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Abstract 

Sponge city theory utilizes policy-driven design to mitigate urban flooding and shape urban 

development. However, existing approaches primarily focus on micro-scale landscape facilities and 

performance assessments, overlooking the integration of macro-scale urban design strategies. This 

study develops a parametric design framework linking the quantitative control requirements of 

sponge city policies to urban morphological elements, establishing a “form-performance” correlation 

model. Key design indicators (green space, roof, water body, pavement, and their sub-indicators) 

were identified, and sensitivity analysis evaluated their responses to varying plot ratios and site 

scales. Results indicate that policy-guided stormwater runoff reduction strategies differ significantly 

by development density: high-density projects favor increased green roof ratios, while low-density 

projects are better suited for permeable pavements. Larger sites necessitate greater emphasis on peak 

runoff control and rational catchment zoning. The analysis empirically validated the framework and 

model, revealing that current policies risk over-incentivizing specific high-performance technologies, 

potentially compromising strategic diversity and resilience to extreme weather events. Consequently, 

optimizing policy evaluation metrics and refining design guidelines is recommended to achieve more 

balanced, efficient, and resilient stormwater management during preliminary urban design phases. 

Keywords: sponge city; urban design; parametric design; policy-driven; stormwater runoff control 

 

1. Introduction 

1.1. Background 

As the global climate crisis deepens, extreme weather events increasingly threaten urban 

systems. In China, floods alone affected over 52 million people in 2023, with 309 casualties and 

economic losses of 244.57 billion yuan [1]. Over the past decade, China has promoted “Sponge City 

Construction” to tackle flooding and water issues [2,3]. This policy integrates LID/green 

infrastructure (e.g., green roofs, sunken green spaces, permeable pavements) with improved 

drainage systems for a healthier hydrological cycle [4–10]. 

China has issued multiple guidelines [11–13] to govern stormwater control, yet the 

implementation outcomes deviate from policy expectations. The 2021 heavy rainstorm in Zhengzhou 

caused significant public concern, as the city’s 54.3 billion yuan investment in Sponge City 

infrastructure did not appear to prevent major losses. The event affected approximately 14.8 million 

people, resulted in the collapse of around 39,000 houses, and caused economic damages estimated at 

120.06 billion yuan [14]. From an urban design perspective, three issues emerge: (1) policies focus on 

moderate events, overlooking extreme rainfall [12]; (2) LID alone struggles during severe storms [15–

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 August 2025 doi:10.20944/preprints202508.1287.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202508.1287.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 25 

 

18]; (3) compliance checks rely on the “volume method,” lacking robust verification post-

construction. 

Although some interdisciplinary studies bolster Sponge City initiatives [19,20], few investigate 

its impact on urban design. This research thus examines policy-driven Sponge City practices, probing 

potential design challenges. Additionally, a dedicated analytical tool is crucial for stormwater 

performance. Traditional approaches shift from field surveys to advanced techniques (e.g., infrared 

sensing, digital simulation) [21–25]. Parametric design can optimize spatial layouts [26–29], but often 

requires programming skills [30] and cross-disciplinary collaboration [31]. Meanwhile, stormwater 

modeling—whether physically based [32], statistical [33], or hybrid [34]—is commonly embedded in 

SWMM, HEC-RAS, or MIKE FLOOD [35–37], which are not always designer-friendly. Recent efforts 

integrate parametric methods into flood management [38–40], albeit with high data demands [41,42]. 

Grasshopper’s open-source environment offers a more accessible option, as demonstrated by 

rainwater+ [43], the SRTF tool [44], and customized simulations [45]. These precedents inform the 

methodology proposed here. 

1.2. Significance of the Study 

As a policy-driven concept in a nation with diverse climates, “Sponge City” must simplify 

certain control measures for practical operation. Yet over-simplification can undermine effectiveness, 

especially when four major objectives—total runoff, peak runoff, pollution, and rainwater resource 

utilization—are compressed into a single metric of total runoff control [12]. The question remains 

whether such limited policy guidance fully supports complex, cross-professional projects. 

From an urban design perspective, stormwater models are needed early in the planning stage. 

Although some work addresses runoff control in design [43–45], a comprehensive framework is 

lacking. To fill this gap, this study explores how Sponge City policies influence design outcomes and 

potential risks. We employ an automated parametric framework to generate multiple design samples, 

link “form–performance” via a correlation model, and use sensitivity analysis for iterative feedback 

(Figure 1). 

 

Figure 1. Workflow. 

1.3. Research Objectives and AIM 

This study has three main research objectives: developing a parametric design framework, 

identifying key indicators, and analyzing specific impacts. 

(1) Stormwater-Driven Urban Design: Integrate stormwater runoff control into early-stage 

urban design via a parametric framework. By embedding Sponge City principles in the design 

process, the framework rapidly generates sample data for sensitivity analysis. 
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(2) Key Indicators: Identify which urban design elements are shaped by Sponge City policies. 

Through a correlation model, the study pinpoints how policies and design measures intersect, 

systematically analyzing relevant indicators. 

(3) Specific Impacts: Determine the potential effects and risks of these policies on urban design. 

Using sensitivity analysis on key indicators, the study illuminates how Sponge City objectives 

influence urban form and heightens practitioners’ flood-mitigation awareness. 

2. Methods 

2.0. Overview of Research Methods 

This paper employs collaborative design concepts and parametric methods to assess how 

Sponge City policies affect urban design. First, it proposes a Grasshopper-based, computer-aided 

optimization framework that integrates policy directives into urban design. Next, it examines urban 

design and runoff control processes separately, establishing correlation models to identify key 

Sponge City design elements. Finally, sensitivity analysis combines the parametric framework, 

correlation models, and statistical methods to clarify the specific impacts of these policies. 

The framework builds on Rhinoceros and Grasshopper, widely used in architecture and urban 

design. Rhinoceros allows designers to evaluate stormwater runoff directly on existing 3D geometries, 

while Grasshopper’s visual programming capabilities transform geometric data into quantifiable 

performance metrics. Kangaroo, a physics simulation plugin, enables real-time form-finding, 

optimization, and constraint solving, supporting stormwater runoff simulations within the same 

environment. 

