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Abstract

:

Urbanization induces an increase of runoff volume and decrease of evapotranspiration and groundwater recharge. Low impact development (LID) strategies aim to mitigate these adverse impacts. Hydrologic simulation is a reasonable option to assess the LID performance with respect to the water balance and is applicable to planning purposes. Current LID design approaches are based on design storm events and focus on the runoff volume and peak, neglecting evapotranspiration and groundwater recharge. This contribution presents a model-based design approach for the selection of cost-effective LID strategies. The method is based on monitored precipitation time series and considers the complete water balance and life-cycle-costs, as well as the demand for land. The efficiency of LID strategies (ELID) is introduced as an evaluation measure which also accounts for emphasizing different goals. The results show that there exist several pareto-optimal LID strategies providing a reasonable basis for decision-making. Additionally, the application of LID treatment trains emerges as an option of high potential.
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1. Introduction


The increase of impervious land cover caused by urbanization considerably affects the water balance [1]. While the runoff increases, the evapotranspiration and groundwater recharge decreases. This results in several negative impacts, like higher runoff peak rates, larger runoff volumes, higher potential of flooding events, urban heat islands, etc. [2,3,4].



Low impact development (LID) strategies are a widely known and implemented concept in stormwater management. They aim to replicate hydrologic characteristics of natural catchments, thus mitigating the adverse impacts of urbanization [5,6]. LID strategies are applied to maintain or restore the pre-development hydrologic regime [5,7]. In order to evaluate the LID performance with respect to this purpose, the pre- and post-development hydrologic conditions of a catchment are analyzed. Hydrologic simulations are a reasonable and common option for such assessments. Several modeling tools allow for the simulation of hydrologic processes of LIDs (compare overview of Jayasooriya and Ng [8]). The US EPA Storm Water Management Model (SWMM) [9] was selected for this study as it is currently one of the most sophisticated tools for the hydrologic simulation of LIDs [8].



The design of LIDs (particularly infiltration systems), e.g., infiltration swales or infiltration trenches, implies the calculation of the required retention volume. Basically, it is the difference between the stormwater volume collected by the LID and the stormwater volume that infiltrates through the LID into the soil underneath. Planning guidelines or design manuals often propose to use design storm events of a certain duration and return period in order to determine the required LID retention volume (e.g., [10,11,12], for an overview of international approaches compare Ballard et al. [13]). Such approaches do not consider the actual storm characteristics, e.g., the time-variant intensity, affecting the performance of LIDs. In addition, conditions at the start of a storm event, e.g., soil moisture or storage capacity due to antecedent storm events and dry periods, are not taken into account. This can result in a divergent assessment of LID performance compared to monitoring in the field. Thus, long-term and continuous simulations have to be used, even if dealing with single storm event evaluations (compare [14]).



Planning guidelines (e.g., [10,11]), evaluation approaches (e.g., [15]), as well as previous studies dealing with LID performance (compare reviews by Ahiablame et al. [6] and Eckart et al. [7]) or LID effectiveness (e.g., [16]) focus on the runoff and neglect the groundwater recharge and evapotranspiration, although they control groundwater levels and the micro-climate by means of cooling and prevent urban heat island effects [4,17]. Therefore, in terms of an environmentally sustainable and reasonable application of LIDs, all components of the water balance have to be considered. Consequently, holistic approaches (e.g., [18,19]) are a suitable basis for planning purposes. Furthermore, the assessment of LID performance is conducted on site scale, as suggested by Burns et al. [20], in order to restore/protect natural hydrologic processes at small scales. That is reasonable considering micro-climate issues and the restoration of natural flow regimes at larger scales downstream.



Various LID design approaches aim to design a certain LID strategy but do not provide recommendations for the selection of the proper LID strategy. Furthermore, little attention is paid to the possibility of combining LIDs to LID treatment trains, which can be well-performing LID strategies as well (e.g., [21,22,23,24]). Of course, the selection of LID strategies is also influenced by the cost-effectiveness (e.g., [25,26,27,28]), considering the life cycle costs. Several cost-estimating tools for LIDs have been developed (e.g., [29,30]).



Although individual approaches considering the water balance, cost-effectiveness (life cycle costs), or LID treatment trains exist, recommendations for a combined and holistic assessment are not available. This paper presents an approach for selecting suitable LID strategies considering a combined evaluation of the complete water balance (runoff volume, evapotranspiration, groundwater recharge) and the cost-effectiveness for both stand-alone LIDs and treatment trains.




2. Materials and Methods


2.1. Case Studies and Data


The study was conducted using three case studies that represent characteristic urban areas: Two residential areas and one commercial area (Figure 2). The commercial area is 100% impervious and covers 16000 m², including a roofage of 6000 m². Both residential areas cover 1100 m² each. They differ in the degree of development (dod), which is the proportion between built-up area and building site area. The first residential area (low-developed) has a roofage of 200 m2 (dod = 0.18) whereas the second residential area (high-developed) has a roofage of 600 m2 (dod = 0.55). Both residential areas comprise a driveway of 40 m2, while the remaining plot is covered by lawn. All roofs are tiled in the initial state.



The precipitation series used for the long-term simulations was obtained in Graz/Austria, has a length of 10 years (1996–2006), and an average annual precipitation depth of 783 mm. It was provided by the Austrian Water and Waste Management Association (OEWAV) [31]. Daily minimum–maximum temperatures for the computation of evaporation rates, using the Hargreaves method [32], were provided by the Central Institute for Meteorology and Geodynamics (ZAMG) [33].




2.2. Investigated LID strategies and Model Development


The US EPA Storm Water Management Model (SWMM) [9], which was used in this study, is a dynamic rainfall-runoff model. It can be used for a single event or a continuous long-term simulation and simulates hydrologic processes on the surface as well as routing of runoff in the sewer system. SWMM accounts for a variety of hydrologic processes, like time-varying precipitation, interception of depression storage, evaporation of surface water, evapotranspiration out of the soil and/or LIDs, infiltration of stormwater into the soil, and percolation of infiltrated water into groundwater.



The following LIDs, which are frequently implemented in stormwater management projects, were selected for this study: Green roof, infiltration trench, bio-retention cell, infiltration swale, and blind drain.



Green roofs consist of an engineered and (partially) vegetated soil mixture above a drainage mat that serves as stormwater conveying layer. Infiltration swales are depressions that retain and infiltrate stormwater, whereas infiltration trenches are ditches filled with gravel, providing retention volume for stormwater to infiltrate into the native soil below. Bio-retention cells are a combination of infiltration swale and infiltration trench. They provide retention volume through a surface depression as well as an engineered and (partially) vegetated soil mixture and an underlying gravel storage bed. Blind drains are underground infiltration bodies filled with gravel or other filling material.



The mentioned LIDs, except for the blind drain, were simulated with a soil moisture model comprising different layers, e.g., surface, soil, and storage, which is implemented in SWMM (see Figure 1a–d). The layers simulate the different hydrologic functions of the LID. The surface layer accounts for the runoff generation and allows for infiltration into the soil or storage layer. Optionally, a retention volume on the surface can be defined. The soil and storage layer provide retention volume as well and permit infiltration into the native soil. The drainage mat conveys percolated stormwater off the roof. The LID parameters were chosen in agreement with literature parameter ranges (e.g., [34,35,36]). In order to facilitate a comparison, all LIDs were similarly parameterized to provide comparable retention capacities and hydrologic behavior (Table 1). LIDs collect direct rainfall as well as runoff from other catchments. The runoff from LIDs was directed to the sewer system or to another LID catchment (LID treatment train). For additional information about the LID simulation in SWMM, the reader is referred to Rossman et al. [34]. The blind drain was simulated with a storage node that allows for infiltration to the native soil and prevents evapotranspiration while simulating the surface above the blind drain as well (Figure 1e). The blind drain storage depth was defined to 30cm.



