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Abstract

:

Urban green infrastructure (UGI), a key component of nature-based solutions (NbSs), plays a vital role in enhancing urban resilience. Nonetheless, the absence of a thorough resilience evaluation for UGI has hindered the efficacy of its design and implementation. This article proposes an innovative urban environmental resilience index (ERI) framework designed to evaluate the lifecycle performance of UGI. First, a coupled environmental resilience evaluation system is proposed that encompasses indicators for the adaptation to acute disturbances and the mitigation of chronic pressures. Second, the inventive formulas for calculating the environmental resilience index are presented, which establish the weighting of indicators through Delphi-analytic hierarchy process (AHP) analysis, and the Storm Water Management Model (SWMM), GaBi, and i-Tree models are employed for the quantitative assessment. Third, four representative UGI scenarios in urban built-up areas have been selected for comparative analysis and in-depth discussion by calculating the resilience index. This research presents UGI solutions as adaptive measures for “Black Swan” events and “Gray Rhino” phenomena, offering significant case studies and methodological frameworks which will inform future endeavours in green and sustainable urban development.
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1. Introduction


In recent years, as climate disasters and environmental pressures continue to rise, enhancing urban resilience has become a global governance consensus and a research frontier in multi-disciplines [1,2,3]. The 2030 Agenda for Sustainable Development explicitly identifies increasing resilience as a necessary pathway to promote urban sustainable development [4]. The integration of ecology, engineering technology, socio-economics, urban planning, and other multi-disciplines promotes a systematic framework for resilient cities to cope with diverse external acute disturbances and chronic stresses [5,6,7]. Urban green infrastructure (UGI) is a critical structural facility of nature-based solutions (NbSs) that can effectively increase urban resilience and provide multiple ecosystem services [8,9,10]. UGI can propose adaptive responses to acute disturbances, such as heavy rainfall and floods, and chronic stresses, such as mitigating CO2 emissions, reducing pollution, and improving biodiversity [11,12,13,14]. Effective planning and design for sustainable resilience require collaborative, multi-disciplinary, and adaptive strategies encompassing systematic thinking and leveraging the quantitative evaluation of urban resilience infrastructures [15,16]. The critical bottleneck constraining the effectiveness of UGI lies in the inadequate identification of resilience-driven mechanisms, which is based on a comprehensive evaluation of resilience for alternative UGI options. Currently, there is a lack of consensus on the evaluation indicators and practical methods for the resilience assessment of UGI.



Previous studies have mentioned that UGI could contribute to urban resilience by increasing its diversity, flexibility, redundancy, modularity, and decentralisation [17,18]. Multifunctional and interconnected UGI systems are closely linked to increased urban resilience in diverse circumstances. First, when considering the temporal aspect of resilience, it is essential to determine whether it is related to short-term disturbances (e.g., storms) or long-term stressors (e.g., climate change) and adapt terms like “rapid return” or “quickly transform” accordingly [19]. Previous studies have suggested that resilience is defined as the ability of a system to prepare for threats, absorb impacts, recover, and adapt to extreme disturbances and persistent stress [20,21]. The role of UGI in mitigating extreme disturbances lies in its capacity to enhance urban resilience by providing support in resisting, absorbing, and adapting to high-risk extreme situations [10]. Unlike the acute shocks often related to natural disasters, urban resilience often has socio-economic attributes in response to gradual and chronic stresses, including the place-based support that urban green spaces provide for recreation, social interaction, building community cohesion and promoting physical and mental health and well-being [22]. Current research on urban resilience mitigation is more concerned with the response capacity after extreme climate disasters and lacks the evaluation of environmental stress mitigation over the entire lifecycle.



Previous scholars have explored building resilience indices and evaluation systems to assess and compare decisions conveniently. Cheek and Chmutina [23] explored five well-known urban resilience frameworks, i.e., UNDRR’s Making Cities Resilient Campaign, UN-Habitat’s City Resilience Profiling Programme, The World Bank and GFDRR’s Resilient Cities Program, Arup and The Rockefeller Foundation’s City Resilience Index, and The Rockefeller Foundation’s 100 Resilient Cities, which identified that is difficult to make horizontal comparisons between different indicator systems, and many indicators are also difficult to quantify and evaluate. In the study by Chen et al. [24], five factors, including the disturbance factor, the vulnerability factor, the resistance factor, the adaptation factor, and the transformation factor, were calculated from the three dimensions of urban systems—situation, structure, and elements—by combining hierarchical analysis, the Delphi method, and the fuzzy synthesis calculation method. The final composite score of the urban system’s resilience level was obtained from the resilience formula. In Zhao et al. [25]’s study, the entropy value method is used to calculate the information entropy of individual indicators, decide the formula for information entropy, construct the weights of the indicators, and use the weights to directly multiply each socio-economic indicator to obtain the results of the evaluation of the comprehensive resilience of the city. The index considers the resilience of health, society, economy, infrastructure, and urban management, and, for the evaluation of urban green space, the two indexes of per capita park green space area and built-up area green space rate are mainly considered.



Specifically, the performance evaluation of UGI is often analysed from the perspective of ecosystem services or landscape performance, and there is a lack of a targeted indicator system focusing on the contribution of green infrastructure to urban resilience (Table 1). Although for the performance evaluation of green infrastructure water ecosystem services studies have focused on regulating and supplying services and have constructed a supply and demand evaluation system for rainfall regulation, water quality purification, soil and water conservation, freshwater recharge, and other service types, few studies have comprehensively evaluated the environmental impacts and stormwater management roles of the construction and operation of green infrastructures [26].



The assessment of the resilience effects in green infrastructure primarily focuses on evaluating acute disturbances (such as extreme rainfall) using hydrological modelling tools, including the Storm Water Management Model (SWMM), the Geographic Information System (ArcGIS), and the Weather Research and Forecasting-Surface Urban Energy and Water Scheme (WRF-SUEWS) [33,34,35]. Meerow and Newell [36] developed a green infrastructure spatial planning (GlSP) model incorporating a GIS-based six-benefit criterion (stormwater management, social vulnerability, green space, air quality, urban heat island, and landscape connectivity) of multi-criteria assessment and weighting of expert stakeholders. On the other hand, the lifecycle assessment (LCA) of UGI is gradually attracting attention, which evaluates the environmental and economic impacts of specific green stormwater facilities’ technologies during material acquisition, transport, construction, and operation [37,38]. Current research has been applied to scenario-setting for single or combined low-impact development (LID) facilities [39], comparative LCA analysis of grey and green infrastructure [40], multi-objective optimal design of rainwater management systems [41], LCA analysis of climate change and the city [38], LCA analysis of rainwater harvesting measures at different scales, etc. [42]. However, there are fewer results of a comprehensive evaluation of the resilience benefits of actual green infrastructure in acute disturbances and chronic stresses. A comprehensive resilience indicator system is needed to determine the weighting relationship between both categories of indicators and construct a scientifically sound and easy-to-use evaluation method.



The existing literature indicates a wealth of research on assessment systems for resilient cities. Yet, there is a deficiency in comprehensive evaluation methods for UGI’s contribution to urban resilience, particularly the integration of acute disturbance adaptation and chronic stress mitigation, hindering effective scientific decision making. This paper aims to achieve the following: (1) introduce a lifecycle resilience assessment framework for UGI that addresses acute disturbances and chronic stresses via five modules and sixteen indicators; (2) develop a robust evaluation method that integrates SWMM, GaBi, and i-Tree models to simulate the lifecycle resilience of UGI and assign all the selected indicators through Delphi-AHP analysis; and (3) create an environmental resilience index (ERI) for UGI to facilitate comparisons between different scenarios and identify the most effective option. The novelty of this study lies in the innovation of a holistic resilience framework and index for UGI, as well as the development of a reliable evaluation methodology which integrates effective models. The findings attempt to support the practice of UGI planning and design for strengthening urban resilience and provide scientific evidence to assist policymakers in advancing resilient cities.




2. Materials and Methods


2.1. Evaluation Framework


This study introduces a methodology for evaluating environmental resilience by establishing an analytical foundation for the integrated SWMM, GaBi, and i-Tree models. It develops a technical framework for assessing the environmental resilience of UGI over its lifecycle, focusing on mitigating acute disturbances and chronic stresses. The specific research flowchart is presented in Figure 1.



2.1.1. Environmental Resilience Indicator


	
Indicator Selection






Based on the diverse functions of UGI to mitigate acute disturbances and chronic stresses, indicators corresponding to their characteristic attributes were selected for a quantitative analysis of absorption, adaptation, recovery, and transformation. The acute disturbance adaptation (ADA) category mainly considered the modules of extreme weather adaptation and extreme weather recovery. It contained six representative indicators: the runoff reduction rate under a 10-year design storm of a 2 h duration, the runoff reduction rate under a 100-year design storm of a 2 h duration, the peak flow reduction rate -10a, the peak flow reduction rate -100a, the recovery time -10a, and the recovery time -100a. The category of chronic stress mitigation (CSM) mainly considered three modules: climate adaptation, ecological environment improvement, and resource consumption reduction. It contained ten representative indicators, including carbon emission reduction, urban cooling, annual runoff reduction, annual suspended solids’ reduction, particle formation, soil acidification, terrestrial ecotoxicity, consumption of water resources, consumption of fossil energy, and consumption of mineral resources. Table 2 presents a detailed description of the indicators’ information and the cited literature sources.



