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Abstract

:

Low impact development (LID) has been widely applied to mitigate urban rainwater problems since the 1990s. However, the effect of LID practices has seldom been evaluated in detail. In this study, the effect of individual and combined LID practices on the reduction of roof runoff are specifically quantified considering the hydrological relationship between LID at the building scale and the campus scale at Beijing Normal University (BNU). The results show that individual and combined LID practices effectively reduce roof runoff for all types of rainfall and for rainfall with return periods from 0.5 to 50 years at the building scale. Combination scenarios maintain good performance with fewer areas of composed LID. Most values for the effect of combination scenarios are between the effects of composed LID. To achieve the highest cost efficiency, low elevation greenbelts should be the first choice, and green roofs should only be selected when low elevation greenbelts and rain barrels cannot be implemented. At the campus scale, individual and combined LID practices effectively reduce the outflow from and the overflow in the campus and combination scenarios have the best reduction performance. This study provides an important reference for urban water management and LID related decision making.
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1. Introduction


In recent years, urban floods have become a frequent occurrence worldwide due to rapid urbanization and climate change [1,2,3]. Such floods have already presented great risks to human safety and economic losses to cities worldwide [4,5]. LID, as one urban storm water management approach, has been proposed and widely applied to mitigate this problem since the 1990s [6]. It was also adopted as an important strategy for managing urban runoff in the sponge city policy proposed by the Chinese government in 2013 [7]. LID practice is considered to be a distributed practice that manages storm water close to the source of runoff generation [8], while conventional development is referred to as a centralized practice or end-of-pipe practice.



Roof runoff is an important component of urban runoff because it comprises a large proportion of urban runoff and has many distinctive management characteristics. Redfern et al. [9] suggested that roofs generally convert more rainfall into runoff than roads. Many LID practices can exclusively be applied to control roof runoff, e.g., green roofs and rain barrels. Greenbelts or vegetated filter strips, which offer the advantage of simple design, construction, and maintenance, can also reduce roof runoff and be taken as a kind of LID practice [10]. Low elevation greenbelts with berms deeper than normal lawns were listed as an LID practice in the Technical Guide for Sponge City Construction of Low Impact Development [7]. Green roofs can retain a part of the roof runoff and allow it to transpire into the air. Rain barrels can store runoff and discharge after rainfall. Greenbelts reduce runoff mainly by relying on retention and infiltration. Low elevation greenbelts combine storage, retention and infiltration functions. A combination of LID practices can exert advantages, overcome the drawbacks of composed LID and perform better in coping with high volume rainfall, while the reduction ability of individual LID practices is restricted by local conditions [11,12]. Applying LID by considering local conditions is a good alternative method. Bai et al. [13] reported that infiltration-based practices have a higher runoff reduction rate than storage-based practices. Combining practices based on different mechanisms performed best in terms of peak flow and volume reduction. Shen et al. [14] suggested that source and transportation LID practices should be combined to achieve better control of runoff and nonpoint source pollutants.



The reduction effect of roof runoff by LID practices and their combination need to be evaluated in detail to test their effectiveness and support LID selection, planning and decision making. The hydrological effect of most individual LID practices at the building scale has been fully studied by many previous experimental and observational studies [6,8,15,16,17]. Many models have been used to simulate the effect of individual LID practices, and some of these models can perfectly reproduce the hydrological performance of actual LID [18,19,20]. However, the effect of a combination of LID has seldom been evaluated in detail considering the hydrological relationship between composed LID, especially on a larger scale.



The widely used urban hydrological model, the storm water management model (SWMM), incorporates the LID module. This module has been upgraded many times [21], and the newest version has been demonstrated to satisfactorily reflect the actual hydrological performance of LID such as green roofs [22,23], rain gardens [24] and bioretention [25]. However, in most previous studies, the parameters of the LID module in SWMM were solely set up based on the suggestions from the model handbook or experience, decreasing confidence in the results. To explore the LID effect on a larger scale, the SWMM LID module needs to first be calibrated to precisely reproduce the hydrological reaction of LID practices. Palla and Gnecco [26] proposed a framework to study the effect of LID practices on a larger scale. In this framework, the SWMM LID module and watershed model are validated separately to secure a reliable result for the effect of LID practices on a larger scale.