A potential total LID area (Apot) was assigned to the three areas according to the space available (Figure 2): 2500 m² for the commercial area, 60 m² for the low-developed residential area, and 120 m² for the high-developed residential area. The maximal extent of the underground blind drain was selected accordingly. Each Apot was divided into 50 sections that consequently had a dimension of 50 m², 1.2 m², and 2.4 m² per section, respectively. Each section could be occupied by an LID type or left in the initial state. The sections were incrementally used for the application of a LID type (e.g., infiltration swale applied to 1, 2, 3…50 sections) and a simulation was conducted for every state. In addition, two different LID types were applied to the sections, directing the runoff from the first LID to the second LID. Thus, different LID treatment trains were simulated (Figure 3). Again, the application of LIDs to the sections was executed incrementally.


ALID1=Apot50·nLID1 ALID2=Apot50·nLID2max(nLID1+nLID2)=50for single LID strategies: nLID2=0,



(1)




where ALID1 is the area of LID1 in m², ALID2 is the area of LID2 in m², Apot is the potential LID area for the respective case study, nLID1 is the number of sections occupied by LID1, and nLID2 is the number of sections occupied by LID2.



With respect to the roof, the green roof system was not applied incrementally. Only the two options “tiled roof” and “green roof” covering the complete roofage were simulated (Figure 3).



The potential total LID area could theoretically be divided into an infinite number of sections in order to get continuous results, but this would result in high computational effort. Therefore, the discrete results for the water balance using the grid of 50 sections were used as supporting points for a linear interpolation.




2.3. Relations between Water Balance, Life Cycle Costs, and Demand for Land


All three areas (Figure 2) were simulated for the investigated LID strategies. Based on the SWMM simulation results, the water balance can be computed:


∆S=P−ET−R−GR,



(2)




where P is the precipitation (mm), R is the runoff volume (mm), ET is the evapotranspiration (mm), GR is the groundwater recharge (mm), and ∆S is the change in system storage (mm).



The water balance components can also be expressed as fraction of the precipitation:


1=∆S+ET+R+GRP



(3)







The life cycle costs, including construction and maintenance costs, were calculated for every LID strategy based on the size (number of sections) of each LID and following a dynamic cost comparison calculation [37]. The interest rate was assumed to be 3% and the intended life of LID practice based on routine maintenance was assumed to be 30 years [38]. According to the investigated references (see Table 2), 5% of the construction costs were used as annual maintenance costs. The reference date was defined at the start of the LID life span. The singular construction costs were distributed uniformly and added to the annual maintenance costs:


TCa=Co· i·(1+i)n(1+i)n−1+ Co·p



(4)




where TCa is the total annual cost per unit (€/year), C0 is the construction cost per unit (€), n is the life span (years), i is the interest rate (%) to discount future costs, and p is the proportion of maintenance to construction costs (%).



Besides the LID performance with respect to the water balance and the economic aspect regarding the construction and maintenance costs, the demand for land is an additional important factor that has to be evaluated. Especially in highly urbanized areas, available land is rare and/or expensive. Consequently, the demand for land (dland) is used as a further indicator of LID performance:


Forbio-retentioncell,infiltrationswale,andinfiltrationtrench:dland=ALIDFor blind drain:dland=0



(5)




where dland is the demand for land and ALID is the area of the LID (see also Equation (1)).




2.4. Assessment and Efficiency of LID Strategies


LID strategies can be used in order to achieve, or at least approximate, a certain targeted water balance with a limited budget regarding the costs and/or demand for land. The challenge is to identify an LID strategy that meets the desired water balance while resulting in minimum costs and demand for land. Usually, there is not one optimal solution that equally satisfies the mentioned requirements. Thus, the relation between the water balance, costs, and demand for land has to be identified in order to find a reasonable LID strategy as a kind of trade-off.



The obtained simulation results are used to calculate the deviation from a targeted water balance. This deviation is defined as the sum of the absolute deviations of the particular water components:


DWB=Rsim−Rt¯+ ETsim−ETt¯+GRsim−GRt¯,



(6)




where DWB is the deviation from a targeted water balance (in percentage points), R is the runoff volume (in % of precipitation depth), ET is the evapotranspiration (in % of precipitation depth), GR is the groundwater recharge (in % of precipitation depth), sim denotes the simulated value, and t denotes the value of target state.



The targeted water balance can be either defined by stakeholders based on case-specific boundary conditions like the capacity of the present sewer system or based on hydrologic simulations, aiming for natural conditions (e.g., [19]). For demonstration purposes, an arbitrary defined targeted water balance with a runoff volume of 5%, an evapotranspiration of 45%, and a groundwater recharge of 50% is used.



The deviation from the targeted water balance (Equation (6)), the costs (Equation (4)), and the demand for land (Equation (5)) have to be minimized. This requirement is used to identify all nondominated (pareto-optimal) results. The approach of gridding methods (e.g., compare [42]) was used for this purpose, as the mentioned objectives were evaluated for a defined number of points (grid of 50 sections).



The deviation from the targeted water balance and the demand for land are used to evaluate the effect of invested money. The efficiency of LID strategies, as a function of costs, is computed as the sum of the normalized deviation from the targeted water balance and the normalized demand for land. Additionally, weighting factors are introduced to emphasize a certain goal:


ELID(C)=1− (wland* dlandmax(dland)+ wWB*DWBmax(DWB)) with: wland+wWB=1,



(7)




where ELID is the efficiency of LID strategies, C is the cost, dland is the demand for land, DWB is the deviation from the targeted water balance, wland is the weighting factor for the demand for land, and wWB is the weighting factor for the deviation from targeted water balance.





3. Results and Discussion


The change in system storage is almost zero or at least negligibly small compared to the other water balance components for the long-term assessment. Consequently, it is not further taken into consideration. Concerning the investigated LID treatment trains, only results for selected strategies, that show high potential, are illustrated.



3.1. Relations between Water Balance, Life Cycle Costs, and Demand for Land


3.1.1. Single LID Strategies


The qualitative results regarding the runoff volume are the same for all three investigated areas while the absolute values reveal some differences. A decrease in runoff volume is identified with an increasing number of LID sections and an associated increase of costs (Figure 4a, Figure 5a and Figure 6a). The larger the LID area, the more stormwater can be retained, resulting in smaller runoff volumes. The decrease curves start steep and flatten, converging to a runoff volume of zero. Thus, the effect of invested money on the runoff volume decreases with an increasing LID area. The results for the infiltration swale show the steepest costs-runoff-curve due to the smallest costs per implemented section. However, regarding the demand for land, the bio-retention cell and infiltration trench show a better and similar performance (Figure 4d, Figure 5d and Figure 6d) because they provide a larger and similar retention volume per LID section. The infiltration trench has smaller costs per section compared to the bio-retention-cell and a larger retention volume due to the surface storage (berm height) compared to the blind drain. Consequently, the performance is better regarding the costs (Figure 4a, Figure 5a and Figure 6a). The underground blind drain does not require land and is a suitable option when land is rare and/or expensive (Figure 4d,e, Figure 5d,e and Figure 6d,e).



