

  water-15-04039




water-15-04039







Water 2023, 15(23), 4039; doi:10.3390/w15234039




Article



Comprehensive Performance Assessment for Sponge City Construction: A Case Study



Qian Yu 1,2,3,*, Na Li 1,2,3, Jing Wang 1,2,3,* and Shan Wang 1,2





1



State Key Laboratory of Simulation and Regulation of Water Cycle in River Basin, China Institute of Water Resources and Hydropower Research, Beijing 100038, China






2



Research Center on Flood and Drought Disaster Prevention and Reduction, Ministry of Water Resources, Beijing 100038, China






3



Key Laboratory of Water Safety for Beijing-Tianjin-Hebei Region, Ministry of Water Resources, Beijing 100038, China









*



Correspondence: yuqian@iwhr.com (Q.Y.); wangjing8585@iwhr.com (J.W.)







Citation: Yu, Q.; Li, N.; Wang, J.; Wang, S. Comprehensive Performance Assessment for Sponge City Construction: A Case Study. Water 2023, 15, 4039. https://doi.org/10.3390/w15234039



Academic Editor: Pankaj Kumar



Received: 26 September 2023 / Revised: 10 November 2023 / Accepted: 17 November 2023 / Published: 21 November 2023



Abstract

:

Sponge City Construction (SCC) can effectively solve urban areas’ water problems. Green infrastructure (GI), the core of SCC, exhibits a multifaceted capacity to deliver many co-benefits, while grey infrastructure primarily serves the single function of controlling rainfall runoff. However, existing assessment indicator systems fail to either consider or evaluate comprehensive impacts. In this work, a comprehensive indicator system has been established to assess the co-benefits of five different GI measures. The system includes twelve indicators from four aspects, i.e., disaster reduction, economic, environmental, and social benefits. This newly established assessment system is applied to Jinan as a case study. Six out of twelve indicators are evaluated using the self-developed Flood Risk Analysis Software and empirical equations. The results show that the inundation reduction ratios are 11.02%, 9.32%, and 8.02% under the 24-h design rainfall with a 5-year, 10-year, and 20-year return period, respectively. In addition, the corresponding direct flood loss reduction rates are 13.86%, 4.28%, and 4.09%. That is, as the rainfall return periods increase, the disaster reduction benefits become less pronounced. On the contrary, other benefits, e.g., groundwater recharge volumes, are more obvious. The corresponding groundwater recharge volumes are 2.23 million m3, 2.86 million m3, and 2.87 million m3, respectively. The proposed indicator system can be adopted to assess the performances of the different GI combinations, which provides effective support and reference to decision-makers in SCC at the planning and design stages.
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1. Introduction


In the past few decades, China’s urbanization has experienced rapid growth, with the urbanization rate increasing from 17.9% in 1978 to 65.22% by the end of 2022 [1]. This swift urbanization has led to the conversion of natural forests and agricultural lands into impermeable surfaces and road networks [2], resulting in a significant reduction in surface roughness, an elevated surface runoff coefficient, and an increase in runoff velocity. Consequently, rainfall runoff quickly converges toward drainage facilities, such as drainage pipelines and ditches, reducing the concentration time and advancing the peak time [2,3]. Moreover, urbanization has altered the connectivity of surface water systems, leading to a substantial decline in the region’s original storage capacity. However, due to the swift discharge of rainfall runoff into rivers, peak flow rates increase, and river water levels rise rapidly [4]. This situation not only poses significant challenges for flood control measures, such as embankments, but also hampers the functioning of drainage systems, contributing to instances of urban pluvial flooding [5]. Additionally, climate change exacerbates the complexity and uncertainty of urban pluvial flood problems [6,7]. With climate change, heavy rainfall events become more frequent and intense [8]. Consequently, even minor changes in rainfall intensity and duration may result in severe pluvial flooding, placing additional strain on urban flood management systems [9,10].