	
Indicator Weighting






This paper adopts the Delphi-hierarchical analysis method, widely used in mathematical statistics, to determine the weights of the indicators. The Delphi method, through a questionnaire form using a 1~9 scale method on the two first-level indicators, five second-level indicators, and sixteen third-level indicators for the evaluation of scoring, allows for comprehensive expert experience to influence the indicator weight coefficients to make a gradual convergence in the assessment of the views [64]. The hierarchical analysis method (analytic hierarchy process, AHP) uses a two-by-two comparison of the degree of importance to construct a judgment matrix, which is designed to transform multi-objective, multi-criteria, challenging-to-quantify problems into multi-level single-objective problems for processing. The specific process is to evaluate the weight of the single-level indicators at each level, then calculate the total ranking of the indicators between levels, and, finally, obtain the relative weight evaluation of each indicator relative to the total indicator [65]. Twenty experts specialising in ecology, hydrology, green infrastructure, economics, and sociology were assigned to evaluate different quantitative indicators for gauging the urban resilience performance concerning specific green infrastructure types and scenarios. The consistency ratio (CR) is determined by dividing the consistency index by the random Index to ensure consistency in judgments across dimensions or indicators. According to Saaty [66], a CR ≤ 0.10 is acceptable to continue an AHP analysis. Through expert scoring and analytic hierarchy process (AHP) calculations, the evaluation system for the environmental resilience indicators and weight parameters is computed in Equation (1) and illustrated in Table 3.


  W =    w 1  ,   …  w i  ,   …  w n    ,     ∑   i = 1  n   w i  = 1 ,  



(1)




where W is the weight vector, wi is the weight for indicator i, and n is the number of indicators.




2.1.2. Environmental Resilience Index Evaluation


Based on the analysis of the model for mitigating acute disturbance and chronic stress, the environmental resilience index (ERI) evaluation system was constructed. The unit ecological performance of UGI was calculated by creating a resilience index scale, and then the environmental resilience index was calculated using the environmental resilience index formula.



	
Environmental Resilience Index Scale






The environmental resilience index (ERI) scale was developed based on previous research, case studies, and expert ratings. Quantitative indicators were divided into one of five scores, corresponding to the level of UGI performance in terms of urban environmental resilience: “very low”, “low”, “medium”, “high”, and “very high”; the score ranks were 1, 2, 3, 4, and 5, respectively. The standards for ranking quantitative indicators were based on LCA methodological studies [13,65,67], the comparison of diverse UGI scenarios [37,68], and comprehensive expert ratings [69]. The rating scores of each index are calculated in Table 4.



	
Environmental Resilience Index Calculation






Previous scholars have proposed calculation methods for the urban resilience of sponge cities. For instance, Zhang et al. [70] used the Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) method to establish a sponge city resilience evaluation model from three attributes—disaster defence, disaster absorption, and system adaptation—and a comparative analysis of spatial and temporal changes in the same research object. Zhu et al. [71] constructed a fuzzy comprehensive evaluation model using a pattern language by setting weights for experts in different fields and then using an aggregation formula to calculate the fuzzy weights of the resilient scale evaluated by the experts many times and then obtain the comprehensive resilience value of sponge cities. However, there is still a lack of comprehensive and integrated resilience performance evaluation methods for UGI addressing both acute disturbances and chronic stresses. Therefore, this paper innovatively proposes formulas for calculating the environmental resilience index that includes the performance of mitigating acute disturbances and chronic stresses. Detailed information is shown below:


  E R I = E R  I a  + E R  I c   



(2)






  E R  I a  =   ∑   i = 1  n   r i  ·  w i   



(3)






  E R  I c  =   ∑   j = 1  n   r j  ·  w j   



(4)




where ERI represents the environmental resilience index,   R ϵ   1 ,   10   ;   E R  I a    indicates the mitigation of the acute disturbance performance;   E R  I c    indicates the mitigation of the chronic stresses performance;    r i    is the score of each mitigating acute disturbance indicator;    w i    is the weight of each acute disturbance adaptation indicator;    r j    is the score of each chronic stress mitigation indicator; and    w j    is the weight of each chronic stress mitigation indicator.





2.2. Research Setting


2.2.1. Study Area


Zhuhai city is located on the southwest bank of the Pearl River Estuary in the Guangdong province, bordering Macau to the southeast. It is approximately 125 km away from Guangzhou by land and about 100 km away from Hong Kong across the sea. Experiencing a subtropical monsoon climate, Zhuhai city has an average annual temperature of 22.2 degrees Celsius and receives an average annual rainfall of 2103.6 mm. The rainfall patterns are marked by high intensity and frequency, and the flood season predominantly spans from April to September, during which approximately 80% of the annual rainfall occurs. The study area is part of Zhujiang new city, a critical development zone for the future of Zhuhai city (Figure 2). It falls within the pilot sponge city initiative and functions as the catchment area for the southern section of the central water system, which is responsible for regional rainwater discharge. Subsequently, the rainfall flows southward into the No. 2 Main Drainage River. The elevation in this area ranges from 0 to 5 m, with a gradient varying between 1.0% and 3.2%, resulting in a generally flat terrain. According to the “Detailed Control Plan for the Western Center of Zhuhai City”, the total study area is 181.8 hectares, with an effective catchment area of 68.2 hectares, including 17.1 hectares of public green space in the riverside park, 22.7 hectares of public green space in the municipal roads, and 28.4 hectares of attached green space.




2.2.2. UGI Selection


UGI constructs cost-effective water recycling networks with sustainable links in timely and long-lasting urban water management systems [16]. Building upon prior research and the prerequisites for model configuration, this paper identifies three representative low-impact development (LID) stormwater management facilities: bioretention ponds, grassed swales, and stormwater detention basins. These facilities have been chosen to examine stormwater management application needs within urban green spaces, municipal roadways, and drainage networks (Table 5).




2.2.3. Representative UGI Scenarios


Previous studies indicated that the effectiveness of bioretention ponds, grassed swales, and stormwater detention basins would grow with the increase in application area while the growth rate would gradually decrease [5,72]. Considering the optimal land use–benefit ratio, scenarios were established using both singular technological applications and multiple technology integrations tailored to the real-world conditions of the study area. These scenarios were classified into four main categories: source control stormwater management scenario (S1), process control stormwater management scenario (S2), terminal control stormwater management scenario (S3), and facility combined stormwater management scenario (S4). The conventional scenarios without UGI facilities were marked as S0. The stormwater facility combination scenarios integrated source, process, and terminal stormwater management facilities, as depicted in Table 6 and Figure 3.





2.3. Data Input and Model Analysis


2.3.1. Modelling Acute Disturbance Adaptation


As a dynamic hydrology–hydraulic water quality simulation model, SWMM could simulate and calculate the surface-produced flow, surface catchment, hydrodynamic transport in pipe network, and hydrological transport generated by a single rainstorm or continuous rainstorms through hydrological, hydraulic, and water quality modules, which are widely used by scholars worldwide in the simulation study of urban storm flooding [79]. In this research, the SWMM model was employed to simulate the capacity of green infrastructure solutions to mitigate sudden disruptions by configuring low-impact development (LID) controls and best-management practices (BMPs), such as runoff reduction rate, peak flow reduction rate, and recovery time.



The sites in the study area were divided into three types—roofs, pavement, and green spaces—due to variations in pollutant accumulation and washout processes in different sub-surfaces. To assess flood control performance under various climate change risks, we simulated the flooding process using design rainfall with 10-year and 100-year return periods. The chosen rainfall pattern matched the Chicago storm profile in the Pearl River Delta region [80], with a duration of 120 min and a rainfall interval of 1 min. Specific data were calibrated to the SWMM simulation data using the measured rainfall runoff monitoring results from 18 July 2017. Due to the absence of validated water quality monitoring data in the study area, validated parameter data from studies in the Pearl River Delta (PRD) region (Guangzhou and Shenzhen) were used to set the SWMM model parameters for water quality calibration. The calculation data can be found in Appendix A: Data Information (Table A1, Table A2, Table A3 and Table A4). Please refer to Supplementary Materials for detailed information on Figure S1: SWMM model construction graph.




2.3.2. Modelling Chronic Stress Mitigation


In the simulation calculations for chronic stress mitigation, the GaBi and i-Tree models were used to analyse and derive metrics, except for the annual runoff reduction and the annual suspended solids’ removal, which were analysed using the SWMM model. The GaBi model, named from the German “Ganzheitlichen Bilanzierung”, employed for lifecycle assessment stands as one of the most prevalent software tools for environmental impact calculations, featuring an integrated industrial database and various models, i.e., ReCiPe, Centrum voor Milieukunde Leiden (CML), Tool for Reduction and Assessment of Chemicals and Other Environmental Impacts (TRACI), and Environmental Development of Industrial Products (EDIP) [81]. Gabi Software 10.6.1is utilized to thoroughly evaluate the environmental effects of each scenario throughout its construction and the 30-year operational period, encompassing manufacturing, transportation, energy input-output, etc. The i-Tree model, developed by the U.S. Forest Service (USDA Forest Service) in 2006, is adopted for calculating plants’ ecological efficiency and economic value [82]. It offers unique advantages regarding carbon sequestration and oxygen release, energy saving, rainwater retention, and air quality improvement [83].



