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A new cost-and efficiency-oriented design approach for rainwater harvesting as part of integrated management of blue-green infrastructures Une nouvelle approche de conception orientée vers les couts et l'efficacité pour la récupération de l'eau de pluie comme élément de la gestion intégrée des infrastructures vertes et bleues de l'eau urbaine

RÉSUMÉ

La collecte des eaux de pluie (RWH) est de plus en plus nécessaire pour l'irrigation des infrastructures bleuesvertes (BGI). La performance du stockage et les caractéristiques de la demande dépendent de nombreux processus en interaction qui ne sont pas couvertes par les approches de conception existantes. Les besoins d'évaluation de l'efficacité sont ignorés. Pour ces raisons, une approche de conception orientée vers l'efficacité et la demande pour les CEP est développée ici. Elle permet d'évaluer l'efficacité des ressources en évaluant la couverture de la demande et l'adaptation flexible aux différentes conditions de la demande (par exemple, le type et la zone de végétation, les impacts du microclimat). L'approche est développée sur la base des résultats d'un modèle simple de pluie et de ruissellement avec des configurations de demande et de volume variables. La régression multiple non linéaire montre des paramètres de bonne qualité et permet l'utilisation à des fins de planification. Les résultats indiquent que les approches de conception actuelles ont tendance à surdimensionner les unités de stockage. L'évaluation de la couverture de la demande montre une décroissante avec des volumes de stockage plus importants. Des analyses coût-efficacité sont effectuées pour les stockages en surface et souterrains et peuvent contribuer au processus de décision. Étant transférable dans l'espace et adaptable de manière flexible à diverses conditions de demande, l'approche soutient le développement graduel et adapté au climat des bassins versants urbains dans le cadre d'une gestion intégrée de la BGI.

ABSTRACT

Rainwater harvesting (RWH) is increasingly required for irrigation of blue-green infrastructures (BGI). Storage performance and demand characteristics depend on numerous interacting processes which are not covered by existing design approaches. Needs for efficiency assessment are ignored. For these reasons, an efficiency-and demand-oriented design approach for RWH is developed here. It allows resource efficiency assessment by evaluating demand coverage and flexible adaption for different demand conditions (e.g., vegetation type and area, microclimate impacts). The approach is developed based on the results of a simple rainfall-runoff-model with varying demand and volume configurations. Multiple, non-linear regression shows good quality metrics and allows the use for planning purposes such as sizing of storage units or comparison of different demand conditions. Results indicate that current design approaches tend to oversize storage units. The evaluation of demand coverage shows decreasing growth with larger storage volumes. Cost efficiency analyses are done for above ground and underground storages and can further support the decision process. Being spatially transferable and flexibly adaptable to various demand conditions, the approach supports the stepwise climateadaptive development of urban catchments as part of an integrated management of BGI.
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INTRODUCTION

Sustainable adaptation strategies using blue-green infrastructures (BGI) address the upcoming challenges of urbanization, global warming, and demographic change. In addition to hydrological benefits, such as retention and the support of groundwater recharge and evapotranspiration, they are also increasingly apllied due to their co-benefits (e.g., cooling, biodiversity) [START_REF] Cuthbert | Global climate-driven trade-offs between the water retention and cooling benefits of urban greening[END_REF][START_REF] Donati | Reconciling cities with nature: Identifying local Blue-Green Infrastructure interventions for regional biodiversity enhancement[END_REF]). However, only healthy vegetation can provide full functionality. In urban areas, this can be enhanced by irrigation from rainwater harvesting (RWH).

Previous research shows the dependency of water saving and stormwater detention on connected area, storage volume, climate conditions and water demand [START_REF] Fewkes | Simulating the performance of rainwater collection and reuse systems using behavioural models[END_REF][START_REF] Uhl | Hydrological Performance of combined Raintanks[END_REF]. In urban surroundings, the water demand can be significantly influenced by framing conditions such as site-(shading, soil characteristics), vegetation-(demand, drought resilience) and irrigation-characteristics (target, management strategy) [START_REF] Costello | A Guide to Estimating Irrigation Water Needs of Landscape Plantings in California. The Landscape Coefficient Method and WUCOLS III[END_REF][START_REF] Snyder | Advances in ET-based landscape irrigation management[END_REF]. Moreover, efficient use of rainwater as a resource becomes increasingly relevant in times of drought. An integrated management of BGI is therefore recommended, understanding the elements RWH, vegetation and irrigation as an interacting system.

Focusing on RWH, existing design approaches only describe the dependency of storage volume on precipitation and water demand in a very simplified way (CIRIA 2001;DIN 1989DIN -1 2002;;Environment Agency 2010). They do not include considerations of detailed demand characteristics nor the efficiency evaluation for decision support. Therefore, efficiency-and demand-oriented design-approaches are required to cover both needs: resource efficiency assessment and flexible adaptability to varying demand conditions arising from site-, vegetation and irrigation-characteristics.