The evapotranspiration is expectedly constant for the underground blind drain for all three areas (Figure 4b,e, Figure 5b,e and Figure 6b,e). The value of this constant evapotranspiration depends on the investigated area, thus on the kind of surface above the blind drain (impervious road/parking lot for commercial area, pervious lawn for residential areas) and the ratio of impervious to pervious surface in the area (different dod for residential areas). The kind of surface of sections that are not used for applying LIDs is also the reason for different results between the residential and commercial area with respect to the infiltration trench and evapotranspiration (Figure 4b,e, Figure 5b,e and Figure 6b,e). Applying an infiltration trench to residential areas shows an almost constant evapotranspiration as the evapotranspiration performance of an infiltration trench is similar to those of the appropriate lawn area; stormwater infiltrates into the native soil and is not available for evapotranspiration for a longer period. In contrast, applying an infiltration trench to the commercial area results in an increasing evapotranspiration as the reference evaporation from the road/parking lot is very small. The infiltration swale and bio-retention cell show an equal increase of evapotranspiration with an increasing LID area for all investigated areas as stormwater is retained in the soil layer and available for evapotranspiration (Figure 4b,e, Figure 5b,e and Figure 6b,e). The increase is linear, as SWMM does not account for the response of evapotranspiration to the soil moisture variation [43].



The consequence of a constant evapotranspiration for the blind drain and infiltration trench applied to residential areas is that the groundwater recharge shows the complete opposite of the runoff volume (Figure 4c,f, Figure 5c,f and Figure 6c,f). An increasing LID size results in an increase of the groundwater recharge. The increase curve mirrors the runoff volume decrease curve. The result for the infiltration trench applied to the commercial area, the infiltration swale, and the bio-retention cell is similar, except a small decrease of groundwater recharge for larger LIDs (Figure 4c,f, Figure 5c,f and Figure 6c,f). This is caused by the increasing retention volume, resulting in a runoff volume that converges to zero and an evapotranspiration that increases linearly.



It is obvious that the extent of the mentioned effects of applying single LIDs on the water balance differs between the investigated types of area. It increases with an increasing degree of imperviousness. The low-developed residential area already has a large lawn area resulting in a small runoff volume and high evapotranspiration in the initial state, whereas the commercial area shows the highest potential of applying LIDs.




3.1.2. Two-Part LID Treatment Train with Green Roof


The application of a green roof within the scope of a LID treatment train shows two general effects on the water balance. The first is related to the different hydrologic performance of the green roof itself compared to a tiled roof. The second is related to the consequently changed runoff volume to the downstream LID.



The green roof retains stormwater, which is consequently available for evapotranspiration. Thus, the runoff volume from the roof decreases, whereas evapotranspiration increases compared to the scenarios with a tiled roof (compare subplots a and b of Figure 4, Figure 5 and Figure 6 with tiled roof and Figure 7, Figure 8 and Figure 9 with green roof).



Consequently, the runoff to the downstream LID is reduced compared to scenarios with a tiled roof, resulting in an overall reduced runoff volume, whereas the groundwater recharge is decreased. The overall evapotranspiration increases due to the substantially increase of roof evapotranspiration. The effect of increasing the downstream LID area of infiltration swale, infiltration trench, bio-retention cell, and blind drain is basically the same as for the single LID investigations; the runoff volume decreases whereas the groundwater recharge increases. The evapotranspiration increases for the downstream bio-retention cell and infiltration swale and is constant for the blind drain. The application of the infiltration trench shows the already mentioned difference between residential and commercial areas, namely a constant evapotranspiration for the residential areas and an increasing evapotranspiration for the commercial area.



The magnitude of effects applying a green roof differs again between the investigated areas. The results for the low-developed residential area show that downstream LIDs have very little impact on the water balance (Figure 7). The green roof and lawn area generate small runoff volumes and a high evapotranspiration. Implementing an LID treatment train with green roof on a high-developed residential area shows larger but still small effects on the water balance (Figure 8). In contrast, as a large part of the commercial area consists of an impervious road/parking lot, the application of downstream LIDs shows the largest effect (Figure 9).




3.1.3. Two-Part LID Treatment Train: Infiltration Swale—Infiltration Trench


The results for the single LID strategies and the two-part LID treatment trains with green roof showed that the largest effect on the water balance is obtained for the commercial area, whereas the impact is small for the residential areas, especially for the low-developed residential area. As the qualitative performance is similar, the commercial area is used for illustrating effects of other LID strategies.



The investigations on applying single LIDs showed that the infiltration swale performs well regarding the costs, but has some shortcomings regarding the demand for land, e.g., compared to an infiltration trench. Consequently, an LID treatment train comprising an infiltration swale and a downstream infiltration trench is promising. This assumption is verified by the conducted simulations (Figure 10).



LID treatment trains provide the possibility of selecting LID strategies as a kind of trade-off between water balance, costs, and demand for land. An example illustrates this conclusion: Assuming a targeted runoff volume of 10%, applying only an infiltration swale results in costs of €2500 per year and a demand for land of 815 m², whereas applying an infiltration trench results in costs of €6100 per year and a demand of land of 573 m² (Figure 10). The mentioned strategies with a single LID would result in an evapotranspiration of 27% (infiltration swale) or 24.7% (infiltration trench). In contrast, an LID treatment train with a demand for land of 694 m² comprising equal fractions of infiltration swale and infiltration trench results in costs of €4733 per year. The mentioned LID treatment train results in the targeted 10% runoff volume and an evapotranspiration of 25.8%.



Selecting different proportions for the infiltration trench and infiltration swale on the total LID area moves the results in a certain direction. Assuming a certain limit for costs, increasing the proportion of the infiltration swale results in smaller runoff volumes and larger evapotranspiration, but is associated with a larger demand for land. On the other hand, assuming a certain limit for the demand of land, increasing the proportion of the infiltration swale results in larger runoff volumes and larger evapotranspiration, associated with lower costs. Thus, certain goals (e.g., desired runoff volume, evapotranspiration, groundwater recharge, maximal costs, or demand for land) can be achieved by selecting the proportion of the infiltration trench and infiltration swale within the scope of an LID treatment train.




3.1.4. Two-Part LID Treatment Train: Infiltration swale—Blind Drain


The investigations on single LIDs revealed a good performance in runoff volume reduction and an increase of groundwater recharge with an outstanding demand for land of zero for the application of a blind drain. However, the evapotranspiration performance is basically null. Combining the blind drain with an infiltration swale in an LID treatment train can mitigate this fundamental shortcoming (Figure 11).



The infiltration swale accounts for an increase of evapotranspiration (Figure 11b,e), while the downstream blind drain decreases the runoff volume and increases the groundwater recharge without causing an additional demand for land (Figure 11d,f). Thus, this LID treatment train is suitable to control/improve the complete water balance, especially when land is rare and/or expensive. The size of the infiltration swale can be chosen due to the maximal land available and/or due to economic aspects. The size of the blind drain is either limited by a defined limit of costs or can be determined to control the runoff volume of the LID treatment train.




3.1.5. Three-Part LID Treatment Train: Green Roof—Infiltration Swale—Blind Drain


The application of a green roof within a three-part LID treatment train with a downstream infiltration swale and a blind drain shows the same effects as identified for the two-part LID treatment trains with a green roof (see Section 3.1.3): The overall runoff volume and groundwater recharge decrease, whereas the evapotranspiration increases (Figure 11a,b and Figure 12a,b) as stormwater is retained and evaporated on the green roof.