2.1. Collaborative Design Framework Development in Parametric Design 

This study employs Grasshopper for Rhino to construct a correlation-model-based framework 

in three steps: objectives setting, performance mapping, and form optimization (Figure 2). 

 

Figure 2. Parametric Design Framework. 

2.1.1. Design Objectives Setting 

The framework defines two types of design goals: binding and guiding. Binding objectives: 

Quantitative performance targets, such as meeting local runoff requirements. Guiding objectives: 

Spatial optimization goals (e.g., avoiding flooding risks) to ensure design quality. Balancing these 

goals prevents designs from fixating on a single metric at the expense of broader quality. 

2.1.2. Mapping Rule Setting 

Performance mapping establishes numerical links between design parameters and performance 

targets. For binding objectives, a policy-based model translates Sponge City guidelines into 
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quantifiable criteria. For guiding objectives, the Kangaroo physics engine simulates stormwater 

runoff. Additionally, a cost-control constraint avoids overly performance-centric designs. 

2.1.3. Form Automatic Optimization 

This stage introduces an automatic optimization mechanism to provide immediate feedback and 

dynamic quantification. By applying appropriate algorithms, the framework generates numerous 

near-optimal design samples in a short time, surpassing limitations of traditional one-way processes. 

2.1.4. Collaborative Design Decisions 

Designers must reconcile performance data with diverse stakeholder needs (managers, citizens, 

developers). The decision-making process balances technical results and spatial considerations. From 

the automated outputs, designers choose promising layouts that meet runoff targets while 

maintaining high urban design quality. 

To facilitate this, an instant feedback toolkit includes a visualization module for runoff control 

capabilities (Figure 3) and a risk analysis module for building damage under varied rainfall scenarios 

(Figure 4), further enhancing interactive efficiency in stormwater management. 

 

Figure 3. A visualization module for the runoff control capabilities. 

 

Figure 4. A risk analysis module for building damage. 

2.2. Construction of Correlation Models Driven by Policy 
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This study adopts Sharifi’s classification for resilient cities [46,47], distinguishing meso and 

micro urban scales. The meso scale involves neighborhood design, density, land use mix, site 

planning, urban blocks, and open-space configuration; the micro scale focuses on more specific 

engineering measures. Current Sponge City research emphasizes micro-level LID measures, whereas 

urban design typically manages the meso level. 

Accordingly, we examine cross-scale correlation between policy-driven Sponge City methods 

(micro) and design-driven spatial forms (meso). From micro to meso, we identify the technologies 

and measures directly affecting runoff management. From meso to micro, we seek key indicators in 

urban design that shape micro-scale interventions, establishing correlation models across the two 

scales. 

2.2.1. Policy-Driven Research—Study of Quantitative Control Methods from Micro to Meso Scale 

The “Guidelines” identify four planning objectives for low-impact development stormwater 

systems—total runoff control, peak runoff control, pollution control, and rainwater resource 

utilization—with total runoff control emphasized as the primary target [12]. In practice, Sponge City 

projects commonly measure compliance via the “Volume Capture Ratio of Annual Rainfall.” 

Under policy-driven scenarios, firms often apply the “Volume Method” to verify annual runoff 

control. This method ensures the total LID storage capacity in a given plot satisfies its required 

“Volume of LID Facilities for Catchment Runoff Control.” The specific steps for applying the 

“ Volume Method “ in practice are as follows: 

STEP1: Determine the Volume Capture Ratio of Annual Rainfall based on planning goals and 

look up the corresponding Design Rainfall Depth H in a reference table (List of Design Rainfall Depth 

Corresponding to Volume Capture Ratio of Annual Rainfall in Selected Chinese Cities) [13] (Table 1). 

STEP2: Initially, propose LID control indicators for each plot, which may include the sunken 

green space ratio and its depth, permeable pavement ratio, green roof ratio, and other storage 

capacities. Then, calculate the comprehensive Volumetric Runoff Coefficient φ. 

STEP3: Calculate the Design Storage Volume V using the formula V=10HφF, where V is the 

design storage volume in m3, H is the Design Rainfall Depth in mm, φ is the comprehensive 

Volumetric Runoff Coefficient (calculated as a weighted average), and F is the catchment area in hm2. 

STEP4: Calculate the Actual Storage Volume V’ of facilities with storage functions. 

STEP5: Derive the Actual Rainfall Depth using H=V/10φF, then use interpolation to look up the 

Volume Capture Ratio of Annual Rainfall in the reference table (Table 1). Finally, determine whether 

the Volume Capture Ratio of Annual Rainfall meets the standard. If it does not, return to S2 to adjust 

the plan until it meets the requirements. 

Table 1. List of Design Rainfall Depth Corresponding to Volume Capture Ratio of Annual Rainfall in Selected 

Chinese Cities. 

City 

Design Rainfall Depth Corresponding to Volume Capture Ratio of Annual 

Rainfall (mm) 

60% 70% 75% 80% 85% 

Jiuquan 4.1 5.4 6.3 7.4 8.9 

Lasa 6.2 8.1 9.2 10.6 12.3 

Xining 6.1 8 9.2 10.7 12.7 

Wulumuqi 5.8 7.8 9.1 10.8 13 

Yinchuan 7.5 10.3 12.1 14.4 17.7 

Huhehaote 9.5 13 15.2 18.2 22 

Haerbin 9.1 12.7 15.1 18.2 22.2 

Taiyuan 9.7 13.5 16.1 19.4 23.6 

Zhenzhou 14 19.5 23.1 27.8 34.3 

Shanghai 13.4 18.7 22.2 26.7 33 

Beijing 14 19.4 22.8 27.3 33.6 
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Guangzhou 18.4 25.2 29.7 35.5 43.4 

Based on the design flowchart of the “Volume Method, (Figure 5)” it is evident that this is a 

unidirectional linear process, and the results often depend on the designer’s experience. Two key 

indicators significantly impact urban design: the Volumetric Runoff Coefficient φ, representing the 

overall performance of the underlying surface, and the Actual Storage Volume V’, representing the 

project’s actual storage capacity. 