First, the required amount of materials during the construction period was calculated based on the series of Drawings Collection for National Building Standard Design, including “Environmental Landscape-Details of Outdoor Engineering Construction” (15J012-1), “Environmental Landscape-Greenery Planting Design” (03J012-2), “Outdoor Engineering” (12J003), and the Zhuhai local construction design data. Then, inventory data for the operation period were calculated and divided into three parts: (1) input data for pollutant reduction in the operation period based on the simulation results of SWMM; (2) input data for the purification of climate change and air pollution in the operation period obtained from the simulation results of the i-Tree model, reflecting the effect of carbon dioxide, particulate matter, etc., absorbed by the vegetation; (3) calculations for irrigation water, commonly used electricity, and diesel consumption for greening maintenance based on local landscape maintenance standards for each scenario. The calculation data can be found in Appendix A: Data Information (Table A1, Table A2, Table A3, Table A4 and Table A5).






3. Results and Discussion


3.1. Overall Resilience Index Calculation


The initial evaluation of the multi-scenario modelling of green infrastructure environmental performance is presented in Table 7 and Table 8 and Figure 4. From the category of acute disturbance adaptation (ADA), the terminal control stormwater management scenario (S3) excelled in the module of extreme weather adaptation capability, showing significant advantages in all four metrics: runoff reduction -10a, runoff reduction -100a, peak flow reduction -10a, and peak flow reduction -100a. In contrast, the process control stormwater management scenario (S2) had the worst performance across all four indicators. However, S2 rated the highest in the extreme weather recovery capability module, including flood recovery time -10a and flood recovery time -100a, while S3 rated the lowest. The source control stormwater management scenario (S1) demonstrated greater efficacy within the chronic stress mitigation (CSM) category, achieving the highest scores in 70% of the evaluated indicators. Within the climate adaptation module, S1 excelled in the climate warming reduction rate and urban cooling effectiveness indicators. Regarding the ecological environment improvement module, S1 outperformed in the indicators for the particle formation reduction rate, the average annual runoff reduction rate, and the soil acidification reduction rate. On the other hand, the facility combined stormwater management scenario (S4) secured the highest scores for the annual suspended solids’ reduction rate and terrestrial ecotoxicity reduction rate. Regarding the resource consumption reduction module, S1 excelled in reducing water resources’ consumption and fossil energy consumption, whereas S3 was the top performer in reducing mineral resources’ consumption.



As per the environmental resilience index evaluation method outlined in Section 2.1.2, each indicator’s simulation scores were categorised based on set criteria. Subsequently, the environmental resilience index for each of the four green infrastructure layout scenarios was computed using the environmental resilience index’s weighted formula. Based on the composite performance score of the environmental resilience index (ERI), the S4 facility combined stormwater management scenario achieved the highest score (3.055), followed by the S3 terminal control stormwater management scenario (3.046) and the S1 source control stormwater management scenario (2.816). The lowest score was recorded by the S2 process control stormwater management scenario (2.439). More details are shown in Table 9 and Figure 5. Regarding the overall score for the category of ADA, the S3 scenario achieved the highest score (1.510), while the S1 scenario scored the lowest (0.777), reflecting a difference of 94.34%. The S4 scenario ranked second, and the S2 scenario ranked third. On the other hand, regarding the overall score for the category of CSM, the S1 scenario recorded the highest score (2.039), while the S2 scenario had the lowest score (1.318), indicating a variance of approximately 54.70%. Furthermore, the S4 scenario secured the second position, and the S3 scenario ranked third.



Figure 6 illustrates that each strategy possesses distinct advantages and disadvantages. Concerning the module of A-1 extreme weather adaptation capability, the S3 scenario received the highest score (1.166). Conversely, both the S1 and S2 scenarios shared the lowest score (0.433), resulting in a variance value as high as 2.69. Regarding resilience to the module of A-2 extreme weather recovery capability, the S2 scenario achieved the highest score (0.688), while the S1 and S3 scenarios ranked lowest (0.344), exhibiting a differential factor of up to 2.0 times. In the B-1 climate adaptation module, the S1 scenario topped the list with the highest score (0.685). The other scenarios jointly held the second position with a score of (0.481), resulting in a variance of approximately 42.41%. Within the B-2 ecological environment improvement module, the S1 scenario achieved the highest score (0.808), while the S2 scenario received the lowest score (0.471), marking a disparity of 1.72. As for the B-3 resource consumption reduction module, the S1 scenario reached the top score (0.546), whereas the S2 scenario came in at the lowest score (0.366), reflecting a difference of 49.18%.



While the S4 combination scenario achieved the highest score in the environmental response index (ERI), each scenario presented notable advantages and disadvantages when evaluated against the categories of acute disturbances and chronic stressors. Firstly, the S3 scenario was highly adaptable for reducing runoff and managing flood flow during extreme weather events. Compared to other solutions, the S3 scenario demonstrated the effective regulatory function of the UGI storage facilities in creating floodwater removal channels and storage space during the flood season [84]. Stormwater detention basins can help manage excess stormwater and control peak flooding [72,77]. Specifically, the S3 scenario for urban rainwater runoff involved source control and process management measures to reduce emissions and purify stormwater, which included setting up storage facilities near the outfall of the stormwater pipe network to store and gradually release rainwater into natural receiving water bodies.



Second, the S1 source control stormwater management scenario surpassed the other three scenarios in every aspect of chronic stress mitigation. Due to the high proportion of plant greening, eco-friendly materials, low environmental load during the construction period, and high environmental benefits during the operation period adopted in the rainwater source management program, the benefits of climate warming abatement caused by greenhouse gas emissions were more prominent than those of the process management and terminal management programs [38]. This advantage was primarily attributed to its more effective management of cumulative greenhouse gas (GHG) emissions and urban cooling efficiency over the lifecycle [40,60]. Lu [85] conducted a comprehensive lifecycle assessment of two prevalent urban stormwater low-impact development (LID) technologies, revealing that LID installations featuring rain gardens significantly outperformed those utilizing infiltration paving and infiltration tube wells with respect to CO2 reduction. Wang et al. [86] conducted corresponding environmental and economic lifecycle assessments of green and grey stormwater infrastructure for wastewater treatment systems, demonstrating that the stormwater source management options represented by bioretention ponds and green roofs can achieve water quality improvement goals at the lowest climate and economic costs.



Third, although the S2 process control scenario did not receive a high overall performance rating in ADA, it offered optimal time efficiency for swift recovery from flood impacts during extreme weather. This recovery time was significantly lower than those of the S1 source control scenario and the S3 terminal control scenario, indispensable in mitigating acute disturbances and restoring urban resilience [46]. The composition and particle size of the media material could influence the stormwater transport efficiency of grassed swales. According to Emre and Melek [76], the combination of 40% vegetative soil and 60% coarse sand mixture with a side slope of 1:3 presented the best performance in reducing peak overflow rates. In addition, shallow rainwater slow-permeable grassed swales created through a design miming the natural hydrological cycle protect urban ecosystems and enhance natural habitats [87].




3.2. UGI for the Adaptation to the “Black Swan” Phenomenon


Since the 21st century, climate change has frequently triggered “Black Swan” events. Traditional municipal grey infrastructure is vulnerable, which continues to cause massive disasters worldwide. Given the rising occurrence of extreme climate events nowadays, the intelligent combination of green–grey infrastructure improves the stability and effectiveness of urban flood management, enabling cities to respond effectively to and recuperate from extreme weather events like heavy rainfalls and flooding [88].



From Figure 7, it is evident that the S3 terminal control stormwater management scenario was the best solution for adapting to extreme weather and mitigating acute disturbances. In Jia et al. [44]’s study, they found that source and process management facilities like bioretention ponds and grassed swales were significantly less adequate in retention storage, sedimentation, diversion, and infiltration compared to end-of-pipe management facilities such as stormwater detention basins and other detention basins. Xian et al. [45] noted that the S2 scenario involving grassed swales also demonstrated a lower reduction in flood flow during 1-in-20-years, 1-in-50-years, and 1-in-100-years rainstorms compared to the S3 scenario with regulating ponds. The S3 scenario was vital in regulating flood flow and delaying runoff peaks by utilizing detention basins and detention basins integrated with municipal stormwater pipes and river networks. These facilities could be combined with urban built environments such as parking lots, playgrounds, and parks to retain stormwater runoff on-site during extreme weather conditions, thus reducing the risk of flooding in high-density built-up areas. Moreover, UGI facilities should be customized to fit the local context. Due to stormwater management performance being significantly affected by the topography of the urban landscape, the S3 terminal control scenario has a more practical application in mountainous and hilly cities compared to cities on plains [89].