The green roof is especially valuable for the evapotranspiration (Figure 11b and Figure 12b, increase of ca. 21 percentage points) while causing substantially higher costs (additional €21,240 per year). The demand for land in order to achieve a certain runoff volume decreases when implementing an upstream green roof as the runoff to the infiltration swale is reduced.



The effects of applying LIDs are in agreement with many field and laboratory studies, as well as evaluations based on hydrologic simulations (for an overview compare [6,7]). All LID strategies decrease the runoff volume due to the provided retention volume. The decrease curve starts steep and flattens, converging to zero. The green roof, bio-retention cell, and infiltration swale provide an increase of evapotranspiration. The increase is linear, as SWMM does not account for the response of evapotranspiration to the soil moisture variation [43]. In contrast, the infiltration trench applied to residential areas and the underground blind drain do not affect the evapotranspiration, but substantially increase the groundwater recharge.



The results indicate that the potential of applying LIDs is increasing, with an increasing imperviousness of the investigated area as slightly impervious areas already show a relatively small runoff volume and high evapotranspiration. Nevertheless, LIDs are applicable for both residential and commercial areas (in agreement with Dietz et al. [44]).



The green roof as part of an LID treatment train shifts the water balance components compared to the LID applications without a green roof (Figure 7, Figure 8, Figure 9 and Figure 12) as stormwater is retained in the soil layer and available for evapotranspiration. This is in agreement with several field, laboratory, and modeling studies (for overview compare Ahiablame et al. [6] or Eckart et al. [7]). Consequently, the overall runoff volume and groundwater recharge are decreased.





3.2. Assessment and Efficiency of LID Strategies


The results for the commercial area (Figure 13) show a minimum deviation from the targeted water balance of 28 percentage points for the application of an infiltration swale, but at the same time result in a maximal demand for land. Assuming the same cost limit, the infiltration swale generally shows best results regarding the deviation from targeted water balance compared to other LID strategies. On the other hand, with respect to the demand for land, the blind drain shows expectable good results. However, at a certain point (ca. €4800 per year), the application of additional blind drain volume only results in higher costs without further reducing the deviation from targeted water balance.



It is obvious that strategies with a very small runoff volume going below the targeted runoff volume may increase the deviation from targeted water balance. The same can occur for strategies resulting in a groundwater recharge larger than the targeted one. However, following a holistic approach considering the complete water balance, the challenge is to find a solution that addresses the deviation from the complete targeted water balance and not a solution that only considers the deviation from target state of a particular water balance component. However, investigations on a larger scale can shift the point of view. LID strategies applied to a site, resulting in an exceedance of a certain component of the targeted water balance, can also be reasonable. They are applicable to counterbalance the respective component of the targeted water balance component of another site where it cannot be achieved or only associated with very high costs or demand for land. Nevertheless, the assessment on a site scale should be preferred, as suggested by Burns et al. [20].



All single LID strategies show a range of nondominated options. Thus, all single LID strategies provide pareto-optimal options. However, LID strategies resulting in small costs but a large deviation from targeted water balance will not be suitable in practice. Nevertheless, the results can be used to select a reasonable LID strategy. Stakeholders have the opportunity to emphasize a certain goal (deviation from targeted water balance, costs, demand for land) in the decision process.



The trend in the results for the high-developed area is similar to those of the commercial area (Figure 14). In contrast to the commercial area, a deviation from targeted water balance of almost zero is achieved, applying an infiltration swale or a bio-retention cell. The costs to obtain this condition are higher for the bio-retention cell (€360 per year) than for the infiltration swale (€116 per year), but the demand for land is smaller for the bio-retention cell (26.4 m²) than for the infiltration swale (38.4 m²).



Once again, all single LID strategies show a range of nondominated options. As already mentioned, the decision process can be seen as a trade-off between the deviation from targeted water balance, costs, and demand for land.



The efficiency of LID strategies shows that the infiltration swale provides the best results when only the deviation from the targeted water balance is considered (wland= 0.0, wWB = 1.0, Figure 15a, compare also Figure 13). An increasing weighting factor for the demand for land results in an increasing ELID for LID strategies comprising a blind drain (Figure 15). This is valid for a single blind drain as well as for an LID treatment train comprising an infiltration swale and a downstream blind drain, providing pareto-optimal results. Thus, when land is rare, the application of a blind drain can be a reasonable option. Implementing it as part of an LID treatment train with an infiltration swale is especially valuable. The infiltration swale is cost-saving and accounts for evapotranspiration, while the blind drain collects and infiltrates possibly occurring runoff from the infiltration swale while causing no further demand for land and.



If only the deviation from the targeted water balance is considered for ELID (wland= 0.0, wWB = 1.0, Figure 15a), the improvement of ELID is small at a certain point (ca. €4000 per year for the infiltration trench and the bio-retention cell) as the deviation from the targeted water balance can only be reduced slightly while the demand for land and costs increase. Concerning the blind drain, ELID even decreases as the deviation from the targeted water balance increases, caused by an overly high groundwater recharge (compare also Figure 6). Emphasizing the demand for land, ELID also decreases more and more for the other single LIDs (infiltration trench, bio-retention cell, infiltration swale) as the increase of demand for land exceeds the reduction of deviation from targeted water balance.



The assessment of LID strategies with respect to a targeted water balance shows that the decision is dependent on the main goal of the stormwater management project. Besides the deviation from the targeted water balance, the demand for land and costs have to be taken into consideration. Depending on the emphasis given on the individual goals, different LID strategies can appear to be “most effective”.





4. Conclusions


This paper introduces a method for a model-based selection of cost-effective LID strategies to control water balance. The method is based on a holistic approach considering the complete water balance. The objectives within the design and selection process are the deviation from the targeted water balance, the demand for land and the costs. The efficiency of LID strategies (ELID) is defined as a measure to evaluate the investigated LID strategies, providing also the possibility of weighting the individual objectives.



The conducted simulations illustrate how LID strategies affect the water balance depending on the applied size of LID: Reduction of runoff volume, increase of evapotranspiration, and groundwater recharge. The results are valuable for the planning process in order to estimate the respective effect on the water balance components of different LID strategies.



The investigations revealed that there is not one specific optimal LID strategy when the water balance, as well as costs and demand for land, are taken into consideration. Nevertheless, the method’s results provide a well-founded and holistic basis for the selection of a reasonable LID strategy. Stakeholders can choose from several nondominated results, emphasizing a certain objective.



The application of an LID treatment train shows high potential. It is especially valuable combining a cost-saving LID that accounts for evapotranspiration (e.g., infiltration swale) and a downstream LID that accounts for infiltration and results in no further demand for land (e.g., blind drain).