In response to the water challenges faced by urban areas, the Chinese government launched the Sponge City Construction (SCC) initiative in 2013. The core principles of SCC revolve around natural accumulation, infiltration, and purification. These principles are implemented through the use of low-impact development (LID) or green infrastructure (GI), which effectively address water-related problems by incorporating measures such as infiltration, detention, storage, purification, utilization, and drainage [11,12]. GI represents a cost-effective and resilient approach that offers multifaceted benefits beyond traditional grey infrastructure [13]. These benefits include the reduction of rainfall runoffs [14,15,16,17], the improvement of runoff quality [17,18,19], and the mitigation of the urban heat island effect [20], among others.



Currently, much of the research focuses on analyzing the benefits of a single or combined GI in controlling rainfall runoff, including flow peak reduction, runoff reduction, and flow peak delay [20,21], as well as on improving water quality through monitoring, numerical simulations, and other methods [22]. Some studies also consider construction and maintenance costs as economic benefits [20]. However, most research does not consider the benefit of the decreased economic loss. Furthermore, most research tends to overlook the contributions of GIs to enhancing recreational spaces, water culture, and public awareness. This oversight, to some extent, limits the public’s deep understanding of the social and ecological benefits of GIs, consequently constraining their widespread application and support [23]. In general, there is relatively limited research on the comprehensive benefits of GIs [20]. Certain developed nations and researchers have developed well-established comprehensive benefit evaluation frameworks tailored to their specific contexts. Notable examples include the Triple Bottom Line (TBL) approach in the United States and the “Assessment Standard for Sponge City Construction Effect” issued by MHURD (Ministry of Housing and Urban–Rural Development) in China [24]. However, many of these evaluation methods heavily rely on monitoring data, making them less directly applicable during the planning and design stages of Sponge City projects. Therefore, to further advance SCC, garner widespread public support, and attract social capital for the development of sponge cities, there is a pressing need to establish a comprehensive evaluation index system for SCC that takes into account its multifaceted benefits [25,26,27,28].



This study proposes an innovative evaluation index system tailored for diverse GIs, aiming to provide an effective assessment of their overall performance. First of all, we design the evaluation index system by aligning it with the core functionalities and control objectives of five distinct types of GI. This system takes into consideration four critical aspects: disaster reduction and economic, social, and environmental benefits. Subsequently, we apply this evaluation index system to the Xinglong SCC pilot area located in Jinan City and conduct an extensive analysis of the multifaceted benefits arising from the implementation of these GI measures. Specifically, we employ our in-house developed Flood Risk Analysis Software (FRAS) to evaluate the disaster reduction benefits. For the assessment of environmental and social benefits, we combine empirical equations and qualitative analysis.




2. Materials and Methods


2.1. Establishment of an Assessment Index System


2.1.1. Evaluation Index System


There exists a diverse array of GI types, each characterized by distinct structures, functions, and control objectives, leading to varied benefits. In this research, five specific GI types are identified based on their structures, primary functions, and control objectives, namely green roofs, bioretention systems, permeable pavements, rainwater harvesting systems, and bioswales. An essential advantage of GI measures over single-function grey infrastructure is their capacity to generate a multifaceted impact, encompassing economic, social, and environmental benefits [26]. Beyond the main functions of urban flood management and water quality improvements, GI also provides aesthetic and recreational values, as well as water culture and biodiversity values [22].



This study delves into the identification and selection of 12 evaluation indicators (Figure 1), specifically focusing on disaster reduction benefits (indicators 1–4), economic benefits (indicators 5–6), environmental benefits (indicators 7–9), and social benefits (indicators 10–12). It is crucial to recognize that the performance indicators for different GIs may differ, as depicted in Figure 1.



Disaster reduction benefits directly assess the effectiveness of individual and combined GIs in controlling rainfall runoff and the resulting reductions in socio-economic losses. GI’s control of flood management is one of its most recognized functions [22]. Existing studies often employ evaluation indicators such as total runoff control rate, peak runoff reduction rate, and delay in peak occurrence [20,29]. Considering the objectives of SCC, which aims to prevent both puddling during light rains and pluvial flooding during heavy rains, this study selects four indicators, i.e., inundation area reduction rate, the reduction proportion of the affected population, the affected GDP reduction rate, and the disaster-related direct economic loss reduction rate.