The S2 process control stormwater management scenario excelled in extreme weather recovery, surpassing the S1 source control scenario and S3 terminal control scenario. It was also more efficient than the S4 facility combined stormwater management scenario, making it well-suited for the rapid recovery of detention capacity from extreme weather. The peak recovery times in the S2 scenario for both the 1-in-10-years and 1-in-100-years flood were under 280 min, demonstrating that shallow grassed swale, as a crucial urban stormwater management facility, can reduce flood peak recovery time in terms of flood water transmission, which offers substantial benefits for resilient flood risk management and rapid disaster recovery [90,91]. Due to the impact of shallow grassed swales on regulating runoff, including rainfall patterns, vegetation and soil conditions, and clogging, it is essential to inspect and replace clogged soil substrates regularly. Strengthening daily maintenance and management will help maintain effective rainfall reduction and storage [46]. The S2 scenario adapted to this technology involved creating grassed swales with vegetation along both sides of the roadways, which collected, conveyed, and discharged stormwater runoff while purifying the water of nitrogen, phosphorus, and other eutrophic substances [75].



By comparison, the S1 source management scenario scored lowest in all the indicators and had the lowest overall rating in ADA. The source control approach, which mimicked the natural state of the watershed through rain gardens/bioretention ponds and utilized mulch, artificial fill layers, gravel layers, and various combinations of vegetation, was more effective in removing surface source pollution but less energy efficient in terms of total runoff control and the reduction in runoff peaks [92,93]. These results suggest that employing the S1 source control strategy alone may not effectively mitigate acute disturbances. It is recommended that this approach be combined with process management and terminal control strategies for enhanced outcomes.



Overall, the S3 scenario had the highest score due to its significant advantage in regulating extreme weather, which comprised 67% of the environmental resilience index’s weighting in the acute disturbance adaptation (ADA) category. While the S2 scenario excelled in recovering from extreme weather, it only accounted for 33% of the environmental resilience index’s weighting in the ADA category and ended up in third place. The S4 integrated scenario combined source, process, and terminal management strengths, excelling in the modules of “extreme weather adaptation capability” and “extreme weather recovery capability”, ranking second in the ADA category.




3.3. UGI for the Mitigation of the “Gray Rhino” Phenomenon


Unlike rare “Black Swan” events, “Gray Rhino” phenomena refer to highly probable, high-impact, and predictable issues or risks that are often overlooked until they become urgent [94]. In the context of climate change, some typical “Gray Rhino” phenomena, including sea-level rise, fluctuations in agricultural production, water scarcity, and uncertainty in energy supply, pose higher demands and challenges for integrated urban governance [95]. These issues require global cooperation, policy formulation, technological innovation, and changes in social behaviour to be addressed and adapted. Based on the ReCiPe 2016 handbook, a harmonized lifecycle impact assessment method [61], the characterization factors at the endpoint level typically implemented three protection areas: human health, ecosystem quality, and resource scarcity. LCA aims to compare options or pinpoint stages in the production process that exert a relatively high level of pressure on the environment [52]. In this study, the chronic stress brought about by the “Gray Rhino” phenomenon was primarily reflected in three significant aspects: climate change, ecological damage, and resource depletion.



In Figure 8, it is clear that the S1 source control stormwater management scenario outperformed the other three scenarios across all the CSM modules, making it the optimal strategy for addressing chronic stress disturbances which accumulate gradually over the lifecycle. Firstly, improving the urban heat island effect and enhancing the microclimate of densely populated areas are crucial for maintaining city resilience. Previous studies have identified environmentally sustainable solutions utilizing green infrastructure’s adaptive and mitigative qualities [89,96]. According to our simulation, the variability in the performance of the selected UGI scenarios was mainly focused on the energy efficiency of carbon dioxide absorption. Thanks to the widespread use of source control UGI facilities such as green roofs, permeable paving, rain gardens, and bioretention ponds, its ability to regulate the urban heat island was significantly better than the other options due to its CO2 absorption capacity and the evapotranspiration of surface water [97].



The second primary concern in the entire lifecycle assessment was the method for quantifying the improvement in the environmental quality. The S1 scenario, concerning the module of ecological environment improvement, boasted the highest score for environmental resilience, exhibiting exceptional outcomes in specific metrics including the “particle formation reduction rate”, the “average annual runoff reduction rate”, the “soil acidification reduction rate”, and the “terrestrial ecotoxicity reduction rate”. Yan [98] demonstrated that bioretention ponds, green roofs, and permeable paving have a significant improvement effect on freshwater eutrophication and marine eutrophication during the operation phase and contribute significantly to the reduction in ecotoxicity on both land and sea. Rong et al. [99] explored the optimal advantages of managing flood flow, total suspended solids’ (TSS) discharge, and runoff coefficients using a suite of source control facilities, including green roofs, permeable pavements, and bioretention ponds, during recurrent flood events. Moreover, at site scales like urban neighbourhoods, campuses, and airports, source control facilities such as bioretention ponds and rain gardens demonstrate considerable superiority over other LID structures in managing runoff control rates, reducing TSS loads, and enhancing toxic removal rates under conditions of frequent heavy rainfall [78,100,101].



Further, Wang et al. [38] demonstrated that bioretention systems applied in different scenarios could compensate for adverse changes caused by urbanization and climate changes leading to an improvement in the runoff quality (total suspended solid loads) and a reduction in the peak volume. The total annual runoff and suspended solids’ reduction rates do not correlate linearly in highly urbanized, densely built-up areas. Since future impacts on runoff quality will be more sensitive than those on quantity, the parameterization of UGI facilities should priorities improving runoff quality through peak runoff abatement. Tiwari and Kumar [102] illustrated that particle number reduction is particularly effective in the presence of UGI with coniferous trees, which increases surface roughness and deposition compared to other UGI scenarios. Flynn and Traver [37] identified that using bark mulch for ground cover during the construction phase is considered the most significant construction impact related to soil acidification potential. It could be replaced with mulch from tree clippings and other organic waste types generated by bio-infiltration rain gardens. The application of UGI facilities also helps with the sustainable remediation and redevelopment of brownfield sites, particularly in mitigating ecotoxicity [103].



Thirdly, within the resource consumption reduction module, the S1 scenario attained the highest environmental resilience index score, surpassing the S2 scenario, which registered the lowest score, by 49.18%. It was noticed that bioretention ponds primarily consisted of natural vegetative material and featured a relatively straightforward structure. The materials required for their construction were directly sourced from nature, resulting in the minimal consumption of fossil fuels, minerals, and water resources and, consequently, the lowest environmental impact. The LCA for resource consumption mainly concerned water use, fossil energy, and mineral resources. Notably, it held a considerable edge in the water resources’ consumption reduction rate indicator. Climate change-induced water resource depletion has wrought catastrophic impacts on the planet in recent years. Since water which has been consumed is not available anymore in the original watershed for humans or ecosystems, conserving water resources is a shared responsibility for all of humanity. Studies have shown that reductions in blue water (the amount of water in lakes, rivers, aquifers, and precipitation) may also reduce the amount of available green water (soil moisture), which can lead to a reduction in plant species [61]. Due to its wide distribution and permeability, UGI systems of source management measures can replenish green water in large quantities, never mitigating the scarcity of blue water. Furthermore, bioretention ponds and rain gardens provide additional benefits by reducing the volume of effluent treated at downstream wastewater treatment plants, including reduced water consumption and significant wastewater treatment energy consumption [37].



On the other hand, all fossil fuels are non-renewable, encompassing crude oil, natural gas, hard coal, lignite, and peat. As these resources become depleted in areas of low latitudes and altitudes, humanity will inevitably extend extraction to higher latitudes and altitudes in its pursuit of survival, resulting in significant environmental pollution and substantial consumption costs [56]. UGI facilities should focus on leveraging nature-based solutions to decrease reliance on artificial materials and reduce the need for manual maintenance. The efficiency of exploiting fossil fuel resources, both in the short term and in the long term, is a factor in advancing the goals of green development all over the world, essential for advancing sustainable human development [62]. Further, due to the limited availability of mineral resources, primary extraction will inevitably lead to a reduction in ore grade, signifying a lower resource concentration within global ore deposits. Consequently, this necessitates mining a larger volume of ore to obtain a kilogram of the mineral resource at hand. The application of UGI facilities strikes a balance between the escalating demand for mineral resources and the imperative for sustainable consumption, a critical challenge in pursuing a genuinely green economy. Moreover, promoting mineral resource efficiency is pivotal for green growth, stimulating economic growth and cultivating healthy environments and thriving communities for future generations [63].