The quantitative results are restricted to the investigated areas and their hydrologic boundary conditions, the precipitation time series, the assumed costs, and the LID strategies used. However, the developed method is applicable to other areas, other precipitation time series, and other LID strategies. Further research is related to this assumption, as well as using the method’s findings on a larger scale.
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Figure 1. Scheme and simulated processes of the investigated low impact development (LID) strategies: (a) Green roof; (b) infiltration trench; (c) bio-retention cell; (d) infiltration swale; (e) blind drain. 
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Figure 2. Schematic setting of the investigated case studies: (a) Low-developed residential area; (b) high-developed residential area; (c) commercial area. Atotal is the total area of the case study and LID-Apot is the total potential LID area. 
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Figure 3. Investigated LID strategies. (a) Single LID strategies; (b) LID treatment trains with green roof; (c) two-part and three-part LID treatment trains. 
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Figure 4. Simulated long-term water balance for the low-developed residential area applying single LID strategies of increasing size. Relation between costs and (a) runoff volume, (b) evapotranspiration, (c) groundwater recharge. Relation between demand for land and (d) runoff volume, (e) evapotranspiration, (f) groundwater recharge. 
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Figure 5. Simulated long-term water balance for the high-developed residential area applying single LID strategies of increasing size. Relation between costs and (a) runoff volume, (b) evapotranspiration, (c) groundwater recharge. Relation between demand for land and (d) runoff volume, (e) evapotranspiration, (f) groundwater recharge. 
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Figure 6. Simulated long-term water balance for the commercial area applying single LID strategies of increasing size. Relation between costs and (a) runoff volume, (b) evapotranspiration, (c) groundwater recharge. Relation between demand for land and (d) runoff volume, (e) evapotranspiration, (f) groundwater recharge. 
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[image: Sustainability 11 02440 g006]







[image: Sustainability 11 02440 g007 550]





Figure 7. Simulated long-term water balance for the low-developed residential area applying a green roof and different downstream LIDs of increasing size (LID treatment train). Relation between costs and (a) runoff volume, (b) evapotranspiration, (c) groundwater recharge. Relation between demand for land and (d) runoff volume, (e) evapotranspiration, (f) groundwater recharge. 
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Figure 8. Simulated long-term water balance for the high-developed residential area applying a green roof and different downstream LIDs of increasing size (LID treatment train). Relation between costs and (a) runoff volume, (b) evapotranspiration, (c) groundwater recharge. Relation between demand for land and (d) runoff volume, (e) evapotranspiration, (f) groundwater recharge. 
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Figure 9. Simulated long-term water balance for the commercial area applying a green roof and different downstream LIDs of increasing size (LID treatment train). Relation between costs and (a) runoff volume, (b) evapotranspiration, (c) groundwater recharge. Relation between demand for land and (d) runoff volume, (e) evapotranspiration, (f) groundwater recharge. 
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Figure 10. Simulated long-term water balance for the commercial area applying an LID treatment train comprising an altering proportion of infiltration swale on total LID area (Apot) and a downstream infiltration trench of increasing size. Each colored line of the LID treatment train illustrates the simulation results for a constant proportion of infiltration swale on Apot and an increasing size of the infiltration trench (indicated by the arrow). Relation between costs and (a) runoff volume, (b) evapotranspiration, (c) groundwater recharge. Relation between demand for land and (d) runoff volume, (e) evapotranspiration, (f) groundwater recharge. 
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Figure 11. Simulated long-term water balance for the commercial area applying an LID treatment train comprising an infiltration swale with altering proportion on potential LID area (Apot) and a downstream blind drain of increasing size. Each colored line of the LID treatment train illustrates the simulation results for a constant proportion of infiltration swale on Apot and an increasing size of the blind drain (indicated by the arrow). Relation between costs and (a) runoff volume, (b) evapotranspiration, (c) groundwater recharge. Relation between demand for land and (d) runoff volume, (e) evapotranspiration, (f) groundwater recharge. 
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Figure 12. Simulated long-term water balance for the commercial area applying an LID treatment train comprising a green roof, an infiltration swale with altering proportion on total LID area (Apot), and a downstream blind drain of increasing size. Each colored line of the LID treatment train illustrates the simulation results for a constant proportion of infiltration swale on Apot and an increasing size of the blind drain (indicated by the arrow). Relation between costs and (a) runoff volume, (b) evapotranspiration, (c) groundwater recharge. Relation between demand for land and (d) runoff volume, (e) evapotranspiration, (f) groundwater recharge. 
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Figure 13. Assessment of applying single LID strategies to the commercial area with respect to a targeted water balance and demand for land. The nondominated results (grey-bold) are only illustrated for the relationship between costs and deviation from targeted water balance. 
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Figure 14. Assessment of applying single LID strategies to the high-developed residential area with respect to a targeted water balance and demand for land. The nondominated results (grey-bold) are only illustrated for the relationship between costs and deviation from targeted water balance. 
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Figure 15. Assessment of applying different single LID strategies of increasing size and an LID treatment train consisting of an infiltration swale with altering proportion on total LID area (Apot) and a downstream blind drain of increasing size to the commercial area. Calculation of LID efficiency (ELID) with varying weights deviation from targeted water balance (wWB) and demand for land (wland). Each colored line of the LID treatment train illustrates ELID for a constant proportion of infiltration swale on Apot and an increasing size of the blind drain. The nondominated results are illustrated in grey-bold. 
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Table 1. Parameters of investigated LIDs.
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Green roof

	

	
Infiltration trench




	
Parameter

	

	
Unit

	

	
Parameter

	

	
Unit




	
Berm height

	
10

	
mm

	

	
Berm height

	
300

	
mm




	
Vegetation volume

	
0.2

	
%

	

	
Vegetation volume

	
0.0

	




	
Surface roughness

	
0.1

	
s/m1/3

	

	
Surface roughness

	
0.02

	
s/m1/3




	
Surface slope

	
1.0

	
%

	

	
Surface slope

	
1.0

	
%




	
Soil thickness

	
100

	
mm

	

	
Storage thickness

	
1000

	
mm




	
Porosity

	
0.55

	
-

	

	
Storage void ratio

	
0.3

	
-




	
Field capacity

	
0.4

	
-

	

	
Storage seepage rate

	
10

	
mm/h




	
Wilting point

	
0.1

	
-

	

	

	

	




	
Conductivity

	
50

	
mm/h

	

	

	

	




	
Conductivity slope

	
30

	
-

	

	

	

	




	
Suction head

	
65

	
mm

	

	

	

	




	
Drainage mat thickness

	
30

	
mm

	

	

	

	




	
Drainage mat void fraction

	
0.4

	
-

	

	

	

	




	
Drainage mat roughness

	
0.02

	
s/m1/3

	

	

	

	




	
Bio-retention cell

	

	
Infiltration swale




	
Parameter

	

	
Unit

	

	
Parameter

	

	
Unit




	
Berm height

	
300

	
mm

	

	
Berm height

	
300

	
mm




	
Vegetation volume

	
0.1

	
fraction

	

	
Vegetation volume

	
0.1

	
fraction




	
Surface roughness

	
0.16

	
s/m1/3

	

	
Surface roughness

	
0.16

	
s/m1/3




	
Surface slope

	
1

	
%

	

	
Surface slope

	
1.0

	
%




	
Soil thickness

	
300

	
mm

	

	
Soil thickness

	
300

	
mm




	
Porosity

	
0.5

	
-

	

	
Porosity

	
0.5

	
-




	
Field capacity

	
0.2

	
-

	

	
Field capacity

	
0.2

	
-




	
Wilting point

	
0.1

	
-

	

	
Wilting point

	
0.1

	




	
Conductivity

	
120

	
mm/h

	

	
Conductivity

	
120

	
mm/h




	
Conductivity slope

	
40

	
-

	

	
Conductivity slope

	
40

	
-




	
Suction head

	
50

	
mm

	

	
Suction head

	
50

	
mm




	
Storage thickness

	
100

	
mm

	

	

	

	




	
Storage void fraction

	
0.3

	
-

	

	

	

	