Economic benefits highlight the increased availability of rainwater resources. Additionally, as GIs have the ability to purify rainfall runoffs, they can partially reduce the volume of runoff requiring treatment [26]. While some studies incorporate construction, operation, and maintenance costs of GIs as economic indicators [20], this paper omits these costs from consideration. Consequently, two indicators of economic benefits are identified based on an analysis of the GI’s functions.



Environmental benefits are associated with GI’s ability to improve the quality of storm-water runoff, thereby reducing non-point source pollution [30]. The construction of GIs, which increases surface permeability, can also lead to increased groundwater recharge [31]. Furthermore, GI contributes to mitigating the urban heat island effect [27]. As a result, this research identifies three indicators relating to environmental benefits.



Social benefits encompass the positive impacts of GIs on enhancing the aesthetic appeal of the environment, creating spaces for water-related activities, leisure, and entertainment, and fostering a harmonious relationship between humanity and nature [32]. As the public is seldom aware of the cause of urban pluvial flooding and pollution [22], GIs can play a crucial role in raising the public’s awareness of storm-water management [33]. Thus, three indicators of social benefits are selected in this study.




2.1.2. Definition and Evaluation Methods of the Indicators


Table 1 presents a compilation of evaluation indicators along with their definitions and assessment methods. The selection of assessment methods depends on the specific purpose, such as proposal comparison and selection during the planning and design phase, performance evaluation, or scientific research. Additionally, the availability of data also plays a significant role in determining the appropriate evaluation approach. Various methods can be utilized, including model simulation, monitoring data analysis, (empirical) formula calculation, expert scoring, and qualitative description.



Field observation stands as the most direct approach to gathering actual data, providing a substantial amount of monitoring information and serving as valuable data for model calibration and validation. However, conducting field observations on a large scale, such as within river basins, is challenging [15]. On the other hand, numerical simulation is a highly effective method during the design and optimization stages, allowing for the simulation of water quantity and quality control effects of GIs at different spatial scales. In recent years, an increasing amount of research has been conducted through numerical simulation. The widely used models include SWMM, MUSIC, HEC-HMS, MOUSE, SUSTAIN, and others.



In cases where a long series of monitoring data are available before and after the implementation of GIs, the construction performance can be assessed based on these monitoring data. Conversely, in areas lacking such data or where construction/renovation projects are still in the planning and design phase, model simulation, empirical (formula) calculation, or qualitative description are recommended as suitable evaluation approaches.





2.2. Case Study


2.2.1. Study Area


The Xinglong pilot area, located in the central downtown of Jinan, Shandong Province, is selected as the study area. It covers an area of about 39 km2, including 16.7 km2 of mountains and 22.2 km2 of development and construction areas. The topography is generally high in the east and south with mountains and hills, low in the north and west, and has piedmont slopes in the middle (Figure 2). Due to the special topography characteristics and the frequency of extreme rainfall events, the study area is vulnerable to floods, especially during short-duration torrential rains in the summer. In addition, the surface water quality is poor. The sewage treatment capacity is inadequate. Hence, the overflow wells in the old urban area are likely to cause sewage overflow during flood season. Additionally, water resources are unevenly distributed on a temporal and spatial scale, with low per capita water availability and low exploitation rates. The connectivity between natural waters has been undermined. The increase in the area of impermeable surfaces has impeded rainwater infiltration, resulting in a decrease in groundwater recharge. At the same time, the urban water supply has increased, giving rise to an increase in groundwater withdrawal. The two together contribute to a lower water table, which in turn affects spring spouting in the city [31]. As Jinan is dubbed the City of Springs, it is of great significance to promote spring preservation. Finally, due to low awareness of urban drainage facility protection among citizens, domestic waste is flooded into the municipal pipe network, which is likely to block the pipe network [34].



Hence, the city of Jinan hopes to promote spring preservation through Sponge City Construction while addressing urban flooding and water conservation.