In this study, the effect of LID on roof runoff reduction and their combination was quantified in detail considering the hydrological relationship between LID at the building and campus scales. The SWMM LID and watershed hydrological module were validated separately. The parameters of the SWMM LID module were adjusted based on experimental observational data. The effect of LID and their combination under the precipitation conditions of different rainfall types and return periods was simulated and compared. The life cycle cost-effectiveness of individual and combined LID practices was calculated, and the optimal size and arrangement of LID combinations with the greatest cost efficiency at the building scale was proposed by applying an optimization algorithm. This study lays the foundation for LID planning at the building scale and can provide good support for LID related decision making. The flow chart of this study is shown in Figure 1. The objective of this study is to (1) quantify the effect of LID practices on roof runoff reduction and their combination at the building scale, (2) reveal the performance of individual LID practices and their combination at the campus scale, and (3) explore the best arrangement of LID methods to achieve the highest cost efficiency.




2. Materials and Methods


2.1. Study Area


The campus of Beijing Normal University (BNU), located in the central area of Beijing in the Haidian district, was selected as the study area (Figure 2). It covers an area of 58 ha and is a typical urban basin campus with a long history. The campus includes functional areas devoted to commerce, housing, teaching and public service. The three main land use types are pavement, roofs and green fields, which account for 31.9%, 30.3%, and 25.2%, respectively, of the total area of the campus. The campus is flat overall, and its elevation ranges from 47.5 to 52.9 m. It has a separate sewerage system with pipe diameters ranging from 0.1 to 0.9 m. Rainfall runoff is discharged into the municipal drainage network and ultimately into the river. The campus can be divided into five sub-basins, and each sub-basin corresponds to an outfall to discharge rainfall runoff. Sewer overflow sometimes occurs during the flood season as a result of the insufficient discharge capacity of the campus sewer system. One building on the BNU campus, the 4th teaching building, was selected as the site for simulating the effectiveness of LID practices at the building scale. The building has a flat roof with an area of 520 m2 and 8 downspouts. A greenbelt is behind it with an area of 822 m2. Beijing, as the capital of China, is in the North Temperate Zone and has a semi-humid and semiarid continental monsoon climate. Its mean annual temperature is 14 ℃, and its mean annual precipitation is 570 mm. Most rainfall occurs during the end of July and the beginning of August.




2.2. SWMM Description


SWMM was developed by the USEPA in 1971. It is a model used to predict and route the quantity and quality constituents of urban storm water runoff. It has been widely applied in hundreds of studies to simulate hydrology, the water quality of urban storm runoff and the effect of mitigation practices in urban watersheds [27,28,29,30,31,32].



LID practices are represented in the SWMM LID module through a combination of vertical layers, such as the surface, soil and storage layer, and moisture balance is performed within each layer. LID overflow, underdrain and infiltration are simulated separately. The effect of eight kinds of LID, including bioretention cells, rain gardens, green roofs, permeable pavement, infiltration trenches, rain barrels, roof disconnections, and vegetative swales, can be simulated through a different method of layer combination. Their properties are defined on a per-unit-area basis. Therefore, one LID can be applied in subcatchments of different areas by assigning the corresponding coverage areas. Combinations of LID practices can be simulated by setting the outlet of one LID to be another LID. The detailed equation for the LID module can be found in a previous paper [33].



In this study, a commercial-release SWMM version, PCSWMM 2014, was used. This model was developed by Computational Hydraulics International, which combined the latest SWMM engine (SWMM 5.1.012 for this study), has easy-to-use pre- and postprocessors and user-friendly interfaces.




2.3. Source of Data and Model Setup


Detailed pipe network, land use and digital elevation data of the BNU campus were obtained from BNU’s administration. A weather station (HOBO, Onset Computer Corporation, Bourne, MA, USA) was set on the roof of the building of the environmental college in BNU to collect meteorological data, including rainfall depth, temperature and relative humidity, at 5-minute intervals. An automatic logging flowmeter (FL900, HACH, US) was installed in the manhole of outfall-3 to record flow data at 5-minute intervals. Eight rainfall events ranging from light to storm rain with different rainfall patterns and durations were recorded in 2014. Hydrological features of these eight rainfall events are shown in Table 1. Continuous precipitation data from 2017 were also recorded. An interval of 6 hours was set to define separate rainfall events to ensure the independence of each event [34,35,36].