Overall, the S1 source control stormwater management scenario achieved the highest score in the environmental resilience index within the chronic stress mitigation (CSM) category. In contrast, the S2 process control stormwater management scenario registered lower sub-scores across all three modules. Notably, the S2 scenario exhibited the most significant shortfall in the module of ecological environment improvement (EEI), scoring 71.55% lower than the S1 scenario. Given that the EEI module carried the major weight in the CSM section (as high as 0.44), this resulted in the S2 scenario having the lowest overall final performance score. Conversely, the S4 facility combined stormwater management scenario performed well in all the significant evaluation categories and secured the second-highest overall score in the final composite performance measure (CSM) index. When contrasted with the lower-ranked S2 and S3 scenarios, the S4 scenario aligned with the benefits of S1 source solution and combined the strengths of the other solutions. This resulted in a reduced and more sustainable environmental footprint and resource consumption for urban development.




3.4. Innovation and Future Applications


The prevailing UGI evaluation index systems typically focus on attenuating stormwater runoff during acute disturbances or on the environmental impact throughout UGIs’ lifecycle under chronic stress, but they rarely consider both simultaneously. Common indicators for acute disturbances include the annual runoff reduction rate, the annual suspended solids’ reduction rate, and the flood flow reduction rate for a one-in-ten-years rainstorm event. For chronic stress, the usual indicators encompass climate warming potential, particulate matter formation, soil acidification reduction rate, terrestrial ecotoxicity reduction rate, and reductions in fossil energy and mineral resource consumption. The indicators above are independent and lack interconnectivity.



In this study, we introduced an innovative coupled environmental resilience assessment system that can address acute disruption adaptation and chronic stress mitigation, offering tailored and comprehensive solutions according to specific situational requirements. As shown in Table 10, the four UGI scenarios showed varying rankings in their acute disturbance adaptation (ADA) score, chronic stress mitigation (CSM) score, and environmental resilience index (ERI). Regarding the ADA ranking, the S3 terminal control scenario was far superior than the S1 source control scenario and more appropriate than the S2 process control scenario and S4 facility combined scenario for handling sudden “Black Swan” extreme weather events. Regarding the CSM ranking, the S1 source control scenario was far superior to the S2 process control scenario. It was also better suited than the S3 terminal control scenario and the S4 facility combined scenario to deal with known and foreseeable “Grey Rhino” phenomena that often do not receive appropriate attention and response for various reasons. When evaluating the overall environmental resilience performance throughout the lifecycle in response to the typical challenges associated with both “Black Swan” and “Grey Rhino” phenomena, the S4 facility combined scenario excelled over the other scenarios.



The ERI framework could integrate the Delphi-AHP methodology into the urban planning support system to facilitate and assess various scenarios as comparable indicators for improving urban resilience and suggesting “preferred” scenarios. Our approach could support comprehensive decision making by utilizing the SWMM, GaBi, and i-Tree models to combine diverse quantitative data and establish feedback loops via scenario development, modelling, and surveys. The assessment process in our study began with building a robust system of indicators and clarifying each element’s synergistic or trade-off efficacy in improving urban resilience. We then explored the assessment performance of diverse UGI scenarios to help readers relate and track the effectiveness of the indicators in building urban resilience, including acute disturbance adaptation to “Black Swan” events and chronic stress mitigation to “Gray Rhino” events. Our experiments simulating different UGI scenarios provided additional value to the quantitative metrics’ assessment hierarchy. We proposed an innovative methodology for assigning weights and ratings to ERI indicators through literature research, case studies, and expert scoring. This methodology allows one to apply the assumptions and modelling approach for quantitative indicators proposed in this paper by flexibly adjusting the parameters according to different geographic regions. This innovation significantly enhances UGI evaluation methodology and allows stakeholders to offer input and examine alternatives that align with their preferences and interests.



However, some limitations require further work. The methodology used to evaluate the resilience of UGI, as established in this study, was only applied in one case in southern coastal China. More applications in different climatic or geographic regions are needed to verify its effectiveness. Additionally, the performance of alternative UGI solutions and non-resilient sites across diverse locations should be compared using a consistent method and ERI calculations in future studies, providing a more scientific basis for making effective UGI planning and design decisions.





4. Conclusions


This paper proposes an innovative methodology to evaluate the discrepancies in the comprehensive performance of representative UGI scenarios. It aimed to achieve the following: (1) introduce a lifecycle resilience assessment framework for UGI which addressed acute disturbances and chronic stresses via five modules and sixteen indicators; (2) develop a robust evaluation method which integrated the SWMM, GaBi, and i-Tree models to simulate the lifecycle resilience of UGI and assigned all the selected indicators through Delphi-AHP analysis; and (3) create an environmental resilience index (ERI) for UGI to facilitate comparisons between different scenarios and identify the most effective option. This paper draws the following main conclusions:



First, a coupled environmental resilience evaluation system was proposed that encompassed indicators for the adaptation to acute disturbances and the mitigation of chronic pressures. The evaluation system covered five modules, and each module consisted of two-to-five typical or advanced indicators, which were essential supplements to current research on the correlation between UGI facilities and urban resilience measurement.



Second, the inventive formulas for calculating the environmental resilience index were presented, which established the weighting of indicators through Delphi-AHP analysis, and the SWMM, GaBi, and i-Tree models were employed for the quantitative assessment. Also, this study innovated standardized methods and resilience index algorithms through empirical analysis and data comparison.



Third, four representative UGI scenarios in urban built-up areas of Zhuhai city were selected for a comparative analysis and an in-depth discussion by calculating the resilience index. The results identified that the S3 terminal control scenario had the most substantial ability to deal with “Black Swan”-type acute disturbance disasters. In contrast, the S1 source control scenario was more suitable for adapting to recovering “Gray Rhino”-type chronic pressures. When considering both components, the S4 facility combined scenario exhibited the best performance.



In sum, this study developed an innovative urban environmental resilience index (ERI) and a methodology for evaluating the resilience performance of UGI over its lifecycle, including acute disturbance adaptation and chronic stress mitigation. It also discussed the strengths and weaknesses of each UGI scenario in dealing with “Black Swan” events and “Gray Rhino” phenomena. This study aimed to provide adaptative solutions and preferable decisions to urban planning decision makers and stakeholders. These findings attempt to support the practice of UGI planning and design for strengthening urban resilience and provide scientific evidence to assist policymakers in advancing resilient cities.
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Table A1. Land use and land cover in the study area.






Table A1. Land use and land cover in the study area.





	Land Use/Land Cover
	Area

(ha)
	Percentage of the Total Area
	Building Density
	Green Space Ratio
	Impervious Area Ratio





	Residential
	60.41
	33.2%
	20%
	35%
	45%



	Commercial
	8.72
	4.8%
	35%
	30%
	35%



	Government and Community
	11.07
	6.1%
	30%
	35%
	35%



	Roads
	40.30
	22.2%
	0%
	5%
	95%



	Squares
	1.03
	0.6%
	0%
	25%
	75%



	Municipal Utilities
	1.78
	1.0%
	30%
	30%
	40%



	Public Green Space
	45.04
	24.8%
	0%
	80%
	20%



	Water Area
	13.46
	7.4%
	0%
	0%
	0%



	Total
	181.81
	100.0%
	/
	/
	/







Note: “/” represents “not applicable”.













 





Table A2. Properties of sub-catchments and links in SWMM.






Table A2. Properties of sub-catchments and links in SWMM.





	Parameter Name
	Parameter Value





	N-Perv a
	0.24



	N-Imperv a
	0.012



	Dstore-Perv (mm) a
	4



	Dstore- Imperv (mm) a
	1.27



	Max. Infil. Rate (mm/h) b
	50



	Min. Infil. Rate (mm/h) b
	3







Note: Values a are derived from (1) Wang R., Qin H. P., & Zhao Z. J. (2015). Control Studies of Peak Flow and Non-point Source Pollution for Urbanized Area Based on SWMM. Acta Scientiarum Naturalium Universitatis Pekinensis. 51(1), 141–150. (in Chinese) [104]; (2) Wu Y. N., Xiong, J. Q., Ren X. X., & Wang X. C. (2015). Sensitivity analysis and calibration study on the parameters of SWMM for Ejing watershed in Shenzhen. Water & Wastewater Engineering. 11, 126–131 [105]. Values b are derived from the user manual of EPA SWMM.













 





Table A3. Properties of TSS in SWMM.






Table A3. Properties of TSS in SWMM.





	
Land Use/Land Cover

	
TSS Parameter Name

	
Parameter Value






	
Roof

	
Max. Buildup (kg/ha) a

	
300




	
Sat. Constant a

	
10




	
EMC Coefficient (mg/L) b

	
35.94




	
Pavement/Road

	
Max. Buildup (kg/ha) a

	
500




	
Sat. Constant a

	
10




	
EMC Coefficient (mg/L) b

	
151.73




	
Grass

	
Max. Buildup (kg/ha) a

	
300




	
Sat. Constant a

	
10




	
EMC Coefficient (mg/L) b

	
72.98








Note: Values a are derived from (1) Huang G. R., & Nie H. F. (2012). Characteristics and Load of Non-Point Source Pollution of Urban Rainfall Runoff in Guangzhou, China. Journal of South China University of Technology. 40(2), 142–148. (In Chinese) [106]; (2) Wang R., Qin H. P., & Zhao Z. J. (2015). Control Studies of Peak Flow and Non-point Source Pollution for Urbanized Area Based on SWMM. Acta Scientiarum Naturalium Universitatis Pekinensis. 51(1), 141–150. (In Chinese) [104]. Values b are based on field monitoring at Doumen, Zhuhai city.