2.2.2. Distribution of GIs


According to the aforementioned water problems, we set five types of GIs in the study area, including green roofs (0.26 km2), sunken greenbelts (0.31 km2), retained greenbelts (1.32 km2), infiltration greenbelts (0.46 km2), and permeable pavements (0.18 km2). Among them, the sunken greenbelt, the infiltration greenbelt, and the retained greenbelt are considered bioretention systems. The main features of the adopted GIs are listed in Table 2. Several design parameters of GIs are sensitive according to our research. However, this study sets the deployment of GIs according to the Implementation Plan of the Sponge City Construction Pilot Project in Jinan, Shandong Province (2015–2017), as shown in Figure 2.




2.2.3. Selection of Assessment Indicators


Given the above-mentioned problems, the study area is prone to flooding, water quality deterioration, groundwater overdraft, and other problems. Hence, we select six indicators, as shown in Figure 3. The indicators of inundation area reduction rate and disaster-related direct economic loss reduction rate are selected to evaluate the disaster reduction benefits. The inundation area reduction rate directly reflects the effectiveness of combined measures in controlling the inundation area, while the direct economic loss reduction rate not only reflects the effectiveness of various facilities in controlling flooding at different depths but also indicates the benefits in property loss reduction after the construction of GIs. In addition, indicators such as SS load reduction rate, increasing groundwater recharge, enhancing environmental aesthetics, and strengthening public education are selected to evaluate the comprehensive benefits.




2.2.4. Model Development for Evaluating Disaster Reduction Benefit


FRAS, independently developed by the research team, is adopted for flood hazard simulation and flood loss assessment. Four rainfall runoff generation calculation methods are embedded in the FRAS (Figure 4). In this study, the Soil Conservation Service Curve Number (SCS-CN) method is adopted to simulate rainfall runoff generation [4]. Additionally, because the study area is relatively large and the pipe network is relatively complete, the equivalent pipe network model is adopted to simulate underground drainage. The pipe network in the model is generalized according to inter-grid connections containing drainage pipes, including I-shaped, L-shaped, T-shaped, cross-shaped, and star-shaped connections.



The flood depth–loss rate relationship method is used to calculate the disaster-related direct economic losses according to the following equation [36]:


  D =   ∑ i     ∑ j    W  i j   η ( i , j )      



(1)




where Wij is the value of the ith property under jth water depth in a flooding area, and   η   i , j     is the flood loss rate of the ith property under jth water depth.



The values of major assets (Table 3) in the study area are determined according to Jinan’s Statistical Yearbook 2014 [37]. To be specific, residents’ household property is converted into the ownership of durable consumer goods per 100 households in the Shizhong District and the Lixia District of Jinan with the current market price method. The value of other industrial and commercial assets is obtained directly from the statistical yearbooks of the administrative districts involved [37]. The construction cost of roads is counted as the repair cost with reference to China’s budget quotas for relevant highway and railway projects.



The determination of the flood loss rate relationship is related to the degree of inundation, category of property, season and scope of inundation, rescue time, and rescue measures in the affected area. Usually, a certain number of typical areas of a certain size in the affected area are selected for investigation, and then, based on such field investigation, the correlation between the loss rate and factors such as inundation depth, time, and flow rate is established. The flood loss rate relationship for different categories of assets is determined according to the characteristics of the study area with reference to the compilation results of a flood risk map in Jinan.




2.2.5. Empirical Formulas for Evaluating Environmental Benefits


We calculate groundwater recharge through the simple water balance relationship among precipitation, surface runoff, groundwater recharge, and evaporation, by using the surface runoff method [38], which is represented in Equation (2):


  I = P − R − E  



(2)




where I is the volume of surface water infiltration, m3; P is precipitation, m3; R is the runoff volume, m3, which is the sum of discharges and the amount of accumulated water in this paper according to the simulation results of the flood simulation model; and E is evaporation volume, which is assumed to be zero during the individual rainfall event in this paper [18].



The study analyzed the possible increase in groundwater recharge after the implementation of GIs by calculating the groundwater recharge before and after such installation.