To reliably simulate the response of green roofs and greenbelts to different rainfall events, experimental blocks were established of extensive green roofs and greenbelts with sizes of 0.5 × 0.5 × 0.225 m and 0.5 × 0.5 × 0.3 m, respectively. The experimental green roof was mainly composed of a plant layer, a growing medium (10 cm), a filter layer (geotextile of 3 mm) and a drainage layer (3 cm) with a slope of 2%. Sedum lineare Thunb. was selected as the plant for the plant layer, and mixed soil composed of pearlite, turfy earth, pine needle mulch and local garden soil was used as the growing substrate in the green roof block according to standard [37]. Sedum spectabile and soil derived from farms in Beijing were used in the greenbelt blocks. Indoor artificial rainfall experiments were conducted using artificial rainfall equipment in BNU’s Fangshan experimental base to observe the hydrological response data of green roofs. The rainfall intensity was set at 4 levels of 29 mm/h, 60 mm/h, 92 mm/h and 126 mm/h. The underdrain and overflow were automatically recorded by a HOBO tipping bucket rain gauge at an interval of 5 minutes. The SWMM modules for green roofs and rain gardens were used to simulate the performance of green roofs and greenbelts. The parameters were set based on previous research [38,39,40] and adjusted according to the observed data. The parameters of the rain barrel were set based on the real rain barrel used on the campus, with a basal area of 3 m2 and a height of 2 m for each barrel. The discharge of the rain barrel was set to 6 hours after rainfall, with a discharge rate of 2 m/h. The parameters of the green roof and greenbelt in which the soil parameters must be set are shown in Table 2. The parameters of the low elevation greenbelt were set to be identical to those of the greenbelt except that the berm height was set to 150 mm. The combination of LID practices was simulated by setting the outlet of one LID to be another LID. This method of simulating the combination of LID practices can reproduce the performance of LID combinations as long as the parameters of each LID are appropriately set.



The catchment model was established in our previous study [41] and the network of the catchment can be found in Figure S1 in supplemental material. Dynamic wave routing was used as the routing method, and the catchment and sewer layer were developed based on obtained land use and sewer network data. A total of 749 subcatchments were delineated with roofs, greenbelts, roads, sports fields, asphalt pavement, and concrete pavement types. The eight observed rainfall events and corresponding hydrological data at outfall-3 in 2014 were used to calibrate and validate the BNU SWMM model (four events for calibration and four for validation). The detailed process of model establishment and parameter setting in PCSWMM can be found in our previous study [41].



The Nash-Sutcliffe efficiency coefficient (NSE), deterministic coefficient (R2) and percentage of bias (PBIAS) were calculated to evaluate the model result. The equations of R2 and PBIAS are as follows:


   R 2  =    (      ∑  i = 1  N    (   O i  −  O ¯   )   (   S i  −  S ¯   )          ∑  i = 1  N      (   O i  −  O ¯   )   2    ∑  i = 1  N      (   S i  −  S ¯   )   2           )   2   



(1)






  PBIAS =  [      ∑  i = 1  N    (   O i  −  S i   )        ∑  i = 1  N    O i       ]  × 100  



(2)




where Oi is the ith observation value, and Si is the ith simulated value. N is the number of observed values.    O ¯    is the mean value of the observed data.    S ¯    is the mean value of the simulation data.




2.4. Scenario Setting


The typical LID practices most frequently used for roof runoff reduction, i.e., green roofs, greenbelts, low elevation greenbelts and rain barrels, were applied in this study. At the building scale, thirteen scenarios were developed: seven for individual LID practices, five for combined LID practices and one for the base scenario. The scenario of normal roof (NR) represents the 4th teaching building without any LID, which was set as the base scenario to calculate the reduction indicator of other scenarios. The scenarios of green roof (GR) was set that green roof covered all roof area of 4th teaching building. The scenario of greenbelt (GB) was set such that roof runoff was directed into the greenbelt behind the building. Greenbelts need to occupy a large area of extra land, but their cost will rise sharply if their area ratio exceeds the percentage of green coverage required by the Chinese government, which is 30% of the total area for new urban residential areas in Beijing based on the greening regulations of Beijing municipality released in 2009. On the BNU campus, the percent of roof area is similar to that of green land. Therefore, the maximum area of the greenbelt was set to be the same as the area of the building roof. The rain barrel scenario (RB) means that roof runoff was directed into the rain barrels. As there are eight downspouts for the building, two RBs were established: the four rain barrels scenario (RB-4), directing roof runoff into four rain barrels, and the eight rain barrels scenario (RB-8), directing roof runoff into eight rain barrels. Three low elevation greenbelt scenarios (LG) were set, i.e., the scenario setting the area of low elevation greenbelt to 25% of the area of 4th teaching building (LG-25%), the scenario setting the area of low elevation greenbelt to 50% of the building roof (LG-50%), and the scenario setting the area of low elevation greenbelt to the same as building roof (LG-100%) to detailed simulate the performance of low elevation greenbelt.