	
Storage seepage rate

	
10

	
mm/h
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Table 2. Construction costs and maintenance costs for the investigated LIDs.
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Construction Costs (C0)

	
Maintenance Costs (C0∙ p)

	
Total Costs (TCa)

	
Reference (Values Adapted)






	
LID

	

	

	

	

	

	

	




	
Green roof

	
35

	
€/m²

	
1.75

	
€/(m²∙year)

	
3.54

	
€/(m²∙year)

	
[39,40,41]




	
Infiltration swale

	
30

	
€/m²

	
1.5

	
€/(m²∙year)

	
3.03

	
€/(m²∙year)

	
[38,39,40,41]




	
Infiltration trench

	
105

	
€/m³

	
5.25

	
€/(m³∙year)

	
10.61

	
€/(m³∙year)

	
[38,39,40,41]




	
Bio-retention cell

	
135

	
€/m³

	
6.75

	
€/(m³∙year)

	
13.64

	
€/(m³∙year)

	
[38,39,40,41]




	
Blind drain

	
105

	
€/m³

	
5.25

	
€/(m³∙year)

	
10.61

	
€/(m³∙year)

	
[38,39,40,41]












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Rin % of P

Rin % of P

W a) ey <)
60 % 60 % 60
w© I fao
2 B2 §uj—r—
0 LS o 0
o w0 o o O 7 o0 oo mw 7k 0w oe mw
comen e cone Gy conen Cyeer
80 O] 80 <) 80 f)
60 3‘7 60 % 60
o 20 fuo
» B2 & 20l
oL o 0
T . R N T T I N T

Demand for land in m?

Demand for land in m?

Demand for land in m?

LID treatment train comprising a green roof and downstream:

Bio-retention cell

—— Infitration trench

— Infitration swale — Biind drain





media/file4.png
LID-A o = 60m?

LID-A o = 120m?

a) b) )
J{J A %1_+_'__1_ M
= g i e e i it
R T 'XT. ' T
..._L_J.. J R B I 1L 1
ol T T T T T T T Roof
s e e sl N s | R o [ B |
v w W W v w W W T _R 0 I | P
v W N W v W W W T l T T : T : T T v v v
J I R N w
¥ " v W w W e i K (o
W W Y ¥ W b W W T T T T T ¥ v v
: o o NP
¥ N W Léwnsv W v + _ | _ | . | .
L v v v - v v [ R iy Dy e e W hd
v N W N ¥ W W N v v v v v
N W N W W v ¥ W v v v “"La\ﬂ’m v v v
N N W N ¥ W N ¥ ¥ v v ¥ v
" » . . » v . » W W W N W W W v
— _ 2 ; — 2
!, / Atotal - ‘I;‘I 00m2 l’ [’ Atotal - 1 ,1 Oom f’ Fi Atotal - 1 6'000m

38m LID-A o = 2500m?





media/file30.png
Efficiency of LID strategy

Efficiency of LID strategy

=
o
1

a) WWB=1'0! Wfand=0'0

0.8 1

0.6 -

0.4 A

0.2 1

00 - T T T

1.0 C) m"‘r|¢w3=0'51r W!and=0'5

0.8 A

0.6 -

0.4 -

0.2 1

0.0 — . . .

0 10000 20000 30000
Costs in €/year
Single LID strategies:

—— Bio-retention cell —— Infiltration swale
- [nfiltration trench —— Blind drain

0.0

b) WWB=O'7I Wland=0' 3

I 1 I I

d) WWB=0'31 Wfand=0'7

0 10000 20000 30000

Costs in €/year

Two-part LID treatment train

Proportion of infiltration swale 100.0
on potential LID area (A,,) in %

® Nondominated results





media/file18.png
Rin % of P

Rin % of P

80 80
60 - 5 60 -
° /_____.—-—-_'-"5:.-——--
40 - & 40 -
c
20 - o 20 -
0 = 1 T 0 T T T T
20000 30000 40000 50000 20000 30000 40000 50000
Costs in €/year Costs in €/year
d) e)
80 80
60 - 8 60 -
I o /
40 - S 404"
£
20 - o 20 1
0 — 1 I 0 T T T
0 1000 2000 0 1000 2000
Demand for land in m? Demand for land in m?

LID treatment train comprising a green roof and downstream:
- == Bio-retention cell - Infiltration trench

GR in % of P

GR in % of P

C)
80

0 I 1 1 1
20000 30000 40000 50000
Costs in €/year

f)
80
60 -
40 -
20 -
|
0L . .
0 1000 2000

Demand for land in m?

Infiltration swale ——  Blind drain





media/file21.jpg
a) b) <
w0 w0 w0
ncressing size < .
of bind drs e e
Fao S0
£ o | —
o o ol—=
T 10000 0000 T 10500 20000 T 10500 0000
Costs n rvear Costs n rvear Costs n vear
d] e)
80 ) 80 ) 80 0
cw 260 se
. fo e
=20 G20 20
ol o 0
o 100 20w 5 100 2om T 100 2om

Demand for land in m?

Single LID strategies

Demand for land in m?

— Binddrain — Infiltration swale

00

e ettt

Proportion of i

Demand for land in m?

ration swale

on potential LID area (A,.) in %






media/file26.png
4]
-
S - 2500
2 120 -
@
o
1y
=
S 100 - - 2000
@
O
.E =
O 80 - £
© - 1500 T
a o
3 60- S
2 T
> S - 1000 5
-D -
D — %
-+ _ - \
% 40 . a
-
= - 500
g 20 A
-
2 ® Nondominated results
O JE
5 0 e - O
D 1 1 1 1 I I 1 1
0 5000 10000 15000 20000 25000 30000 35000
Costs in €/year
Deviation from
targeted water balance for: Demand for land for:
—— Bio-retention cell —— Blind Drain ~ ----- Bio-retention cell ----: Blind drain

—— Infiltration trench —— Infiltration swale ----- Infiltration trench =" Infiltration swale





media/file27.jpg
2 120
270
s
£ 60 100
£ 50 E
g L3
3 40 5
8 60 5
£ H
£ w0 §
3 a
g2
s
E
3 20
£
£ © Nondominated resuts
£ o
H

T 200 400 0 80 1000 1200 1400 1600

Costs in €lyear

Deviation from
targeted water balance or Demand for land for:
—— Blo-retention cell — Blind Drain - Bio-retention cell - Blind drain

—— Infiltration trench —— Infiltration swale - Infiltration trench -~ Infiltration swale





media/file3.jpg
9

a
Roof ~Road

g -

A
DR = 60m?