Equation (3) for urban non-point source pollution load, as proposed by Schueler [39], is used to estimate the possible runoff pollution load before and after the installation of GIs in the study area. The reduction in non-point source pollution load after the installation of GIs is obtained through a comparison between the pollution load before and after such implementation:


   L t  =  C F  ⋅ φ ⋅ A ⋅ P ⋅ C  



(3)




where Lt is the runoff discharge pollution load during the calculation period (t), kg; CF is a correction factor for rainfall events. Statistically, CF is expressed as the fraction of the rainfall events within a year that result in surface runoff. However, if statistical information is unavailable, we have to independently analyze each individual rainfall event. In this scenario, CF is set to 1 if a rainfall event produces surface runoff and 0 otherwise. Throughout this paper, we treat each rainfall event independently, and thus CF is either 1 or 0.  φ  is the average runoff coefficient of the study area, which is the ratio of runoff to precipitation in a study area and is calculated according to the numerical simulation results in each scenario; A is the rainwater harvesting area of runoff, km2, which is calculated across the study area in this paper; P is the precipitation during the calculation period (t), mm; and C is the weighted average concentration of pollutants in rainfall runoff, mg/L. In the United States, the value of C can be obtained from local urban storm data, whereas in China, most cities have no data on pollutant concentrations of storm runoff. Since pollutants in the rainfall process vary greatly with factors such as rainfall characteristics and land use in study areas, resulting in vast differences in the pollutant concentration of rainfall runoff from the same rainfall event in different areas or from different rainfall events in the same area, the event mean concentration (EMC) of multiple rainfall events is often used as the pollutant concentration of rainfall runoff, i.e., the flow-weighted average of instantaneous pollutant concentrations throughout a rainfall runoff process, which can be calculated using Equation (4):


  E M C =     ∑  j = 1  n    C j   V j         ∑  j = 1  n    V j       



(4)




where Cj is the pollutant concentration measured at the jth period, g/m3; Vj is the runoff volume at the jth period, m3; and n is the number of time segments.



Then, Equation (3) can be rewritten as Equation (5):


   L t  =  C F  ⋅ φ ⋅ A ⋅ P ⋅ E M C  



(5)







SS load reduction is one of the important indicators to assess the effectiveness of GIs in improving rainfall runoff quality, but in practice, it is hard to assign values to SS concentrations and the removal effectiveness of GIs. This is because the runoff pollution varies greatly with land use, and the materials or structural design of different GIs have a significant impact on the control of rainfall runoff water quality. Therefore, a large number of results suggest a marked difference in the effectiveness of different types of GI and even of the same type of GI in controlling SS.



Due to the lack of a long series of monitoring data before and after the implementation of GIs in the study area, the monitoring data from a similar area (the monitoring data of Beijing) are used as the concentration of SS in rainfall runoff in the study area, with values listed in Table 4. The EMC value of SS is the area-weighted average, 243.4 mg/L, according to the data on different land uses in Table 4.



The removal efficiency of SS load in rainfall runoff for different GIs is sourced from long-term monitoring data in the Green Values software developed by the United States Environmental Protection Agency (USEPA), as shown in Table 5.



According to Table 5, the integrated reduction rate of SS in rainfall runoff is assumed to be 65% for all the combined GIs implemented in the study area.




2.2.6. Scenario Settings


We set 24-h design rainfall scenarios with 5-year return period rainfall (hereinafter referred to as 5-year), 10-year return period rainfall (hereinafter referred to as 10-year), and 20-year return period rainfall (hereinafter referred to as 20-year) for the study area, which is seen in Figure 5, to simulate the indicators before and after the installation of combined facilities. Then, we analyze the disaster reduction benefits and comprehensive benefits. The design rainfall is provided by the Jinan Hydrology Bureau.






3. Results and Discussion


3.1. Disaster Reduction Benefits


Table 6 lists the evaluation results of the disaster reduction benefits of GI measures in the study area. The results show that, in the case of a 5-year rainfall event, the reduction rate for the inundation area is the largest, which decreases as the rainfall magnitude grows. Correspondingly, the reduction rate for disaster-related direct economic loss is 13.86%, which quickly falls to 4.28% under 10-year events and 4.09% under 20-year events. In other words, combined GIs bring certain disaster reduction benefits. The disaster reduction benefits are the most significant under 5-year events. As the rainfall magnitude increases, the disaster reduction benefits gradually shrink, and the disaster-related direct economic loss reduction rate decreases significantly.