 





Table A4. Design parameters of GSI strategies in SWMM.






Table A4. Design parameters of GSI strategies in SWMM.





	
Layer

	
Parameter

	
Grass Swales (GSs)

	
Bioretention (BR)

	
Detention Basins






	
Surface

	
Storage depth (mm)

	
300

	
200

	
1500




	
Vegetation volume fraction

	
0.1

	
0.1

	
/




	
Manning’s roughness coefficient (n)

	
0.15

	
0

	
/




	
Soil

	
Thickness (mm)

	
300

	
400

	
/




	
Porosity

	
0.35

	
0.35

	
/




	
Field capacity

	
0.12

	
0.12

	
/




	
Wilting point

	
0.065

	
0.065

	
/




	
Conductivity K (mm/h)

	
36

	
36

	
1




	
Pavement

	
Thickness (mm)

	
/

	
/

	
/




	
Void ratio

	
/

	
/

	
/




	
Permeability (mm/h)

	
/

	
/

	
/




	
Storage

	
Height (mm)

	
150

	
200

	
/




	
Void ratio

	
0.65

	
0.65

	
/




	
Conductivity (mm/h)

	
3

	
6

	
/




	
Underdrain

	
Emptying time

	
12 h

	
24 h

	
48 h








Note: “/” represents “not applicable”.













 





Table A5. Material lists for the construction and operation period in each scenario.






Table A5. Material lists for the construction and operation period in each scenario.





	
Phase

	
Material

	
S0

	
S1

	
S2

	
S3

	
S4






	
Construction

	
Lamps

	
10,572

	
5713

	
8447

	
8061

	
6919




	
Solid construction timber (m3)

	
1977

	
827

	
961

	
970

	
955




	
Steel (m3)

	
301

	
137

	
154

	
132

	
147




	
Clay brick (m3)

	
572

	
2047

	
2899

	
2540

	
1814




	
Coarse sand (m3)

	
8100

	
17,330

	
12,271

	
6535

	
12,505




	
Graded broken stone (m3)

	
29,160

	
20,043

	
23,310

	
22,020

	
22,026




	
Granite (m3)

	
11582

	
4718

	
5634

	
5516

	
5786




	
C20 concrete (m3)

	
26,804

	
13,780

	
15,473

	
155,783

	
17,200




	
Cement mortar (m3)

	
7290

	
3454

	
3582

	
3708

	
4016




	
Gravel (m3)

	
789

	
13,632

	
10,896

	
5130

	
10,295




	
PVC200 (m)

	
/

	
22,720

	
1,2971

	
6156

	
14,544




	
Fine sand (m3)

	
/

	
9088

	
/

	
/

	
3181




	
Geotextile (m2)

	
56,850

	
156,250

	
102,250

	
60,612

	
102,954




	
HDPE (m2)

	
26,000

	
/

	
/

	
20,520

	
6840




	
Planting soil (m3)

	
55,271

	
51,404

	
47,049

	
57,851

	
52,009




	
Excavation (m3)

	
26,000

	
56,800

	
35,412

	
98,496

	
65,106




	
Grass (m2)

	
364,000

	
388,140

	
390,965

	
391,040

	
387,592




	
Shrub (m2)

	
172,353

	
165,230

	
154,585

	
160,260

	
161,968




	
Tree (m2)

	
243,648

	
230,845

	
231,840

	
228,700

	
217,063




	
Power consumption (MJ)

	
172,800

	
172,800

	
172,800

	
172,800

	
172,800




	
Oil consumption (kg)

	
111,302

	
111,302

	
111,302

	
111,302

	
111,302




	
Operation

	
Power consumption (MJ)

	
48,633,965

	
26,924,123

	
38,165,196

	
35,878,442

	
31,739,972




	
Oil consumption (kg)

	
17,220,789

	
11,286,272

	
11,604,704

	
11,622,580

	
11,267,158




	
Water consumption (kg)

	
19,188,000

	
17,631,615

	
17,853,780

	
17,747,100

	
17,295,555








Note: “/” represents “not applicable”.
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Figure 1. The research flowchart. 
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Figure 2. Location map of the study area. 
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Figure 3. Urban green infrastructure scenarios. 
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Figure 4. Comparison of four UGI scenarios grouped in five modules. 
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Figure 5. Environmental resilience index calculation of four UGI scenarios. 
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Figure 6. Environmental resilience index evaluation of five modules. 
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Figure 7. Environmental resilience index of ADA indicators. Note: RRR_10a = runoff reduction rate 10a; RRR_100a = runoff reduction rate 100a; PFRR_10a = peak flow reduction rate 10a; PFRR_100a = peak flow reduction rate 100a; FRT_10a = flood recovery time 10a; FRT_100a = flood recovery time 100a; EWAC = extreme weather adaptation capability; EWRC = extreme weather recovery capability; and ADA = acute disturbance adaptation. 
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Figure 8. Environmental resilience index of CSM indicators. Note: CWRR = climate warming reduction rate; UCR = urban cooling rate; PFRR = particle formation reduction rate; ARRR = annual runoff reduction rate; ASSRR = annual suspended solids’ reduction rate; SARR = soil acidification reduction rate; TERR = terrestrial ecotoxicity reduction rate; WRCRR = water resources’ consumption reduction rate; FECRR = fossil energy consumption reduction rate; MRCRR = mineral resources’ consumption reduction rate; CA = climate adaptation; EEI = ecological environment improvement; RCR = resource consumption reduction; and CSM = chronic stress mitigation. 
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Table 1. Urban green infrastructure performance indicators.
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Categories

	
Sub-Item

	
Selected Indicators

	
References






	
Environmental Category

	
Natural resources supply

	
Provides raw material for adaptation to change;

	
[27,28,29]




	
Produce food or crops;




	
Drinking water supply;




	
Natural environment regulation

	
Stormwater runoff mitigation;




	
Water quality improvement;




	
Increase groundwater recharge;




	
Improve wildlife habitats and species’ richness;




	
Urban built environment mitigation.

	
Air purification/air quality

regulation;




	
Noise reduction;




	
Temperature regulation;




	
Land use diversity;




	
Social Category

	
Cultural and recreational development

	
Recreation and cognitive development;

	
[27,30,31]




	
Enhancing the impact of environmental education;




	
Enhance aesthetics;




	
Governance and institutional support

	
Multi-level and decentralized governance;




	
Increase human health and well-being;




	
Social cohesion

	
Increase community interaction;




	
Strengthen the sense of place and culture;




	
Economic Category

	
Equity and justice

	
Equal distribution of green infrastructure;

	
[27,31,32]




	
Equal access to the benefits of green infrastructure;




	
Efficiency and self-sufficiency

	
Green infrastructure construction cost;




	
Creating green employment;




	
Decreasing grey infrastructure cost;




	
Increase property values;




	
Increase city revenue;




	
Increase local development.











 





Table 2. Categories and indicators of UGI environmental resilience evaluation.
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Category

	
Module

	
Indicator

	
Description

	
References






	
Part A: Acute Disturbance Adaptation (ADA)

	
A-1 Extreme Weather Adaptation Capability

	
Runoff Reduction Rate -10a

	
Degree of reduction in runoff volume during an extreme rainfall event with a return period of 10 years

	
[43,44]




	
Runoff Reduction Rate -100a

	
Degree of reduction in runoff volume during an extreme rainfall event with a return period of 100 years

	
[45,46]




	
Peak Flow Reduction Rate -10a

	
Degree of reduction in flood flow during an extreme rainfall event with a return period of 10 years

	
[47,48]




	
Peak Flow Reduction Rate -100a

	
Degree of reduction in flood flow during an extreme rainfall event with a return period of 100 years

	
[49,50]




	
A-2 Extreme Weather Recovery Capability

	
Recovery Time -10a

	
Period for recovery from the flood peak of an extreme rainfall event with a return period of 10 years

	
[43,51]




	
Recovery Time -100a

	
Period for recovery from the flood peak of an extreme rainfall event with a return period of 100 years

	
[45,51]




	
Part B: Chronic Stress Mitigation (CSM)

	
B-1 Climate Warming Adaptation

	
Carbon Emission Reduction

	
Global warming potential values, cumulative lifecycle greenhouse gas emissions, with negative numbers representing reductions

	
[52,53]




	
Urban Cooling

	
Reduction in urban heat island effect in summer by water bodies and green spaces

	
[54,55]




	
B-2 Ecological Environment Improvement

	
Particle Formation Reduction

	
Atmospheric fine particulate matter formation potential, cumulative particulate matter emissions over the lifecycle, with negative numbers representing reductions

	
[53,56]




	
Annual Runoff Reduction

	
Volume capture ratio of annual rainfall

	
[48,57]




	
Annual Suspended Solids’ Reduction

	
Reduction rate of suspended solids for the whole year of the average year

	
[48,57]




	
Soil Acidification Reduction

	
Acidification potential, acid gas emissions throughout the lifecycle, changes in soil acidity due to changes in acid deposition