Combination scenarios were set with less area for composed LID based on the commonly used method of setting combined LID scenarios [11]. The specific area of each LID application in the combination scenarios was adjusted according to its reduction performance. The scenario of combined green roof and rain barrel (GR&RB) means that the outflow of 260 m2 green roof and 260 m2 normal roof was directed into two rain barrels. The scenario of combined green roof and low elevation greenbelt (GR&LG) represents that the outflow of 260 m2 green roof and 260 m2 normal roof was directed into low elevation greenbelt of 130 m2. The scenario of combined rain barrel and low elevation greenbelt (RB&LG) represents that roof runoff was directed into two rain barrels and then into low elevation greenbelt of 130 m2. The scenario of combined green roof, rain barrel, and low elevation greenbelt (GR&RB&LG) represents that outflow of 520 m2 green roof was directed into two rain barrels and then into low elevation greenbelt of 130 m2. The scenario of combined 100% of green roof, eight rain barrels and 100% of low elevation greenbelt (GR100%&RB&LG100%) means that outflow of 520 m2 green roof was directed into eight rain barrels and then low elevation greenbelt of 520 m2. The areas covered by LID scenarios are shown in Table 3.



To explore the effect of roof related LID at the campus scale, eight scenarios, five for individual LID practices, two for combined LID practices and one base scenario, were set up for the BNU roofs. NR at campus scale, which was taken as the base scenario, represents that the outflow of roofs in BNU was directed directly into the nearby sewer inlets. GR means that all flat roofs in BNU were covered with green roofs. GB means that roof runoff was directed into adjoining greenbelts. RB-4 and RB-8 mean that roof runoff was directed into four rain barrels and eight rain barrels, respectively, for each roof. Greenbelts in BNU were retrofitted to low elevation greenbelts to receive runoff from the adjoining roofs to enact LG. The scenario of combined green roof, rain barrel, and greenbelt (GR&RB&GB) represents that the outflow of green roof was directed into four rain barrels and then into the adjoining greenbelt for each roof. GR&RB&LG at campus scale means that the outflow of green roof was directed into four rain barrels and then into the adjoining low elevation greenbelt for each roof. The areas covered by LID scenarios on the campus can also be seen in Table 3 and Supplementary Figure S1.




2.5. Assessment and Optimization Methods


2.5.1. Effect Indicators


The effect of LID on runoff reduction is generally reflected by three types of indicators, i.e., volume reduction, peak reduction and peak delay [42,43,44]. The volume reduction rate, the ratio of the volume of LID outflow to the volume of rainfall (or the volume of outflow of the control area), is frequently used to represent the effect of volume reduction. This indicator can directly reflect how much percent of runoff is reduced by LID. However, it has poor performance in reflecting the reduction ability of LID itself, as its value is greatly influenced by rainfall volume. In this study, the volume reduction rate and volume reduction amount were simultaneously used to fully reflect the runoff reduction effect and reduction ability of LID. The peak reduction rate and delayed peak time were also calculated to represent the performance of LID practices in terms of peak reduction and peak delay. These indicators were calculated through a comparison of the hydrological results of the LID scenarios and the base scenario. To better quantify the performance of rain barrels at the building scale, effect indicators for rain barrels were calculated in the time ranges of rainfall events, neglecting the outflow and peak of rain barrel discharge after rainfall. However, in the continuous simulation at the campus scale in 2017 and the optimization process, the inner-event effect of rain barrels has not been calculated specifically to reflect the total effect of rain barrels. At the campus scale, the overflow volume reduction rate and overflow time reduction rate between the LID scenarios and the base scenario were also calculated to reflect the effect of overflow prevention by LID on the BNU campus. The volume capture ratio of rainfall, which is the ratio of the outflow volume of LID scenarios to the rainfall volume, was calculated for comparison with the rainfall control requirement of the Chinese government.