The simulation results are consistent with the conclusions of other related studies [40,41]. GIs abroad are usually designed as auxiliaries for grey infrastructure such as storm sewers, which reduce the surface runoff that goes into a sewer system and postpone the peak runoff time by storing and retaining rainfall runoff where it appears. GIs of a fixed size and structure have the maximum rainfall runoff reduction, which means the rainfall runoff reduction rate of GIs decreases as rainfall increases [13,15]. For example, Carpenter and Kaluvakolanu [40] divided the 21 rainfall events observed during their research into three magnitudes, light (<12.7 mm), moderate (12.7–25.4 mm), and heavy (>25.4 mm), and found that the average runoff coefficients of green roof surfaces were 0.044, 0.131, and 0.591, respectively. Yin et al. [41] divided the observed rainfall events into three categories, i.e., light rain (<10 mm), moderate rain (10–25 mm), and heavy rain (>25 mm), and they found that the average control rates of rainfall runoff were 98.1%, 73.8%, and 52.9%, respectively.



Jinan is topographically high in the south and low in the north, and rainfall runoff converges downstream in its urban area, making the area prone to pluvial flooding. Climate change has led to an increase in the frequency of extreme rainfall events, especially in short-duration torrential rains in the summer. Urbanization has resulted in an increase in surface impermeability and a sharp decrease in the size of permeable areas such as green spaces and wetlands, impairing the retention and storage capacity. The drainage facilities there are subject to low standards, which merely require the facilities to meet the requirements of preventing floods that occur once every 2–3 years. The construction of GIs can help increase the total capacity of the study area.




3.2. Integrated Performance Assessments


Compared with grey infrastructure, GIs deliver a combination of social, environmental, and other benefits, enhancing urban resilience, rather than producing significant disaster reduction benefits [22]. Table 7 lists the integrated performance assessment results of GIs implemented in the study area. The results show that under the 24-h design rainfall scenarios with 5-year, 10-year, and 20-year return periods, the reduction rates of SS load are 68.552%, 67.942%, and 67.314%, respectively. On one hand, GI reduces the concentration of pollutants that go into sewer systems by absorbing pollutants through its soil layer or settling them. On the other hand, some GI has vegetation on the surface layer, which can partly purify (through vegetation purification, sediment settlement, etc.) the water flowing through by slowing runoff.



The groundwater recharge is increased by 2.23, 2.86, and 2.87 million m3 under three scenarios. The groundwater recharge volumes in the study area increase as the rainfall magnitude grows. Jinan has a special demand for enhancing infiltration and preserving springs compared to other cities. Traditional urbanization increases the surface impermeability rate, while permeable pavements and infiltration greenbelts can significantly increase the surface water infiltration rate, thus contributing to groundwater recharge [31]. The results suggest that combined GIs can partly enhance infiltration and promote spring preservation in Jinan. As the city has set the strategic goal of “restoring and maintaining perennial springs”, SCC has a positive effect on groundwater recharge.



In addition, GIs can enhance environmental aesthetics, expand recreational spaces, and improve public awareness of urban flooding. At present, public engagement in China’s SCC is mainly in the form of promotion and publicity [28]. The public’s awareness of different GIs is relatively low [22] regarding the value of GIs. Allowing community residents to participate in the supervision and management of community-based GIs and even in the decision-making process can fully mobilize their enthusiasm and sense of responsibility [40] and provide them with an insightful understanding of the operation and functionality of GIs, ultimately contributing to the sustainable development of sponge cities in China [22].





4. Conclusions


The SCC is indispensable to the sustainable development of Sponge Cities throughout China. In this study, we have established a comprehensive benefit evaluation system tailored to five distinct GIs. The primary objective is to enable comprehensive and effective performance assessments, thereby offering valuable support for decision-making in GI deployment. Through a thorough analysis along four crucial dimensions, i.e., disaster reduction, economic, environmental, and social benefits, we have identified and integrated 12 key indicators into our holistic evaluation system. Applying this index system to Jinan has yielded insights into the pivotal role of SCC in mitigating urban pluvial floods, particularly in the context of small-scale rainfall events. Notably, the efficacy of GIs demonstrates a strong correlation with rainfall volume, and the influence of changing rainfall return periods is manifest. Specifically, these changes significantly affect factors such as inundation area, direct economic loss, SS load, and the corresponding reduction ratios. As rainfall return periods increase, reductions in inundation area and SS load become less pronounced, while groundwater recharge increases.



