 600 2 

G2 44 400 1.5 G33 24 400 1.5 

G3 44 400 1.5 G34 24 600 2 

G4 21 400 1.5 G35 15 400 1.5 

G5 20 400 1.5 G36 12 400 1.5 

G6 44 400 1.5 G37 50 400 1.5 

G7 43 400 1.5 G38 31 400 1.5 

G8 22 400 1.5 G39 25 600 2 

G9 28 400 1.5 G40 22 600 2 

G10 26 400 1.5 G41 10 400 1.5 

G11 11 400 1.5 G42 42 400 1.5 

G12 34 400 1.5 G43 15 400 1.5 

G13 40 400 1.5 G44 35 400 1.5 

G14 36 400 1.5 G45 34 600 2 

G15 45 400 1.5 G46 7 600 2 

G16 22 400 1.5 G47 7 600 2 

G17 43 400 1.5 G48 10 400 1.5 

G18 44 400 1.5 G49 23 400 1.5 

G19 36 400 1.5 G50 33 400 1.5 

G20 32 400 1.5 G51 25 600 2 

G21 13 600 2 G52 26 400 1.5 

G22 25 400 1.5 G53 37 400 1.5 

G23 34 400 1.5 G54 11 600 2 

G24 45 400 1.5 G55 10 600 2 

G25 36 400 1.5 G56 47 400 1.5 

G26 9 400 1.5 G57 14 600 2 

G27 32 400 1.5 G58 49 400 1.5 

G28 42 400 1.5 G59 9 600 2 

G29 17 400 1.5 G60 16 600 2 

G30 23 400 1.5 G61 41 400 1.5 

G31 39 600 2 G62 7 600 2 
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Supplementary Materials 3. Generalized results for nodes in the SWMM. 

Nodes 

Invert 

Elevation

(m) 

Max. 

Depth(m) 
Nodes 

Invert 

Elevation

(m) 

Max. 

Depth(m) 
Nodes 

Invert 

Elevation

(m) 

Max. 

Depth(m) 

J1 1.14 1.06 J22 1.15 0.99 J43 1.03 1.11 

J2 0.67 1.47 J23 1.11 1.03 J44 1.13 1.01 

J3 1.14 1 J24 1.06 1.08 J45 1.08 1.06 

J4 1.07 1.07 J25 0.99 1.15 J46 0.81 1.33 

J5 1 1.14 J26 1.15 0.99 J47 0.74 1.4 

J6 0.97 1.17 J27 1.14 1 J48 1.13 1.01 

J7 1.14 1 J28 1.09 1.05 J49 1.12 1.02 

J8 1.07 1.07 J29 1.03 1.11 J50 1.16 0.98 

J9 1.01 1.13 J30 1 1.14 J51 0.88 1.26 

J10 0.94 1.2 J31 0.74 1.4 J52 1.17 0.97 

J11 0.94 1.24 J32 0.66 1.48 J53 1.16 0.98 

J12 1.14 1 J33 1.13 1.01 J54 0.83 1.31 

J13 1.09 1.05 J34 0.59 1.55 J55 0.81 1.33 

J14 1.03 1.11 J35 1.13 1.01 J56 1.16 0.98 

J15 0.98 1.16 J36 1.11 1.03 J57 0.79 1.35 

J16 0.65 1.49 J37 1.15 0.99 J58 1.16 0.98 

J17 1.13 1.01 J38 1.08 1.06 J59 0.76 1.38 

J18 1.07 1.07 J39 0.83 1.31 J60 0.74 1.4 

J19 1 1.14 J40 0.78 1.36 J61 1.16 0.98 

J20 0.95 1.19 J41 1.11 1.03 J62 0.71 1.43 

J21 0.62 1.52 J42 1.1 1.04    
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