2.5.2. Design Storm of Different Return Periods


Synthetic hyetographs of five return periods (0.5, 1, 5, 10 and 50 years) in 120 min were generated using the Chicago hydrograph model [45] based on the storm intensity formula for Beijing shown as Equations (3) and (4) [46,47]


  i =   12.004 ×  (  1 + 0.811 lg P  )       (  t + 8  )    0.711     ,   P   =   0.25   −   10  



(3)






  i =   8.265 ×  (  1 + 1.047 lg P  )       (  t + 8  )    0.642     ,   P   =   20   −   100  



(4)




where i refers to the storm intensity (mm/min), t is rainfall duration (min), P is the return period of the design storm (year), and r in the Chicago model was set to 0.42.




2.5.3. Cost-Effectiveness Analysis


In this study, a cost-effectiveness analysis was conducted for the whole service life by calculating the life cycle cost. The volume reduction in the LID scenarios compared to the NR scenario at the building scale in 2017 was calculated and used to represent the benefits of LID. The present value of the annual cost (AC) of each scenario was calculated as the life cycle cost of scenarios based on the present value of the unit annual average cost (UAAC) of each individual LID. Cost-effectiveness was calculated based on the following equations:


    CE  i   =    B i    A  C i     



(5)






    UAAC  i  =     IC  i  +   ∑  t = 0  n    f  r , t   ×    O & MC   t  −  f  r , n   ×   SV  n     n   



(6)






    AC  i  =     ∑ x m    A x  UAAC    x   



(7)




where CEi is the cost-effectiveness of the ith scenario, Bi is the benefit of the ith scenario, ICi is the unit initial cost of the ith LID practice in the period of construction, O&MCt is the AC for operation and maintenance in year t, SVn is the salvage value in the last year of the service life, fr,t is the present value factor of the discount rate r in year t, and fr,n is the present value factor of the discount rate r in the last year n of service life. The US dollar was taken as the unit of cost in this study. The detailed computing formula of fr,t, and SVn can be found in a previous paper [48].




2.5.4. Optimization Algorithm


A nondominated sorting genetic algorithm Ⅱ (NSGA-Ⅱ) was used for LID optimization in this study. NSGA-Ⅱ is a widely used multi-objective optimization algorithm proposed by Deb et al. [49] that uses a rapid nondominated sorting procedure to rank and sort individuals. The elitist strategy is used to secure good individuals into the next generation. The algorithm has the advantage of faster convergence speed and a good quality solution set and has been widely applied in the practice optimization research [50,51,52]. A detailed description of the principle and main loop of this algorithm can be found in a previous article [49].






3. Results and Discussion


3.1. Results of Model Performance


The simulation result of the SWMM green roof module is shown in Figure 3.



While the intensity of artificial rainfall was 29 mm/h, the simulated and observed outflows were all zeros. Figure 3 shows that the simulated hydrological response fits well with the observed values. NSE is 0.816, 0.971, and 0.962, and R2 is 0.923, 0.975, and 0.977, respectively, while rainfall intensity is 60 mm/h, 92 mm/h and 126 mm/h. These results indicate that the performance of the SWMM green roof module is acceptable at a time scale of 5 minutes and at the building scale as long as the parameters of the green roof module are appropriately set.



The information of selected rainfall events, observed outflow at outfall-3, and the results of calibration and validation for the hydrological module of SWMM in BNU are shown in Table 4.



Table 4 shows that NSE ranged from 0.842 to 0.905, PBIAS ranged from −15.96% to 2.26% for rainfall events in 2014 during the calibration process. NSE ranged from 0.793 to 0.907, PBIAS ranged from −17.97% to −1.95% during the validation process. These results show that the simulation results fit well with the observed values and can be used to simulate the outflow in BNU. The model performed worst during the rainfall event of 08-31-2014. This may be because the event was of short duration and continuously heavy, therefore having a larger difference from the events used for calibration.




3.2. Reduction Effect of Individual and Combined LID Practices for Typical Rainfall Events in 2014


The performance of individual LID practices in three large events, 07-29-2014, 08-30-2014, 09-02-2014, and one storm event, 08-31-2014, in 2014 are shown in Figure 4. For the other four rainfall events, including two small rainfall events and two medium rainfall events, no outflow occurred.