 

Figure 5. Implementation Steps of the Volume Method. 

2.2.2. Design-Driven Research—Study of Urban Design Processes from Meso to Micro Scale 

In early-stage urban design, practitioners primarily manage underlying surface elements—

green spaces, roofs, water bodies, roads, and pavements—by adjusting their shapes and sizes. 

Although such form-based decisions affect runoff outcomes, direct infrastructure (LID or gray 

measures) often occurs later. Hence, connecting “surface forms” to “stormwater effects” is crucial for 

identifying key indicators. 

Based on the design process, primary indicators include the ratio of green spaces, roofs, water 

bodies, and pavements (Figure 6). Secondary indicators capture the proportion of LID strategies for 

each surface: e.g., sunken green spaces, vegetative swales, permeable pavements, green roofs, or 

water storage facilities. According to the volume method, the comprehensive “Volumetric Runoff 

Coefficient” decreases as LID adoption increases, thereby raising the effective Design Rainfall Depth. 
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Figure 6. Four Types of Elements Controlled in the Early Stages of Urban Design. 

(1) Overall Correlation Framework 

After clarifying design-driven and policy-driven paths for stormwater control, we propose a 

framework with four main components: Design Elements, Correlation Logic, Data Conversion, and 

Data Calculation. 

Design Elements: Identify the underlying surface types—roofs, green spaces, pavements, water 

bodies—that most affect runoff in early-stage urban design. 

Correlation Logic: Construct a model that aligns policy-related engineering measures with 

design-control elements, supporting numerical simulation. 

Data Conversion: Apply Sponge City formulas (e.g., the volume method) to translate 

morphological indicators into performance metrics. 

Data Calculation: Use a parametric environment to evaluate if the design meets runoff goals. If 

not, results loop back to Design Elements for further optimization. 

Serving as a theoretical framework, this structure clarifies both policy-driven and design-driven 

factors, detailing their categories and proportions for stormwater runoff management. 

(2) Indicator Correlation Model 

From a design-driven perspective, surface shape and size greatly affect a project’s runoff control 

capacity. Under the volume method, the comprehensive “Volumetric Runoff Coefficient” depends 

on LID proportion: less runoff coefficient yields a larger effective Design Rainfall Depth. Hence, LID 

ratios become secondary indicators beneath four primary indicators (green spaces, roofs, pavements, 

and water bodies), as shown in Figure 7. 
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Figure 7. Development framework for correlation model. * Rate, refers to the proportion associated with a 

particular spatial type, specifically the ratio of an indicator’s projected area to the projected area of its 

corresponding higher-level indicator. 

Common secondary indicators include sunken green spaces, vegetative swales, and bioretention 

for green areas; extensive/intensive green roofs; permeable pavers/asphalt for pavements; and 

detention ponds or cisterns for water bodies. The total area at each level equals the corresponding 

higher-level surface area, ensuring 100% across both primary and secondary indicators. 

Within a parametric design framework, this model uses the control variable method for 

sensitivity analysis. By assigning preset values as independent variables, analysts observe changes in 

dependent outputs, then apply statistical approaches to reveal how variations in LID measures 

influence overall stormwater performance. 

2.3. Policy-Driven Sensitivity Analysis of Key Indicators 

By applying the policy-driven parametric design framework and correlation indicator model, 

we perform sensitivity analysis through controlled variable experiments. 

2.3.1. Overview of the Research Plan 

This study uses a parametric collaborative design framework to simulate and analyze key 

indicators. We first identify these indicators, run data-driven experiments, and then systematically 

interpret the results. 

2.3.2. Research Subjects 

Focusing on Chinese university campuses, we classify them by land area and plot ratio, omitting 

those under 50 hectares or with a ratio below 0.5. This yields eight common types (Figure 8), covering 

small (50 ha), medium (100 ha), and large (150 ha) sites, each crossed with low (0.5), medium (1.0), or 

high (1.5) plot ratios. Examples include A50/P1.0, A100/P0.5, and A150/P1.5. 

A standard condition is established as a benchmark for comparing experimental outcomes. 

Guangzhou, located in southern China’s Pearl River Delta, has a subtropical monsoon climate with 

annual rainfall near 1,700 mm and frequent heavy downpours over 50 mm [48]. According to Sponge 

City Construction Guidelines, Guangzhou’s Volume Capture Ratio (60–85%) corresponds to design 

rainfall of 18.4–43.4 mm. For this study, an 85% annual runoff control rate was selected, i.e., 43.4 mm. 

Taking a 50 ha, 1.5 plot ratio campus (A50/P1.5) as an example, local stormwater rules set a 70% 

permeable paving minimum and 50% sunken green space. Calculations show that a 75% green roof 

ratio yields an actual design rainfall of 43.52 mm (meeting the 43.4 mm target). Actual storage volume 

is 2,701.125 m3, with a design storage of 2,693.60 m3, and the total controllable stormwater reaches 

4,864.98 m3. Hence, 75% green roof, 50% sunken greens, and 70% permeable paving define the 

standard condition. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 August 2025 doi:10.20944/preprints202508.1287.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202508.1287.v1
http://creativecommons.org/licenses/by/4.0/


 9 of 25 

 

 

Figure 8. Types of University Campus Construction in China. 

2.3.3. Studied Indicators 

(1) Sensitivity Analysis of Construction Intensity Indicators 

Here, land area and plot ratio serve as independent variables, while the model’s primary and 

secondary indicators remain fixed (standard conditions). A parametric platform simulates outputs 

such as “Actual Design Rainfall Depth” or “Total Stormwater Runoff to be Controlled and Utilized,” 

allowing us to assess how different land areas or plot ratios affect peak runoff. Since the primary and 

secondary indicators are fixed, total runoff control stays constant, focusing this analysis on peak 

control (i.e., total runoff to be managed). 

（2）Sensitivity Analysis of the Proportion of Low-Impact Development Facilities 

In this approach, the study presets primary indicators and varies a secondary indicator (the LID 

proportion). We again observe shifts in “Actual Design Rainfall Depth” or “Total Stormwater Runoff 

to be Controlled and Utilized.” Because water bodies have a volumetric runoff coefficient of 1.0 and 

don’t enhance infiltration, the study excludes them. Meanwhile, greening, roofs, and pavements 

emerge as crucial surfaces. Common low-impact measures—sunken green spaces, green roofs, and 

permeable pavements—are chosen as key secondary indicators. 