	
[37,56]




	
Terrestrial Ecotoxicity Reduction

	
Ecotoxicity potential in terrestrial areas, cumulative emissions from chemical releases throughout the lifecycle, and changes in concentrations will affect biodiversity

	
[58,59]




	
B-3 Resource Consumption Reduction

	
Water Resources’ Consumption Reduction

	
Cumulative consumption of water resources over the lifecycle

	
[52,60]




	
Fossil Energy Consumption Reduction

	
Cumulative consumption of fossil energy over the lifecycle

	
[61,62]




	
Mineral Resources’ Consumption Reduction

	
Cumulative consumption of mineral resources over the lifecycle

	
[62,63]











 





Table 3. Indicator system evaluation weights.
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Level 1

	
Weight

	
Level 2

	
Weight

	
Level 3

	
Weight

	
Final Weight

	
Attribute






	
Part A: Acute Disturbance Adaptation (ADA)

	
0.53

	
A-1 Extreme Weather Adaptation Capability

	
0.67

	
Runoff Reduction Rate -10a

	
0.22

	
0.079

	
Positive




	
Runoff Reduction Rate -100a

	
0.22

	
0.077

	
Positive




	
Peak Flow Reduction Rate -10a

	
0.27

	
0.098

	
Positive




	
Peak Flow Reduction Rate -100a

	
0.29

	
0.102

	
Positive




	
A-2 Extreme Weather Recovery Capability

	
0.33

	
Recovery Time -10a

	
0.63

	
0.109

	
Negative




	
Recovery Time -100a

	
0.37

	
0.063

	
Negative




	
Part B: Chronic Stress Mitigation (CSM)

	
0.47

	
B-1 Climate Adaptation

	
0.29

	
Climate Warming Reduction Rate

	
0.51

	
0.070

	
Positive




	
Urban Cooling

	
0.49

	
0.067

	
Positive




	
B-2 Ecological Environment Improvement

	
0.44

	
Particle Formation Reduction Rate

	
0.24

	
0.050

	
Positive




	
Annual Runoff Reduction Rate

	
0.21

	
0.043

	
Positive




	
Annual Suspended Solids’ Reduction Rate

	
0.22

	
0.045

	
Positive




	
Soil Acidification Reduction Rate

	
0.12

	
0.025

	
Positive




	
Terrestrial Ecotoxicity Reduction Rate

	
0.21

	
0.044

	
Positive




	
B-3 Resource Consumption Reduction

	
0.27

	
Water Resources’ Consumption Reduction Rate

	
0.41

	
0.052

	
Positive




	
Fossil Energy Consumption Reduction Rate

	
0.33

	
0.042

	
Positive




	
Mineral Resources’ Consumption Reduction Rate

	
0.27

	
0.034

	
Positive











 





Table 4. Environmental resilience index scoring sheet.
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Indicator

	
Inequality Sign

	
Unit

	
Score (Very Low to Very High)




	
1

	
2

	
3

	
4

	
5






	
Runoff Reduction Rate -10a

	
≥

	
%

	
0

	
10

	
15

	
20

	
25




	
Runoff Reduction Rate -100a

	
≥

	
%

	
0

	
5

	
10

	
15

	
20




	
Peak Flow Reduction Rate -10a

	
≥

	
%

	
0

	
10

	
20

	
30

	
40




	
Peak Flow Reduction Rate -100a

	
≥

	
%

	
0

	
5

	
10

	
15

	
20




	
Flood Recovery Time -10a

	
≤

	
min

	
400

	
360

	
320

	
280

	
240




	
Flood Recovery Time -100a

	
≤

	
min

	
410

	
370

	
330

	
290

	
250




	
Climate Warming Reduction Rate

	
≥

	
%

	
0

	
100

	
200

	
300

	
400




	
Urban Cooling

	
≥

	
%

	
0

	
1.0

	
1.5

	
2.0

	
2.5




	
Particle Formation Reduction Rate

	
≥

	
%

	
0

	
25

	
50

	
75

	
100




	
Annual Runoff Reduction Rate

	
≥

	
%

	
0

	
5

	
10

	
15

	
20




	
Annual Suspended Solids’ Reduction Rate

	
≥

	
%

	
0

	
20

	
30

	
40

	
50




	
Soil Acidification Reduction Rate

	
≥

	
%

	
0

	
20

	
30

	
40

	
50




	
Terrestrial Ecotoxicity Reduction Rate

	
≥

	
%

	
0

	
150

	
200

	
250

	
300




	
Water Resources’ Consumption Reduction Rate

	
≥

	
%

	
0

	
15

	
20

	
25

	
30




	
Fossil Energy Consumption Reduction Rate

	
≥

	
%

	
0

	
15

	
25

	
35

	
45




	
Mineral Resources’ Consumption Reduction Rate

	
≥

	
%

	
0

	
20

	
30

	
40

	
50











 





Table 5. UGI selection and description.
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	Green Infrastructure
	Description
	Distribution





	Bioretention Ponds
	Bioretention ponds are also known as rain gardens. By simulating the natural state of the watershed and utilizing a combination of mulch, artificial fill layers, gravel layers, and a variety of vegetation, they provide a combination of benefits in terms of total runoff control, reduction in runoff peaks, recharge of groundwater, and removal of pollutants.
	This study placed bioretention ponds in the attached green spaces of various sites to dissipate roof and ground drainage and pollutants from each site.



	Grassed Swales
	Grassed swales are a typical method of sunken green space, mainly applied to municipal roads for stormwater runoff pollution control. The technology is set up as a vegetated surface ditch along both sides of the road, which can collect, convey, and discharge road stormwater runoff and purify nitrogen, phosphorus, and other eutrophic substances in the water body.
	This study placed grassed swales along municipal roads in public green spaces to dissipate municipal roadway drainage and pollutants.



	Stormwater Detention Basin
	The stormwater detention basin is a significant facility in the urban drainage system, usually combined with the municipal stormwater pipeline network facilities, with runoff pollution control, runoff peak control delayed regulation, and other integrated functions. The facility can be combined with parking lots, playgrounds, parks, and other venues to set up. In disaster weather, the urban stormwater runoff as much as possible in situ retention, effectively reducing the risk of flooding in high-density built-up areas.
	This study provided comprehensive control by placing detention basins in the public green space along the riverfront and connecting them to the regional stormwater network.










 





Table 6. Green infrastructure layout scenarios.






Table 6. Green infrastructure layout scenarios.





	Number
	UGI Scenarios
	UGI Facilities
	Layout Settings
	References





	S0
	Conventional scenario
	None
	The conventional scenario is only designed for traditional green space and does not include UGI facilities
	[10]



	S1
	Source control stormwater management scenario
	Bioretention ponds
	20% of the attached green space area is chosen for decentralized placement
	[73,74]



	S2
	Process control stormwater management scenario
	Grassed swales
	20% of the public green space along municipal roads is chosen for decentralized placement
	[75,76]



	S3
	Terminal control stormwater management scenario
	Stormwater detention basin
	30% of the public green space area along riverside park is chosen for decentralized placement
	[72,77]



	S4
	Combined stormwater management scenario
	Bioretention ponds, grassed swales, and stormwater detention basin
	Bioretention ponds cover 7% of the area in the attached green space, shallow grassed swales cover 10% of the area in the public green space along municipal roads, and stormwater detention basins cover 7% of the area within the public green space arranged along the riverfront
	[5,78]










 





Table 7. Multi-scenario modelling of four UGI scenarios’ environmental resilience performance (original data).
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Category

	
Module

	
Indicator

	
Unit

	
S0 *

	
S1

	
S2

	
S3

	
S4






	
Part A: Acute Disturbance Adaptation (ADA)

	
A-1 Extreme Weather Adaptation Capability

	
Runoff -10a

	
m3

	
3,184,070

	
2,901,480

	
2,932,660

	
2,647,540

	
2,695,610




	
Runoff Reduction -10a

	
—

	
282,590

	
251,410

	
536,530

	
488,460




	
Runoff -100a

	
m3

	
4,374,230

	
4,091,540

	
4,111,770

	
3,917,560

	
3,990,570




	
Runoff Reduction -100a

	
—

	
282,690

	
262,460

	
456,670

	
383,660




	
Peak flow -10a

	
m3/s

	
26.32

	
24.65

	
24.88

	
17.9

	
19.77




	
Peak flow Reduction -10a

	
—

	
1.67

	
1.44

	
8.42

	
6.55




	
Peak flow -100a

	
m3/s

	
36.12

	
35.4

	
35.56

	
31.49

	
32.85




	
Peak flow Reduction -100a

	
—

	
0.72

	
0.56

	
4.63

	
3.27




	
A-2 Extreme Weather Recovery Capability

	
Recovery Time -10a

	
min

	
—

	
331

	
264

	
342

	
285




	
Recovery Time -100a

	
min

	
—

	
340

	
272

	
354

	
297




	
Part B: Chronic Stress Mitigation (CSM)

	
B-1 Climate Adaptation

	
Carbon Emission

	
kg CO2 eq.