Aea = 1.100m7

38m

A= 16,000m"
UD-Ag = 2500m





media/file22.png
Rin % of P

Rin% of P

a) b)
80 80
60 - increasing size o g0 - o
W\ of blind drain S 1)
2 N
= £
— o
L @)
0 1 1 1 0 1 I; 1
0 10000 20000 0 10000 20000 0 10000 20000
Costs in €/year Costs in €/year Costs in €/year
d) e) f)
80 80 80
60 - o 60 - 2 60 -
O © ¥
40 - X 40 - > 40 |
Y 'E / E
20 - o 204" & 20 -
0 = 0 1 T T 0 T T T
0 1000 2000 0 1000 2000 0 1000 2000
Demand for land in m? Demand for land in m? Demand for land in m?
Single LID strategies Two-part LID treatment train
—— Blind drain —— Infiltration swale

0.0 Proportion of infiltration swale 100.0
on potential LID area (A,,.) in %






media/file19.jpg
Rin%of P

a) b) <)
w0 w0 w0
ncreasg sce . .
601\ of infitration trencn | 3 69 560
w0 £ap = Fao
B £ oo | - 20
o o o=
T w00 oo & k00 _zioo T ko i
consin year Cost n peor consn year
d) e) f
w w0 w
w s s
w0 20 a0
0 Baf=—T" | &»
o o o=
T o0 T 0 ¢ o a0
Osman for Demand o n i Dermand o land n
Singe L stteges oz D esment o
— ot tenen - — Iofitation sule
oo Proportan o nration ale 00,0

on potential LID area (A,.) in %





media/file7.jpg
Rin % of P

Rin % of P

0

0

a0

20

0

0

a0

20

a) o 2]
e g o0
a0 20
B2 8 20{/
I\ . .
S o s 7 T s e T s 7
Comein hyear Comein iyear o n e
d) - e) a0 f)
sei T |ge
a0 20
G g
N . .
T % @ ‘e m b @ i m h

Demand for land in m?

Bio-retention cell

— Infiration trench

Demand for land in m?

— Infitration swale

Demand for land in m?

— Blind drain





media/file28.png
b
-
< - 120
S 70 -
(b
N
e
G 60 - - 100
et
]
o
£ 501 NE
0 80 =
-
E 2
T 40 - 2
3 - 60 3
(18]
Z 30 - g
8 &
40_.; B 40 b}
0
2 20 4
8
-
O - 20
w— 10 -
5
% ® Nondominated results
q}) 0 . sans M ansssnnssnnt sams NN IR NI EEE T EEEEEEEEEEEEEEEEEEEEEEEEEEEEEE L 0
D 1 I 1 1 1 1 1 | |
0 200 400 600 800 1000 1200 1400 1600
Costs in €/year
Deviation from
targeted water balance for: Demand for land for:
—— Bio-retention cell — Blind Drain  ----- Bio-retention cell ----- Blind drain

—— Infiltration trench —— Infiltration swale ----- Infiltration trench --*-= Infiltration swale





media/file10.png
Rin % of P

Rin% of P

80

60

40

20

80

60

40

20

a) b)
80
_ o 60 -
Y
o
> — i ———-
i S~ 40 -
<
- T 20 -
= I | 0 T T T T
0 500 1000 1500 0 500 1000 1500
Costs in €/year Costs in €/year
d) e)
80
- E__ 60 -
O —— =
- = 40 - =
£
- T 20 -
LR 1 0 1 1 1
0 50 100 0 50 100
Demand for land in m? Demand for land in m?
- == Bijo-retention cell - |nfiltration trench

GRin% of P

GRin% of P

80

80

0 500 1000 1500
Costs in €/year

f)

60 -

40 -

20 -

0 50 100
Demand for land in m?

—— |nfiltration swale —— Blind drain






media/file14.png
Rin % of P

Rin % of P

80

60

40

20

80

60

40

20

a) b) C)
80 S p—————— 80
- 2 60 - < 60 -
o O
] X 40 - = 40 -
= =
- [ 20 - G 20 {- T
'¥ I T T O T T T T 0 T T T T
750 1000 1250 1500 750 1000 1250 1500 750 1000 1250 1500
Costs in €/year Costs in €/year Costs in €/year
d e f
) 80 ) 80 )
- & 60 - < 60 A
o O
. R 40 - > 40 -
= £
— (a'd
. 1 20 - @ 204l
!\¥ I | 1 0 I I I I 0 I I | I
0 20 40 60 0 20 40 60 0 20 40 60

Demand for land in m?2

Demand for land in m?2

Demand for land in m?

LID treatment train comprising a green roof and downstream:

- == Bio-retention cell

—— Infiltration trench

—— Infiltration swale —— Blind drain





media/file11.jpg
Rin % of P

Rin % of P

a) b) <
@ w0 w0
0 se se
s s
w 240 )
» L R
ol ° o
3 10000 20000 30000 T 10000 20000 30000 3 10000 70000 30000
Costsin ryear Costs n iyear Costs n iyear
d e) )
80 b 80 ) 80 D,
® 2o sw
w ]
» B2 g2
o o o
o 100 o T 100 R

Demand for land in m?

Bio-retention cell

Demand for land in m?

—— Infitration trench

— infitration swale

Demand for land in m?

— siind drain






media/file6.png
LID strategies

Single LID strategies
applied incrementally to Apot

applied incrementally to Apot

Infiltration swale Infiltration swale
a) / b) /
/ Infiltration trench / Infiltration trench
Tiled roof \ Green roof \
Bio-retention cell applied to Bio-retention cell
\ complete roofage\
Blind drain Blind drain
C) LID strategies LID strategies
applied incrementally to Apot applied incrementally to Apot
Tiled roof — Infiltration swale | —— Infiltration trench
Tiled roof —p Infiltration swale | ————> Blind drain
Green roof | —> Infiltration swale | —— Blind drain
applied to

complete roofage





media/file15.jpg
Rin % of P

Rin % of P

2 <
0 ) 8 2
60 ) Se
s 3
w0 ) £
20 G20 B a0 {mmr———
ol o °
75 1000 1250 1500 750 1000 1250 1500 750 1000 1250 1500
Costs in C/year Costs in C/year Costs in Cyear
g e "
0 J 80 ) a0 L
60 260 te
40 a0 £a0
5% = & 20| l———
3 3 0
0 2 @ w ) T n @

Demand for land in m?

Demand for land in m?

LID treatment train comprsing a green roof and downstream:

Bio-retention cell

—— Infitration trench

‘Demand for land in m?

— Infitration swale — Biind drain





nav.xhtml


  sustainability-11-02440


  
    		
      sustainability-11-02440
    


  




  





media/file16.png
Rin % of P

Rin % of P

80

60

40

20

80

60

40

20

a) b) C)
80 S Ep——————— 80
. 2 60 - < 60 1
o o
] = 40 - = 40 -
c £
- L 20 - G 20 {- A T
'$ I T T D T T T T T T T T
750 1000 1250 1500 750 1000 1250 1500 750 1000 1250 1500
Costs in €/year Costs in €/year Costs in €/year
d e f
) 80 ) 80 )
- & 60 - & 60 -
o O
. R 40 - > 40 -
= £
— o
. 1 20 - @ 201"
!\; T T 1 0+ T T T 0+ T T T
0 20 40 60 0 20 40 60 0 20 40 60

Demand for land in m?2

Demand for land in m?2

LID treatment train comprising a green roof and downstream:

- —- Bio-retention cell

—— Infiltration trench

Demand for land in m?

—— Infiltration swale —— Blind drain





media/file2.png
a) Green roof b) Infiltration trench c) Bio-retention cell

Wby AN

\
\\\‘\‘ \ \\\\\.‘\\ \‘\1\‘\\ \\\\‘\\\ \.‘\‘\\\\

Precipitation Precipitation Precipitation

Runon Evaporation Runon Evapotranspiration

/—‘

Evapotranspiration

Overflow Overflow Overflow

Storage Layer

|
Drainage mat .~ Native Soil Groundwater recharge Storage Layer I
Underdrain ) :
Native Soil Groundwater recharge
d) Infiltration swale e) Blind drain
LY, Wy, Ly WLy WYy Wy
Precipitation Precipitation
Evapotranspiration
Runon Evapotranspiration
’ \ Overflow Surface (pervious or impervious)

Runon

Storage

Native Sail

Native Soil
Groundwater recharge Groundwater recharge





media/file20.png
Rin % of P

Rin % of P

80

a)

60 -

[

-

increasing size
of infiltration trench

20000

0 10000
Costs in €/year
d)
80
60 A
40 -
20 A
0 - T
0 1000 2000

—— Infiltration trench

Demand for land in m?