Note that primary indicators (ratios of the four surface types) are not directly examined, since 

actual engineering practice often fixes their proportions through planning. Instead, this study focuses 

on the secondary indicators that dictate each surface’s real runoff control. 

2.3.4. Evaluation Indicators 

Among the four LID goals—total runoff, peak runoff, pollution, rainwater utilization—total 

runoff control is pivotal and can aid the other objectives [12]. Hence it is prioritized. Peak runoff 
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control further boosts resilience against extreme rainfall, measured by “Total Stormwater Runoff to 

be Controlled and Utilized.” Accordingly, we treat the “Volume Capture Ratio of Annual Rainfall” 

(linked to Design Rainfall Depth) and the “Total Stormwater Runoff to be Controlled and Utilized” 

as our two main dependent variables. 

2.3.5. Parametric Model Configuration 

(1) Indicator Control Model 

To perform both construction-intensity and LID-facility sensitivity analyses, a parametric 

program employs the correlation model for controlled variable experiments. In the construction 

intensity analysis, land area and plot ratio act as independent variables under preset standard 

conditions, while the total or peak stormwater runoff (Figure 9) serves as the dependent variable. 

For the LID-facility proportion analysis, the secondary indicator (e.g., LID ratio) becomes the 

independent variable, with other indicators fixed. Again, total or peak runoff (Figure 10) is observed 

as the dependent measure. 

(2) Calculation Formula 

This section primarily utilizes the “Sponge City+” toolkit, which includes tools such as the 

“Sponge Campus Calculator,” “Actual Design Rainfall Calculator,” and “Total Stormwater Runoff to 

be Controlled and Utilized Calculator” to construct the experimental platform. These calculation 

plugins are based on the “Volume Method” formulas outlined in the Technical Guidelines. The main 

calculation formulas used in the analysis plan are as follows: 

Comprehensive Volumetric Runoff Coefficient: 

� =
���� + ���� + ���� + ����

�� + �� + �� + ��

 (1)

Design Storage Volume: 

� = 10��� (2)

Actual Storage Volume: 

�� = �� × ℎ × � (3)

Actual Design Rainfall Depth: 

�� =
��

10���
 (4)

Volume of LID Facilities For Catchment Runoff Control: 

�ua = 10�� (5)

Total Stormwater Runoff to be Controlled and Utilized: 

� = 10(�� − ��)ℎ��� (6)

In the formulas:, �  represents comprehensive volumetric runoff coefficient; ��  represents 

volumetric runoff coefficient of the corresponding element; ��  represents catchment area of the 

corresponding element (m2); F represents total catchment area (hm2); V represents design storage 

volume (m3); V’ represents actual storage volume (m3); F’ represents catchment area of facilities with 

storage function (m2); h represents storage depth of facilities with storage function (m); a represents 

reduction coefficient; H’ represents actual rainfall depth (mm); H represents design rainfall depth 

(mm), V ua represents volume of LID facilities for catchment runoff control; W represents total 

stormwater runoff to be controlled and utilized (m3); ��,, represents volumetric runoff coefficient; 

��,, represents volumetric runoff coefficient corresponding to the control peak runoff, which should 

meet the local planning control requirements; ℎ� represents design daily rainfall (mm), determined 

by the maximum 24-hour rainfall of the year, not less than the design rainfall corresponding to the 
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volume capture ratio of annual rainfall of the locality; Fy represents hardened catchment area (hm2), 

calculated based on the horizontal projection area of the hardened catchment area. 

 

Figure 9. Sensitivity analysis of construction intensity indicators. Ni, represents the first-level indicators in the 

correlation model, corresponding to water bodies, green spaces, roofs, and pavements; Nii, represents the 

second-level indicators associated with each first-level indicator. 

 

Figure 10. Sensitivity analysis of the proportion of low-impact development facilities. 

These formulas have been integrated into a parametric plugin developed in Grasshopper, which 

we refer to as “Sponge City+” (Figure 11). 
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Figure 11. “Sponge City+” Toolkit. 

2.3.6. Sensitivity Analysis 

Sensitivity analysis examines how variations in model inputs influence outputs. Typically, it 

involves adjusting relevant variables and using statistical methods (e.g., regression, variance, 

screening, metamodeling) to determine which parameters most strongly affect results. Here, we 

employ a sensitivity coefficient, defined as the ratio of a key indicator’s change rate to the change rate 

of its influencing factor, reflecting the system’s degree of sensitivity. The calculation formula is as 

follows: 

� = Δ�/Δ� (7)

In the formula: Δ� represents the change in the significant influencing factor F; Δ� represents the 

change in the model output result Q due to the change in the significant influencing factor F. 

3. Results 

3.1. Overall Impact of Construction Intensity on Total Stormwater Runoff Control 

3.1.1. Overall Impact Analysis 

To assess the overall trend in peak runoff control capability across the eight types of construction 

intensity, this study calculates the “Total Stormwater Runoff to be Controlled and Utilized” for each 

of eight scales under standard conditions and conducts a comparative statistical analysis (Figure 12, 

Table 2). 

1. Data analysis shows that under the same plot ratio, when using the “Volume Method” for 

sponge city compliance checks, the larger the construction land area, the greater the “Total 

Stormwater Runoff to be Controlled and Utilized”. This means that for larger urban design 

projects, sponge city policies tend to focus design efforts on controlling peak runoff. By di-viding 

catchment areas more rationally, potential risks such as excessively high peak runoff and 

premature peak times can be mitigated; 

2. Data analysis indicates that under the same construction land area, when using the “Volume 

Method” for sponge city compliance checks, a higher plot ratio, along with a higher green roof 

ratio, helps reduce the “Total Stormwater Runoff to be Controlled and Utilized”. This means 
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that for high plot radio urban design projects, sponge city policies will guide designers to 

emphasize the development of green roofs and enhance the runoff control potential of roof-

related LID facilities. 