For this reason, the aim of this study is to develop an efficiency-and demand-oriented design approach for RWH that supports the climate-adaptive development of urban catchments as part of an integrated management of BGI. To cover the above-mentioned needs, the approach should include (i) resource efficiency assessment for decision-support, (ii) flexible adaptability to different demand conditions and (iii) spatial transferability within Germany and similar climatic regions.

METHODS

The conceptual approach goes back to [START_REF] Uhl | Hydrological Performance of combined Raintanks[END_REF]. It relates storage volume (SV) and water demand (WD) to water supply and introduces the demand coverage as an efficiency indicator for decision-making. Input variables are the connected area A (m²), mean annual precipitation MAP (mm) and initial losses IL (mm). The resulting system inputs are the storage volume coefficient CV (-) (Eq. 1) and the demand coefficient CD (-) (Eq. 2). The main system output used as efficiency indicator is the demand coverage DC (-), calculated as ratio of rainwater consumption and demand. The analysis is carried out for irrigation and toilet use. This paper focuses on irrigation use.

𝐶𝐶𝐶𝐶 = 𝑆𝑆𝐶𝐶 𝐴𝐴 • (MAP -IL)

Eq. 1

𝐶𝐶𝐶𝐶 = 𝑊𝑊𝐶𝐶 𝐴𝐴 • (MAP -IL)
Eq. 2 A simple rainfall-runoff-model is set up using EPA SWMM [START_REF] Rossman | Storm Water Management Model User's Manual Version 5.2[END_REF]. For developing a locationindependent approach, 1000 simulations with a 20-year timeseries are carried out for each of 132 locations in Germany. The stations, provided by the German Weather Service (2022), are spread all over Germany and cover different climate conditions (Table 1). The varied system inputs are CV (0.002 to 0.05) and CD (0.05 to 1.5).

A multiple, non-linear regression gives the functional relationship between system inputs CV and CD and efficiency indicator DC. It is done using a randomly assembled train and test dataset, covering 75% and 25% of the entire simulation results. Finally, cost efficiency analysis adds another decision-support-level. 

RESULTS AND DISCUSSION

The performance of the examined storage configurations can be described by plotting the efficiency indicator DC over CV and CD (Figure 1). It can be concluded that CV and CD have a significant influence on DC. All storage volumes enable effective solutions with high demand coverage DC ≥ 0.75 for demand coefficients CD ≥ 0.75 (Figure 1, left). Tank volumes CV ≤ 0.02 should not be combined with demand CD ≥ 0.5 to reach a medium demand coverage DC ≥ 0.5 (Figure 1, right). The volume decision depends on the specific boundary conditions of each project (e.g., cost budget, future potential expansion). Decision criteria can be the growth of demand coverage per volume, a demand coverage target value or cost efficiency. Further efficiency indicators could clarify the decision. The comparison with existing design approaches (red line) reveals safe and not cost-effective sizing of those simplified approaches.

The planning tool can be used for two planning purposes: (i) For given boundary conditions the diagrams can help to decide for storage size. (ii) If the boundary conditions have not yet been fixed, the diagrams can be used to compare different configurations of CV and CD. This evaluation is helpful when it is still to be decided which areas are to be connected or irrigated.

CONCLUSION AND FUTURE WORK

An efficiency-and demand-oriented design approach for RWH was developed based on long-term simulations.

The approach is spatially transferable within Germany and can be used as planning tool. It reduces overdimensioning and introduces important levels into decision-making regarding resource efficiency assessment, which have been missing in existing approaches so far. By flexibly integrating different demand characteristics as input variables, it enables adaptation to different configurations of the interacting elements RWH, vegetation and irrigation. As part of an integrated management of BGI, it thus supports the stepwise climate-adaptive development of urban catchments.

Future studies could address the expansion of other efficiency indicators, such as empty periods, detention or overflow volumes. In addition, the integration of alternative water sources (e.g., grey water, drinking water) can be investigated. In terms of a bottom-up approach, the next step would be the systematic application to urban catchments to investigate the effects on drainage systems and the extrapolation of the greening potential for climate adaptation.
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 1 Figure 1. Demand coverage (DC) depending on storage volume coefficient (CV) and demand coefficients (CD)

Table 1 .

 1 Statistics of mean annual precipitation for stations under consideration

	N	MAP mean annual precipitation (mm a -1 )		
	Stations	Min	1st quartile Median	3rd quartile Max	Mean
	132	484	596	660	807	1604	739
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