ETin % of P

ET in % of P

Single LID strategies

b)
80
60
40 - >’_
20 A
0 I | 1
0 10000 20000
Costs in €/year
e)
80
60 -
40 Sl
20 A
0 | I 1
0 1000 2000

—— [Infiltration swale

Demand for land in m?

GRin % of P

GR in % of P

0 1 | I
0 10000 20000
Costs in €/year
f)
80
60 A
40 A
20 -
0 - |
0 1000 2000

Demand for land in m?

Two-part LID treatment train

0.0

Proportion of infiltration swale

100.0

on potential LID area (A,,) in %





media/file23.jpg
Rin % of P

80

60

a) b) L)
® w
S co ™
increasing size 2, | — | 2
i o 7 4o | - % 0
G20 G20
o o ol—0xr
Sooo 30600 40500 Soooo 30600 _andoo Suooo 3000 40300
Cost i cyear Cost i Cyear Cost nCyear
a o 0
L 80 ) 80 B
e60 & 60
Fol— | dw
B2 )
|1 . )
S oo o0 ) T om0 2o

Demand for land in m?

Demand for land in m?

Green roof and downstream:
— Blinddrain — Infitration swale.

00

Demand for land in m?

Three-part LID treatment train

Proportion o i

ration swale  100.0

on potential LID area (A,.) in %





media/file5.jpg
Single LID strategies LID strategies
applied incrementally to Aoy applied incrementally 0 Aper

Infioton swele Infiotion svale
a /’ b) /
Infiaton rench Infiation ench
o < o<
"~ [ sioretentoncet g [ Boretention ce
\ :amv\e!emdiqe\
Binddrain Binddrain
) L0 suategies L stategies
appliedincrementaly 0 Aer  applied ncrementaly t0 A
Tiedroof | —— [ initationswale | —— [ nfiaton vench
Tiedroof | —— [ invationswale | —— [ sindaran
-_4 nfitzation swale | ——= [ Biind dran
appled o

complete roofage





media/file24.png
Rin % of P

Rin % of P

a)

80

60 A

40 A

20 -

0_

20000

80

.
— -

y Increasing size
3 of blind drain

40000

30000
Costs in €/year

d)

60 -

40 -

20 -

0 1000 2000
Demand for land in m?

Green roof and downstream:

—— Blind drain

ETin % of P

ETin % of P

b)
80
60 A
40 A .
20 A
0 . .
20000 30000 40000
Costs in €/year
e)
80
60 | /
401"
20 A
0 -

0 1000 2000
Demand for land in m?

GRin % of P

GR in % of P

C)

80

60

40

20 -

0

-

i

20000

80

30000 40000
Costs in €/year

f)

60 -

40 -

20 -

0

1000 2000
Demand for land in m?

Three-part LID treatment train

— Infiltration swale

0.0

Proportion of infiltration swale

100.0

on potential LID area (A,..) in %






media/file29.jpg
. 2) Wpy=1.0, W,,=0.0 b) W,e=0.7, W,..
Sos
Sos
zoa
£o2

00
10 O W05, Wi
foo
Sos
zoa
go2

00

G 10000 20000 30000 6 1000 20000 30000
Costsin €lyear Costsin €lyear
Single LID strategies: Tiwo-part LID reatment trin

— Bio-retention cell — Infitrtion swale Y

— Infitration trench — Biind crain ool niiaton muales, 1000

on potential LID area (A,.) in %
@ Nondominated results





media/file1.jpg
3) Green roof

by Infiration rench. ) Bio-setention cell
. b & d b b ‘ & &
g
ot
ornogemat | ¥
Pr— Binddnin
b dd dddd
i -
55 |, i |
iy Sultepmmes
non [ Ovelron
A
sl suge
e oY R

PR -





media/file25.jpg
2
$ 2500
2120

£ 100 2000

s ®
g s £
H 1500 5
g 60 5
= 1000 §
2 £
£ H
s

€ 500
HE

H © Nondominated results

3 0

8

0 5000 10000 15000 20000 25000 30000 35000
Costs in €/year

Deviation from

targeted water balance fo

— Bio-retention cell — Blind Drain

—— Infiltration trench —— Infiltration swale -

Demand for land for:
retention cell -
Infiltration trench -

Blind drain
Infiltration swale






media/file12.png
Rin % of P

Rin % of P

80

60

40

20

80

60

40

20

a) b)
80
- (a 60 -
S
- 39« 40 -
= M——--
1 0 20 -
1 1 = 1 1 O 1 | 1 1
0 10000 20000 30000 0 10000 20000 30000
Costs in €/year Costs in €/year
d) e)
80
- I E__ 60 -
O
i X 40 -
'E /
- 0 20 -
| 0 1 ] 1
0 1000 2000 0 1000 2000
Demand for land in m? Demand for land in m?
- == Bio-retention cell ——— |nfiltration trench

GRin% of P

GRin% of P

0 10000 20000 30000

Costs in €/year

f)

80

60 -

40 -

20 -

0 1000 2000
Demand for land in m?2

—— |nfiltration swale —— Blind drain






media/file9.jpg
Rin % of P

Rin % of P

a0
60
a0
20

&
o
a0
20

a) b) <)
0 0
& 60
5
Fa0
EEY
o 3
© 00 1000 1500 § o0 1000 1500 o 0 100 1500
Costs in €lyear Costs i €ryear Costs in€ryear
g e "
D 80 I 80 b
=60 60
3 5
e e =
B2 820
| o 3
I EIE EIE

Demand for land in m?

Bio-retention cell

Demand for land in m?

—— infitration trench

— infitration swale

Demand for land in m?

— Biind drain





media/file0.png





media/file8.png
Rin % of P

Rin % of P

80

60

40

20

80

60

40

20

a) b) C)
80 80
T s L,
- 2 60 - = 60 -
(o] O
- X 40 - = 40 -
g £ -
| T 20 - % 20 - /
_‘MI 1 1 0 I 1 1 I 0 1 1 1 1
0 25 500 750 0 250 500 750 0 250 500 750
Costs in €/year Costs in €/year Costs in €/year
d) e) f)
80 80
- 2 60 - = 60 -
(o] O
: & 40 - > 40 -
k= £
. 0 20 - 5 20 - ‘/
l¥l T T 0 T T T T 0 T T T T
0 20 40 60 0 20 40 60 0 20 40 60

Demand for land in m?

- == Bio-retention cell

Demand for land in m?2

- |nfiltration trench

Demand for land in m?

—— |nfiltration swale —— Blind drain






media/file17.jpg
Rin % of P

Rin % of P

% a) o b) i <)
60 % 60 % 60
w o=
2 B2 §2
o

ol
20000 30000 40000 50000

o
20000 30000 40000 50000

20000 30000 40000 50000

Costs n C/year Costs n Ciyear Costs in €/year
o0 d) o e) - f
60 % 60 ; 60
w0 ol | %«
2 B2 G2
oll 3 o
o 100 2000 T 10 200 T w0 00

Demand for land in m?

‘Demand for land in m?

LID treatment train comprising a green roof and downstream:

Bio-retention cell

— Infitration trench

Demand for land in m?

— Infitration swale — Blind drain