Table 2. Statistical Results of “Total Stormwater Runoff to be Controlled and Utilized” for 8 Cam-pus Scales 

Under Standard Conditions. 

Research object Total volume of stormwater runoff to be managed and utilized（m3） 

A50/P1.0 15190.22 

A50/P1.5 14779.67 

A100/P0.5 31838.30 

A100/P1.0 31000.45 

A100/P1.5 30162.60 

A150/P0.5 47388.13 

A150/P1.0 46141.07 

A150/P1.5 44894.01 

*A, the area of construction land in hectares (hm2);  P, the plot ratio, which is dimensionless. 

 

Figure 12. Statistical Results of “Total Stormwater Runoff to be Controlled and Utilized” for 8 Campus Scales 

Under Standard Conditions. 

3.1.2. Sensitivity Analysis of Land Area 

To independently analyze the impact of land area on peak runoff control capability, this study 

keeps the plot ratio constant and uses land area as the independent variable. The impact of changes 

in land area under the P1.5 condition on the “Total Stormwater Runoff to be Controlled and Utilized” 

is statistically analyzed. The line graph reveals that when the plot ratio is constant, an increase in 

campus land area corresponds to a greater total stormwater runoff that needs to be controlled and 

utilized (Figure 13, Table 3). 

Table 3. Analysis of the Impact of Land Area Changes on “Total Stormwater Runoff to be Controlled and 

Utilized” Under P1.5 Condition. 

Research object Total volume of stormwater runoff to be managed and utilized（m3） 

A50 14779.67 

A60 18116.41 

A70 21130.98 

A80 24107.04 

A90 27164.47 

A100 30162.60 

A110 33190.96 

A120 36165.71 

A130 39199.31 

A140 42212.23 
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A150 44894.01 

*A, the area of construction land in hectares (hm2);  P, the plot ratio, which is dimensionless. 

 

Figure 13. Analysis of the Impact of Land Area Changes on “Total Stormwater Runoff to be Controlled and 

Utilized” Under P1.5 Condition. 

3.1.3. Sensitivity Analysis of Plot Ratio 

To analyze the impact of plot ratio (plot ratio) on peak runoff control capability, this study takes 

the 150 hectares type (A150) as an example and statistically analyzes the impact of changes in plot 

ratio on the “Total Stormwater Runoff to be Controlled and Utilized.” By analyzing the line graph, 

we can draw the following conclusion: when the land area remains constant, a higher plot ratio 

results in a smaller total stormwater runoff that needs to be controlled and utilized. However, since 

this conclusion is somewhat counterintuitive, this study further examined the calculation conditions 

to ensure accuracy and to understand the underlying factors contributing to this outcome. The results 

indicate that the primary reason for this variation is that the green roof ratio is higher than the paving 

ratio. As the plot ratio increases, the proportion of green roofs also increases, which reduces the 

overall hardened catchment area and consequently decreases the total stormwater runoff that needs 

to be controlled and utilized (Figure 14). 

Table 4. Analysis of the Impact of Plot Ratio Changes on “Total Stormwater Runoff to be Controlled and 

Utilized” Under A150 Condition. 

Research object Total volume of stormwater runoff to be managed and utilized（m3） 

P0.5 47388.13 

P0.6 47138.71 

P0.7 46889.30 

P0.8 46639.89 

P0.9 46390.48 

P1.0 46141.07 

P1.1 45891.66 

P1.2 45642.28 

P1.3 45392.84 

P1.4 45143.43 

P1.5 44894.01 

* P, the plot ratio, which is dimensionless. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 August 2025 doi:10.20944/preprints202508.1287.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202508.1287.v1
http://creativecommons.org/licenses/by/4.0/


 15 of 25 

 

 

Figure 14. Analysis of the Impact of Plot Ratio Changes on “Total Stormwater Runoff to be Controlled and 

Utilized” Under A150 Condition. 

3.1.4. Summary of Results 

Based on the analysis results, the following design strategy guidelines are summarized: Under 

the same plot ratio conditions, larger land areas result in greater Total Stormwater Runoff to be 

Controlled and Utilized. This implies that, under the sponge city policy, urban design projects with 

larger land areas have higher demands for managing peak runoff. Consequently, the policy 

emphasizes dividing catchment areas in these larger-scale projects to disperse peak runoff pressure 

and avoid concentrated runoff treatment. Additionally, when land area is constant, a higher plot ratio 

correlates with an increased green roof ratio, which helps reduce the Total Stormwater Runoff to be 

Controlled and Utilized. This suggests that for high plot ratio urban design projects, the sponge city 

policy will guide designs to focus on developing green roofs and enhancing the runoff control 

potential of roof-related low-impact development facilities. 

3.2. Impact of Secondary Indicators on Stormwater Runoff Control 

This part of the calculation also requires presetting standard conditions. This study uses a low 

land area (50 hectares) / high plot ratio(1.5) (A50/P1.5) campus as an example. Referring to the 

“Stormwater Runoff Control Measures for Construction Projects in Guangzhou,” the minimum 

permeable paving ratio is set at 70%, and the minimum sunken green space ratio is set at 50%. Using 

the “Sponge City+” tool, results meeting the Volume Capture Ratio of Annual Rainfall requirements 

can be obtained. When the green roof ratio is set at 75%, the actual design rainfall reaches 43.52mm, 

which is higher than the control target of 43.4mm, thus meeting the design requirements. Under these 

conditions, the actual storage volume is 2701.125m3, the design storage volume is 2693.60m3, and the 

Total Stormwater Runoff to be Controlled and Utilized is 4864.98m3. Therefore, the scenario with a 

green roof ratio of 75%, sunken green space ratio of 50%, and permeable paving ratio of 70% is 

selected as the standard condition. 

3.2.1. Impact of Key Underlying Surfaces on Total Stormwater Runoff 

Using the A50/P1.5 type campus as an example, the secondary indicators analyzed are the green 

roof ratio, sunken green space ratio, and permeable paving ratio. Each of these indicators is controlled 

and simulated separately. Additionally, based on the analysis results of the three variable 

experiments, the calculation results for the three secondary indicators are plotted as line graphs. 