Our future research directions will primarily focus on four aspects. First, we aim to validate the rationality of the evaluation system by applying it to different areas. Recognizing the lack of data regarding pollutant concentration in rainfall runoff in our study area, we drew from data in a similar city. The next phase will involve conducting field observations of green roofs, sunken green spaces, and various GIs in the study area to acquire more observed data. Second, we will establish an integrated framework for cost-effective SCC, taking into account the costs of GIs. Furthermore, it is essential to acknowledge that our current analysis excludes the influence of evaporation due to our focus on the performance of GIs in individual rainfall events. Our forthcoming research will address this gap by examining GIs’ performance over the long term and incorporating the influence of evaporation. Lastly, our study scope currently excludes consideration of air quality improvement and other potential environmental benefits. We are committed to studying these aspects in the future, expanding our understanding of the multifaceted benefits provided by SCC.
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Figure 1. Comprehensive performance assessment indicators (a solid circle indicates that the GI possesses the benefit; an empty circle indicates that the GI lacks the corresponding benefit; and another icon signifies that this GI may have a corresponding benefit). 
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Figure 2. Location of the study area and the distribution of different types of GIs. The reference coordinate system is WGS84. 






Figure 2. Location of the study area and the distribution of different types of GIs. The reference coordinate system is WGS84.



[image: Water 15 04039 g002]







[image: Water 15 04039 g003] 





Figure 3. The selected indicator and corresponding assessment methods. 
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Figure 4. System architecture diagram of FRAS. 
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Figure 5. The 24-h design rainfall process under three different rainfall frequency scenarios. 
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Table 1. Comprehensive performance evaluation index system.






Table 1. Comprehensive performance evaluation index system.





	
First-Level Indicator

	
Second-Level Indicator

	
Definition

	
Unit

	
Assessment Method






	
Indicators of disaster reduction benefits

	
Inundation area reduction rate

	
The proportion of reduction of the inundation area after the implementation of GI measures

	
%

	
Numerical simulation




	
The proportion of reduction of the affected population

	
The proportion of reduction of the affected population after the implementation of GI measures

	
%

	
Model calculation




	
The proportion of reduction of affected GDP

	
The proportion of reduction of impacted GDP losses after the implementation of GI measures

	
%

	
Model calculation




	
Disaster-related direct economic loss reduction rate

	
The proportion of reduction of disaster-related direct economic losses after the implementation of GI measures

	
%

	
Model calculation




	
Indicators of economic benefits

	
Increased rainwater resources available

	
Increasing the rainwater resources available by harvesting rainwater at the source after the implementation of GI measures

	
m3

	
Numerical simulation/empirical formulas




	
Reduction of the amount of water that needs to be treated

	
Reducing the amount of water that needs to be treated at sewage treatment plants by purifying water at the source after the implementation of GI measures

	
m3

	
Numerical simulation/empirical formulas




	
Indicators of environmental benefits

	
Reducing non-point source pollution load

	
Reducing non-point pollution load, such as SS, by decreasing rainfall runoff and improving runoff water quality after the implementation of GI measures

	
%

	
Numerical simulation/statistics/empirical formulas/qualitative description




	
Increasing groundwater recharge

	
The increase in groundwater recharge through infiltration at the source after the implementation of GI measures

	
m3

	
Based on monitoring data/numerical simulation/empirical formulas/qualitative description




	
Alleviating the urban heat island effect

	
The alleviation of the urban heat island effect after the implementation of GI measures

	
°C

	
Based on monitoring data/qualitative description/expert scoring




	
Indicators of social benefits

	
Enhancing environmental aesthetics

	
The improvement in the living and working environment nearby and the quality of life after the implementation of GI measures containing plants

	
—

	
Qualitative description

/expert scoring




	
Increasing recreational spaces

	
The increase in the area of recreational spaces for nearby residents after the implementation of GI measures