	
−3,714,212.51

	
−20,390,394.28

	
−15,154,726.15

	
−16,559,276.7

	
−15,132,337.58




	
Carbon Emission Reduction

	
—

	
16,676,181.77

	
11,440,513.64

	
12,845,064.19

	
11,418,125.07




	
Urban Cooling

	
m2

	
520,000

	
562,600

	
545,550

	
551,300

	
549,560




	
Urban Cooling Reduction

	
—

	
42,600

	
25,550

	
31,300

	
29,560




	
B-2 Ecological Environment Improvement

	
Particle Formation

	
kg PM10 eq.

	
57,017.25

	
12,422.08

	
23,900.95

	
21,067.89

	
21,934.15




	
Particle Formation Reduction

	
—

	
44,595.17

	
33,116.30

	
35,949.36

	
35,083.10




	
Annual Runoff

	
m3

	
1,363,670

	
1,138,480

	
1,303,380

	
1,293,430

	
1,224,700




	
Annual Runoff Reduction

	
—

	
225,190

	
60,290

	
70,240

	
138,970




	
Annual Suspended Solids

	
kg

	
235,310.17

	
156,446.84

	
180,239.04

	
164,146.71

	
143,299.43




	
Annual Suspended Solids’ Reduction

	
—

	
78,863.33

	
55,071.13

	
71,163.46

	
92,010.73




	
Soil Acidification

	
kg SO2 eq.

	
218,725.94

	
101,690.52

	
125,109.18

	
119,764.55

	
144,550.95




	
Soil Acidification Reduction

	
—

	
117,035.42

	
93,616.76

	
98,961.39

	
74,174.99




	
Terrestrial Ecotoxicity

	
kg 1, 4-DB eq.

	
1724.03

	
−2748.74

	
−1303.07

	
−2574.48

	
−3492.08




	
Terrestrial Ecotoxicity Reduction

	
—

	
4472.77

	
3027.10

	
4298.51

	
5216.11




	
B-3 Resource Consumption Reduction

	
Water Resources’ Consumption

	
m3

	
39,475,058.54

	
29,182,491.1

	
31,970,305.06

	
31,038,673.59

	
30,253,182.23




	
Water Resources’ Consumption Reduction

	
—

	
10,292,567.44

	
7,504,753.48

	
8,436,384.95

	
9,221,876.31




	
Fossil Energy Consumption

	
kg oil eq.

	
30,025,605.10

	
18,590,560.46

	
20,024,827.2

	
19,649,537.08

	
19,339,814.53




	
Fossil Energy Consumption Reduction

	
—

	
11,435,044.64

	
10,000,777.90

	
10,376,068.02

	
10,685,790.57




	
Mineral Resources’ Consumption

	
kg Fe eq.

	
2,621,015.61

	
1,215,064.58

	
1,371,148.28

	
1,195,217.93

	
1,313,976.29




	
Mineral Resources’ Consumption Reduction

	
—

	
1,405,951.03

	
1,249,867.33

	
1,425,797.68

	
1,307,039.32








Note: * The data of S0 represent the initial value of the conventional green space.













 





Table 8. Comparison of four UGI scenarios’ environmental resilience performance.
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Category

	
Module

	
Indicator

	
Unit

	
S1

	
S2

	
S3

	
S4






	
Part A: Acute Disturbance Adaptation (ADA)

	
A-1 Extreme Weather Adaptation Capability

	
Runoff Reduction Rate -10a

	
%

	
8.88%

	
7.90%

	
16.85%

	
15.34%




	
Runoff Reduction Rate -100a

	
%

	
6.46%

	
6.00%

	
10.44%

	
8.77%




	
Peak Flow Reduction Rate -10a

	
%

	
6.34%

	
5.47%

	
31.99%

	
24.89%




	
Peak Flow Reduction Rate -100a

	
%

	
1.99%

	
1.55%

	
12.82%

	
9.05%




	
A-2 Extreme Weather Recovery Capability

	
Recovery Time Rate-10a

	
min

	
331

	
264

	
342

	
285




	
Recovery Time Rate-100a

	
min

	
340

	
272

	
354

	
297




	
Part B: Chronic Stress Mitigation (CSM)

	
B-1 Climate Adaptation

	
Carbon Emission Reduction Rate

	
%

	
449.98%

	
308.02%

	
345.84%

	
307.42%




	
Urban Cooling Reduction Rate

	
%

	
2.53%

	
1.52%

	
1.86%

	
1.75%




	
B-2 Ecological Environment Improvement

	
Particle Formation Reduction Rate

	
%

	
78.21%

	
58.08%

	
63.05%

	
61.53%




	
Annual Runoff Reduction Rate

	
%

	
16.51%

	
4.42%

	
5.15%

	
10.19%




	
Annual Suspended Solids’ Reduction Rate

	
%

	
33.51%

	
23.40%

	
30.24%

	
39.10%




	
Soil Acidification Reduction Rate

	
%

	
53.51%

	
42.80%

	
45.24%

	
33.91%




	
Terrestrial Ecotoxicity Reduction Rate

	
%

	
259.44%

	
175.58%

	
249.33%

	
302.55%




	
B-3 Resource Consumption Reduction

	
Water Resources’ Consumption Reduction Rate

	
%

	
26.07%

	
19.01%

	
21.37%

	
23.36%




	
Fossil Energy Consumption Reduction Rate

	
%

	
38.08%

	
33.31%

	
34.56%

	
35.59%




	
Mineral Resources’ Consumption Reduction Rate

	
%

	
53.64%

	
47.69%

	
54.40%

	
49.87%








Note: the data in the table show the performance difference between scenarios S1 and S4 and the initial model S0.













 





Table 9. Four UGI scenarios’ environmental resilience index (ERI) calculation.
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Module and Indicator

	
S1

	
S2

	
S3

	
S4






	
Acute Disturbance Adaptation (ADA)

	
0.777

	
1.121

	
1.510

	
1.405




	

	
A-1 Extreme Weather Adaptation Capability

	
0.433

	
0.433

	
1.166

	
0.889




	

	

	
Runoff Reduction Rate -10a

	
0.079

	
0.079

	
0.237

	
0.237




	

	

	
Runoff Reduction Rate -100a

	
0.154

	
0.154

	
0.231

	
0.154




	

	

	
Peak Flow Reduction Rate -10a

	
0.098

	
0.098

	
0.392

	
0.294




	

	

	
Peak flow Reduction Rate -100a

	
0.102

	
0.102

	
0.306

	
0.204




	

	
A-2 Extreme Weather Recovery Capability

	
0.344

	
0.688

	
0.344

	
0.516




	

	

	
Recovery Time -10a

	
0.218

	
0.436

	
0.218

	
0.327




	

	

	
Recovery Time -100a

	
0.126

	
0.252

	
0.126

	
0.189




	
Chronic Stress Mitigation (CSM)

	
2.039

	
1.318

	
1.536

	
1.650




	

	
B-1 Climate Adaptation

	
0.685

	
0.481

	
0.481

	
0.481




	

	

	
Carbon Emission Reduction Rate

	
0.350

	
0.280

	
0.280

	
0.280




	

	

	
Urban Cooling Rate

	
0.335

	
0.201

	
0.201

	
0.201




	

	
B-2 Ecological Environment Improvement

	
0.808

	
0.471

	
0.603

	
0.709




	

	

	
Particle Formation Reduction Rate

	
0.200

	
0.150

	
0.150

	
0.150




	

	

	
Annual Runoff Reduction Rate

	
0.172

	
0.043

	
0.086

	
0.129




	

	

	
Annual Suspended Solids’ Reduction Rate

	
0.135

	
0.090

	
0.135

	
0.135




	

	

	
Soil Acidification Reduction Rate

	
0.125

	
0.100

	
0.100

	
0.075




	

	

	
Terrestrial Ecotoxicity Reduction Rate

	
0.176

	
0.088

	
0.132

	
0.220




	

	
B-3 Resource Consumption Reduction

	
0.546

	
0.366

	
0.452

	
0.460




	

	

	
Water Resources’ Consumption Reduction Rate

	
0.208

	
0.104

	
0.156

	
0.156




	

	

	
Fossil Energy Consumption Reduction Rate

	
0.168

	
0.126

	
0.126

	
0.168




	

	

	
Mineral Resources’ Consumption Reduction Rate

	
0.170

	
0.136

	
0.170

	
0.136




	
Environmental Resilience Index

	
2.816

	
2.439

	
3.046

	
3.055











 





Table 10. Ranks of ADA score, CSM score, and ERI score.
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	ADA Score
	Rank 1
	CSM Score
	Rank 2
	ERI Score
	Rank 3





	S1 Source control scenario
	0.777
	4
	2.039
	1
	2.816
	3



	S2 Process control scenario
	1.121
	3
	1.318
	4
	2.439
	4



	S3 Terminal control scenario
	1.510
	1
	1.536
	3
	3.046
	2



	S4 Facility combined scenario
	1.405
	2
	1.650
	2
	3.055
	1







Note: ADA = acute disturbance adaptation; CSM = chronic stress mitigation; and ERI = environmental resilience index.
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