Further analysis of other campus types reveals that the size of the land area does not affect the final 

results, but different plot ratios produce different outcomes. For ease of analysis, experimental 

samples with plot ratios of 1.5(Table 5~3), 1.0, and 0.5 are compared (Figure 15). By interpreting the 

line graphs of the statistical results, the following conclusions can be drawn: 
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1. According to Figure 15(a), the sensitivity coefficients of the secondary indicators, ranked from 

highest to lowest, are: sunken green space ratio > permeable paving ratio ≈ green roof ratio; 

2. A horizontal comparison of the sensitivity line graphs of secondary indicators with different plot 

ratios shows that at lower plot ratios, the sensitivity of the permeable paving ratio is higher 

relative to the green roof ratio (Figure 15(b)); 

3. As the plot ratio increases, the sensitivity of the permeable paving ratio and the green roof ratio 

tends to become consistent (Figure 15(c)). 

Table 5. Sensitivity Analysis of Green Roof Ratio (75% as Standard Condition). 

Variables 0% 10% 20% 30% 40% 50% 60% 70% 75% 80% 90% 100% 

GR -0.75 -0.65 -0.55 -0.45 -0.35 -0.25 -0.15 -0.05 0.00 0.05 0.15 0.25 

GR 31.83 32.83 33.89 35.02 36.23 37.52 38.91 40.41 41.20 42.03 43.78 45.69 

GR -9.37 -8.37 -7.31 -6.18 -4.97 -3.68 -2.29 -0.79 0.00 0.83 2.58 4.49 

SGR 12.49 12.88 13.29 13.73 14.21 14.71 15.25 15.79 - 16.56 17.20 17.94 

* GR represents the change in the green roof ratio, GR represents the design rainfall resulting from the change 

in the green roof ratio, GR represents the change in design rainfall resulting from the change in the green roof 

ratio, SGR represents the sensitivity coefficient of the green roof ratio. 

Table 6. Sensitivity Analysis of Sunken Green Space Ratio (50% as Standard Condition). 

Variables 0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 

SC -0.50  -0.40  -0.30  -0.20  -0.10  0.00 0.10  0.20  0.30  0.40  0.50  

SC 0.00  8.24  16.48  24.72  32.96  41.20 49.44  57.68  65.93 74.17 82.41 

SC -41.20  -32.96  -24.72  -16.48  -8.24  0.00 8.24  16.48  24.73 32.97 41.21 

SSC 82.40  82.40  82.40  82.39  82.37  - 82.44  82.42  82.42 82.42 82.41 

* SC represents the change in the sunken green space ratio, SC represents the design rainfall resulting from 

the change in the sunken green space ratio, SC represents the change in design rainfall resulting from the 

change in the sunken green space ratio, SSC represents the sensitivity coefficient of the sunken green space ratio. 

Table 7. Sensitivity Analysis of Permeable Paving Ratio (70% as Standard Condition). 

Variables 0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 

PP -0.70 -0.60 -0.50  -0.40  -0.30  -0.20  -0.10 0.00 0.10  0.20  0.30  

 PP 31.98 33.04  34.16  35.37  36.67  38.07  39.57  41.20 42.97 44.90 47.01 

 PP -9.22 -8.16  -7.04  -5.83  -4.53  -3.13  -1.63  0.00 1.77  3.70  5.81  

S PP 13.17 13.61  14.07  14.57  15.10  15.67  16.27  - 17.74 18.52 19.38 

* pp represents the change in the permeable paving ratio, pp represents the design rainfall resulting from 

the change in the permeable paving ratio, pp represents the change in design rainfall resulting from the 

change in the permeable paving ratio, Spp represents the sensitivity coefficient of the permeable paving ratio. 
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(a) (b) (c) 

Figure 15. Sensitivity Line Graph of Secondary Indicators for Various Campuses. (a) Sensitivity Line Graph of 

Secondary Indicators for Campus with P1.5; (b) Sensitivity Line Graph of Secondary Indicators for Campus with 

P1.0; (c) Sensitivity Line Graph of Secondary Indicators for Campus with P0.5. 

Design Trends Based on Total Runoff Control Optimization Under Policy-Driven Approach: 

The sunken green space ratio plays a more significant role in total runoff control within sponge city, 

while the green roof ratio and permeable paving ratio contribute relatively less. Additionally, 

increasing the proportion of sunken green spaces can help reduce the reliance on more expensive 

green roof measures. Therefore, under the sponge city initiative, there is a strong emphasis on 

increasing the sunken green space ratio. In high plot ratio urban design schemes, emphasis is placed 

on increasing the green roof ratio; in low plot ratio urban design schemes, it is necessary to increase 

the permeable paving ratio to reduce the use of more expensive green roof facilities per unit cost. 

3.2.2. Impact of Key Underlying Surfaces on Peak Stormwater Runoff 

The specific method involves using the standard condition as a baseline (75% green roof ratio, 

50% sunken green space ratio, 70% permeable paving ratio). By controlling the changes in the green 

roof ratio and permeable paving ratio, the “Sponge City+” tool is used to calculate the Total 

Stormwater Runoff to be Controlled and Utilized for each sample. The statistical results are shown 

in Table 8, Table 9 and Figure 16. 

By analyzing the statistical results, we can draw the following conclusions: 

1. For schemes with the same land area but different plot ratios, the slope of the green roof ratio is 

smaller than that of the permeable paving ratio. However, as the plot ratio in-creases, the gap 

between the two decreases. When the scheme reaches a plot ratio of 1.5, the contribution gap 

between the green roof ratio and the permeable paving ratio in peak runoff control becomes 

minimal. Therefore, it can be concluded that the higher the plot ratio, the greater the contribution 

of the green roof ratio to peak runoff control; 

2. For schemes with the same land area but different plot ratios, the smaller the plot ratio, the 

greater the slope difference between the green roof ratio and the permeable paving ratio. 

Therefore, it can be concluded that the smaller the plot ratio, the greater the contribution of the 

permeable paving ratio to peak runoff control. 

Table 8. Statistical Analysis of the Impact of Secondary Indicator Changes on Total Stormwater Runoff to be 

Controlled and Utilized - Table a. 