	
—

	
Qualitative description

/expert scoring




	
Strengthening public education

	
The enhancement of public education about water culture and urban development after the implementation of GI measures

	
—

	
Qualitative description

/expert scoring











 





Table 2. The main features of the adopted GIs [35].
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	GI
	Applicable Area
	Layer





	Green roofs
	Eligible flat-roofed buildings and sloped-roofed buildings with a slope of ≤15°
	Surface layer

Soil layer

Drainage Mat



	Bioretention systems
	Green space surrounding buildings, roads, and parking lots, green belts of urban roads, and other urban green spaces
	Surface layer

Soil layer

Storage layer

Underdrain



	Permeable pavements
	Plazas

Parking lots

Sidewalks

Roads with low traffic volumes and loads
	Surface layer

Pavement layer

Storage layer

Underdrain (optional)










 





Table 3. Values of major value parameters.
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	Indicator
	Unit
	Value





	The cost price of residential buildings
	CNY/m2
	2000–3000



	Per capita household property value
	10,000 CNY/person
	2.0–3.0



	National highway repair cost
	10,000 CNY/km
	800



	Provincial highway construction cost
	10,000 CNY/km
	500



	County highway construction cost
	10,000 CNY/km
	200



	Township highway construction cost
	10,000 CNY/km
	100










 





Table 4. Average annual concentrations (EMCs) of SS in a rainfall event in a similar area (mg/L).
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	Category
	Streets
	Urban Greenbelts
	Roofs
	Other Land Uses





	EMCs
	297.37
	320.68
	28.64
	183.68










 





Table 5. Statistics on the removal efficiency of SS in rainfall runoff of different GI measures in the United States (%).
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	Category
	Lawns
	Rain Gardens
	Filter Belts
	Drainage Pipes
	Bioswales
	Retention Ponds





	C
	0
	75
	65
	0
	65
	60










 





Table 6. The disaster reduction benefits of GI measures in the study area.
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Scenario

	
Inundation Area/km2

	
Inundation Area

Reduction Rate/%

	
Disaster-Related Direct Economic Losses/10,000 CNY

	
Disaster-Related

Direct Economic Loss Reduction Rate/%




	
With GIs

	
Without GIs

	
With GIs

	
Without GIs






	
5-year

	
1.782

	
2.003

	
11.02

	
3321.29

	
3855.62

	
13.86




	
10-year

	
2.720

	
3.000

	
9.32

	
5104.40

	
5332.42

	
4.28




	
20-year

	
3.613

	
3.927

	
8.02

	
6663.57

	
6947.87

	
4.09











 





Table 7. Comprehensive benefits of GIs in the study area.
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Indicator

	
5-Year

	
10-Year

	
20-Year






	
Inundation reduction ratio/%

	
11.02

	
9.32

	
8.02




	
Disaster-related direct economic loss reduction rate/%

	
13.86

	
4.28

	
4.09




	
SS load reduction rate/%

	
68.552

	
67.942

	
67.314




	
Increasing groundwater recharge/10,000 m3

	
223.49

	
286.38

	
287.28




	
Enhancing environmental aesthetics

	
The sidewalk planters on roads such as Erhuannan Road and Jida Road have been transformed into ecological planters, rain gardens, and sunken greenbelts. In addition, the sidewalks have been upgraded with permeable pavements. The reconstructed green roads have enhanced environmental aesthetics, while providing more environmentally friendly pedestrian areas for nearby residents and improving their quality of life.




	
Strengthening public education

	
Seven residential communities in the study area have been upgraded/equipped with about 0.3 km2 of sunken greenbelts, 0.04 km2 of stormwater regulation and storage facilities, 0.26 km2 of green roofs, and 0.18 km2 of permeable pavements, all of which require heavy investment of manpower and material resources in the operation and maintenance phases. Allowing community residents to participate in the supervision and management of community-based GI facilities and sometimes in the decision-making process can fully mobilize their enthusiasm and sense of responsibility, provide them with an insightful understanding of the operation and functionality of GI facilities, and enhance public awareness of water culture and stormwater management.
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