Variables 
A50/P1.5 A50/P1.0 A100/P1.5 A100/P1.0 

GF PP GF PP  GF PP GF 

0% 33254.27 34896.45 27506.62  41054.65 67865.85 71217.25  56135.95 83785.00  

10% 30790.99 32022.63 25864.43  37359.73 62838.75 65352.30  52784.55 76244.35  
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20% 28327.71 29148.80 24222.24  33664.81 57811.65 59487.35  49433.15 68703.70  

30% 25864.43 26274.98 22580.06  29969.89 52784.55 53622.40  46081.75 61163.05  

40% 23401.15 23401.15 20937.87  26274.98 47757.45 47757.45  42730.35 53622.40  

50% 20937.87 20527.33 19295.69  22580.06 42730.35 41892.50  39378.95 46081.75  

60% 18474.59 17653.50 17653.50  18885.14 37703.25 36027.55  36027.55 38541.10  

70% 16011.31 14779.67 16011.31  15190.22 32676.15 30162.60  32676.15 31000.45  

80% 13,548.03 11905.85 14369.13  11495.3 27649.05 24297.65  29324.75 23459.80  

90% 11,084.76 9032.02 12726.94  7800.38 22621.95 18432.70  25973.35 15919.15  

100% 8,621.48 6158.20 11084.76  4105.47 17594.85 12567.75  22621.95 8378.50  

*A represents the land area in hm2; C represents the plot ratio (plot ratio), dimensionless; “GF” stands for the 

green roof ratio; “PP” stands for the permeable paving ratio. 

Table 9. Statistical Analysis of the Impact of Secondary Indicator Changes on Total Stormwater Runoff to be 

Controlled and Utilized - Table b. 

Variables 
A100/P0.5 A150/P1.5 A150/P1.0 A150/P0.5 

GF PP GF PP  GF PP GF 

0% 44406.05 96352.75  101011.53 105999.75 83552.75  124705.59 66093.96 143411.43 

10% 42730.35 87136.40  93529.20  97270.36 78564.52  113482.09 63599.85 129693.82 

20% 41054.65 77920.05  86046.86  88540.97 73576.30  102258.59 61105.74 115976.2 

30% 39378.95 68703.70  78564.52  79811.58 68588.08  91035.08 58611.63 102258.59 

40% 37703.25 59487.35  71082.19  71082.19 63599.85  79811.58 56117.52 88540.97 

50% 36027.55 50271.00  63599.85  62352.8 58611.63  68588.08 53623.41 74823.36 

60% 34351.85 41054.65  56117.52  53623.41 53623.41  57364.57 51129.29 61105.74 

70% 32676.15 31838.30  48635.18  44894.01 48635.18  46141.07 48635.18 47388.13 

80% 31000.45 22621.95  41152.85  36164.62 43646.96  34917.57 46141.07 33670.51 

90% 29324.75 13405.60  33670.51  27435.23 38658.73  23694.06 43646.96 19952.9 

100% 27649.05 4189.25  26188.17  18705.84 33670.51  12470.56 41152.85 6235.28 

*A represents the land area in hm2; C represents the plot ratio (plot ratio), dimensionless; “GF” stands for the 

green roof ratio; “PP” stands for the permeable paving ratio. 

  
(a) (b) 

  
(c) (d) 
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(e) (f) 

  
(g) (h) 

* Legend: G represents for Green Roof Ratio, I represents for Permeable Paving Ratio. 

Figure 16. Impact of Secondary Indicator Changes on “Total Stormwater Runoff to be Controlled and Utilized”. 

(a) to (h) represent different types of campus: (a) A50/P1.5, (b) A50/P1.0, (c) A100/P1.5, (d) A100/P1.0, (e) 

A100/P0.5, (f) A150/P1.5, (g) A150/P1.0, (h) A150/P0.5. 

Policy-Driven Design Trends Based on Peak Runoff Control Optimization: In the context of 

sponge city policies (specifically, the “guidelines” [13]), for high plot ratio schemes, the contribution 

of the green roof ratio to peak runoff control is greater. This indicates that to achieve optimal peak 

runoff control, high plot ratio urban design schemes should emphasize increasing and utilizing the 

green roof ratio. For low plot ratio schemes, the permeable paving ratio is more significant compared 

to the green roof ratio in terms of peak runoff control. This suggests that to achieve both ideal peak 

runoff control and cost-effectiveness, low plot ratio urban design schemes should focus on increasing 

and applying the permeable paving ratio. 

4. Discussions 

4.1. Significance of the Study 

4.1.1. Significance of the Parametric Design Framework Construction 

Currently, there is a lack of rainstorm simulation tools for urban designers and architects that 

can effectively enable interactive design. The rainwater+ toolkit developed by Yujiao Chen et al. and 

the SRTF tool developed by Julius Morschek et al. both utilize the Grasshopper parametric design 

platform, which is more suitable for early-stage urban design rainstorm analysis, providing 

significant inspiration for this study [45,46]. This study, based on the performance evaluation 

requirements of sponge city policies (specifically, the “ Volume Method “[13]), proposes a parametric 

collaborative design method to achieve automatic numerical simulation and evaluation of sponge 

city design outcomes. The toolbox, built on the Grasshopper platform, uses built-in programs and 

c## language to create related plugins. Due to its open-source nature, simplicity, and interactivity, 

this toolbox enables real-time feedback in sponge city design, shifting from the traditional “post-

evaluation” model of sponge city design and paving the way for future related research (Figure 17). 
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Additionally, this toolbox addresses the issue of insufficient numerical simulation samples. By setting 

parameters, it can efficiently generate multiple schemes that meet performance evaluation 

requirements, providing a solid foundation for the sensitivity analysis component of this study. 

 

Figure 17. Integrating stormwater runoff control into the early stages of urban design. 

4.1.2. Significance of the “Form-Performance” Correlation Indicator Analysis 

In practical engineering design work, the impact of early-stage urban design on stormwater 

runoff control performance is often overlooked. This study, through the analysis of “form-

performance” correlation indicators and the construction of a correlation model, clarifies the logical 

connections between these factors. Although this correlation logic is based on sponge city-related 

policies and its actual effectiveness needs further verification, the research still holds positive 

significance for interdisciplinary collaborative research on flood resilience. Overall, by establishing 

design-driven and policy-driven correlation models, this study delves into the “black box” of sponge 

city design, identifying key influencing factors in urban design under the guidance of sponge city 

policies. This approach provides clear design guidelines for future urban designers. 

4.1.3. Significance of Sensitivity Analysis of Key Indicators 

The impact of sponge city policies on urban design, as well as the potential risks they may pose, 

are currently unexplored. Through sensitivity analysis of key indicators, this study clarifies how 

sponge city policies influence urban design. These analyses help identify key measures that may be 

widely used or even become overused, as well as key indicators that might not be promoted due to 

their lack of superior performance. Additionally, the study highlights other potential risks that future 

urban design may encounter. These insights have positive implications for policy revision and design 

optimization. 

4.2. Limitations 

The limitations of this study are as follows: Firstly, while this study attempts to quantify the 

impact of sponge city policies on urban design by proposing a collaborative design framework, the 

parametric design framework primarily optimizes processes that are heavily influenced by the 
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subjective decisions of designer. As a result, it cannot fully capture the policy-driven influence on 

sponge city design. Secondly, there are inherent limitations in the “policy-driven” analysis, as it does 

not account for the impact of actual rainfall events on urban design; it focuses solely on the limitations 

of the policy itself. Future studies should incorporate real data to improve scientific rigor. Lastly, this 

study emphasizes the impact of underlying surfaces on stormwater runoff control, particularly non-

point source control, but it does not consider the comprehensive influence of the stormwater drainage 

network. Therefore, future research should strengthen collaboration with water supply and drainage 

professionals to achieve more systematic research conclusions. 

In general, the aim of this research was to offer suggestions for China’s sponge city policies, 

which might limit the paper’s international perspective. However, we believe it can also benefit other 

countries. Firstly, the design framework explored in this paper can serve as a toolkit for urban 

designers and researchers in other countries. In broader contexts, since different nations have varying 

urban planning goals and stormwater runoff calculation methods, one only needs to adjust the 

performance calculation methods to repurpose this framework. Secondly, because mainland China 

encompasses diverse climatic conditions, if the actual effectiveness of China’s sponge city “Volume 

Method” (the core rule of our design framework) is validated in the future, the toolkit proposed in 

this paper could be applied in a wider range of countries. 

5. Conclusions 

Achieving Rainfall-Runoff-Driven Urban Design: Using Grasshopper for Rhino and Rhinoceros, 

this study constructs a parametric design framework that enables the implementation of stormwater 

runoff control in the early stages of urban design. Under various conditions, this framework also 

facilitates sensitivity analyses for different key indicators. The research process serves as an empirical 

demonstration, verifying the effectiveness of the design framework. Potential applications include 

compliance checks for individual design schemes and conducting sensitivity analyses through the 

rapid generation of multiple compliant solutions. 

Establishing a Correlation Model of Key Indicators: By analyzing the rules of the compliance 

check method (“Volume Method”) described in the “Guidelines,” this study explores a correlation 

model that ultimately links stormwater runoff control performance data to underlying surface 

morphology data in urban design. The study clarifies that, in the early stages of urban design, four 

primary indicators are controlled: green space ratio, roof ratio, water body ratio, and pavement ratio. 

The secondary indicators are the proportions of LID measures associated with these four categories. 

For different types of urban design projects, both the plot ratio and the land area also significantly 

influence sponge city design. 

Summarized the impacts of sponge city policies on various key indicators in urban design: 

1. For high Plot Ratio urban project types, sponge city policies will guide the increase in average 

building heights to achieve reduced building density, thereby increasing the green space ratio 

and decreasing the area of hardened catchments; 

2. For urban project types with larger construction land areas, due to higher potential peak 

stormwater runoff, sponge city policies will emphasize peak runoff control. This will be 

achieved through rational catchment zoning design to prevent excessive concentrated runoff 

treatment; 

3. As the Plot Ratio increases, the importance of green roofs in controlling total runoff and peak 

runoff also rises. Consequently, sponge city policies will guide urban design schemes with 

higher Plot Ratio projects to adopt more green roof measures; 

4. For urban project types with lower Plot Ratio, permeable paving significantly contributes to 

controlling total runoff and peak runoff, while green roofs contribute less. Therefore, sponge city 

will encourage low Plot Ratio sites to adopt permeable paving as a cost-effective alternative to 

green roofs; 

5. The sunken green space ratio is one of the most important secondary indicators, and sponge city 

policies will lead to the widespread use of sunken green spaces. 
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In summary, under policy-driven guidance, urban design is likely to trend towards lower 

density, higher green space ratios, and decentralized development. High plot ratio urban design 

schemes will see widespread adoption of green roof strategies, while low plot ratio schemes will 

favor permeable paving strategies. Given the high efficiency of sunken green spaces in sponge city 

evaluations, this strategy is expected to be widely implemented, though there is a risk of it being 

overused. However, it’s important to note that sunken green spaces are only suitable for plants with 

strong water tolerance, which could potentially harm biodiversity. 

Furthermore, we note two issues with sponge city policies. First, there is a lack of redundancy 

consideration for extreme rainfall events. Current sponge city policies design targets based on 

average rainfall for different cities, which means that areas with lower average rainfall may lack the 

capacity to handle heavy rains. To address this, future sponge city policies should incorporate the 

concept of “resilience” by incorporating appropriate redundancy in design, enhancing urban spaces’ 

ability to cope with sudden heavy rain events. Second, there is an overemphasis on numerical 

indicators at the expense of spatial design quality. The current implementation of sponge city policies 

primarily evaluates construction outcomes based on the achievement of performance targets, 

focusing on numerical requirements. However, whether specific facilities are effectively designed to 

collect and manage rainwater during events is not part of the evaluation. This could result in urban 

designs that prioritize meeting indicators over ensuring functional and effective design. Therefore, 

future sponge city construction should not only include mandatory performance targets but also 

strengthen guiding design goals to ensure that the designed facilities perform as intended. 
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