Figure 4 shows that in the event of 07-29-2014, only the GR had outflow. In the event of 08-30-2014, which was characterized by a higher peak and shorter duration, only the GB had outflow. Except for runoff from roofs, greenbelts need to reduce their own runoff. Therefore, for rainfalls of high intensity and short duration, their reduction ability becomes less than that of green roofs. GR and GB still had apparent peak reduction and delay effects for these two events. In another large rainfall event of 09-02-2014, GR and GB both had outflows. These results indicate that the reduction ability of green roofs and greenbelts is worst in applied LID. In the storm event of 08-31-2014, all scenarios had outflow except RB-8 and LG-100%. The reduction effect of GR and GB was not as obvious in this event. It is important for LID to have the ability to effectively reduce runoff of the largest rainfall events during a year, as these events are the main causes of urban floods. RB-4 can effectively remove the front part of heavy rainfall runoff and has little influence on the back part. LG-50% had an apparent reduction effect on the runoff of heavy rainfall.



The reduction effect of individual LID practices is summarized in Table 5.



Table 5 shows that in the event of 08-31-2014, the LID scenarios ranked in the order of volume reduction amount are RB-8 (LG-100%) > LG-50% > RB-4 > GR > GB. Low elevation greenbelts combine the functions of storage, infiltration and soil retention and have the largest volume reduction ability. Green roofs mainly rely on soil retention, and greenbelts mainly rely on soil retention and infiltration to reduce runoff volume. The limited amount of soil in green roofs and restricted infiltration rate for greenbelts constrain the volume reduction abilities of these two practices. Green roof and greenbelt have better peak reduction abilities than rain barrels, as their peak reduction rates were similar to those of rain barrels, while their volume reduction amounts were much lower than those of rain barrels in the event of 08-31-2014. In the events of 08-31-2014 and 09-02-2014, the reduction ability of GR decreased sharply, indicating that previous rainfall events have a large influence on the reduction ability of green roofs because their thin soil layer is easily saturated. Rain barrels have an advantage in that they are not affected by previous rainfall events as long as they are emptied in time. In the event of 08-31-2014, GR and GB had small volume reduction rates and peak reduction rates. However, they still had good performance in peak delay, which is due to the special rainfall pattern of 08-31-2014. This phenomenon demonstrates that the indicator of delayed peak time is easily affected by the rainfall characteristics. The indicator of the volume reduction rate of LID scenarios can only be compared in the same rainfall event, and the volume reduction amount can be compared between rainfall events.



From these results, it can be concluded that individual LID practices can effectively reduce roof runoff in all types of rainfall at the building scale. Green roofs are LID practices that do not need to occupy extra land, whereas greenbelt and low elevation greenbelt does require a large area of extra land. Rain barrels occupy less land than greenbelts. Sometimes land requirements are unsatisfactory, especially when these LID are applied in the center of the city, and the area of land required is too large. In addition, green roofs have other environmental benefits, such as energy consumption reduction, ecological improvement, increased green area and aesthetics [53]. The selection of applied LID should be based on objective and local conditions.



The performance of combined LID practices in the storm events of 08-31-2014 and 09-02-2014 are shown in Figure 5. There was no outflow in the other rainfall events for all combination scenarios.



Figure 5 shows that the combination scenarios can effectively control all rainfall events with fewer areas of composed LID. In the storm event of 09-02-2014, only GR&RB had outflow. In the storm event of 08-31-2014, all combination scenarios had outflow. The performances of the combination scenarios are summarized in Table 6.



It can be seen in Table 6 that most values for the effect of the combination scenarios are between the effects of composed LID except that in 08-31-2014, the peak reduction rate of GR&RB is larger than that of GR and RB. This characteristic makes LID combinations advantageous and avoids the shortcomings of LID practices. For example, the effect of GR&RB is less influenced by previous rainfall compared to that of GR. RB&LG had better performance than GR&RB and GR&LG because it did not contain green roofs, which is the LID practice with the least reduction capacity. In RB&LG and GR&RB&LG, storm water stored in rain barrels can be used for greenbelt irrigation to reduce the runoff discharged by rain barrels and save water resources. Based on the volume reduction amount in the event of 08-31-2014, the ranking of the combination scenarios is GR&RB&LG > RB&LG > GR&LG > GR&RB. The order based on other indicators is the same as above. LID practice combinations are more flexible than single LID practices and can be applied under various local conditions. It can be inferred that combined LID practices can cope with larger rainfall events if the area of composed LID has not been reduced.




3.3. Reduction Effect of Individual and Combined Lid Practices for Precipitation of Different Return Periods


The performances of LID practices in designed two-hour precipitation events with different return periods are shown in Figure 6.



Figure 6 shows that when the return period of rainfall was lower than five years, only GR and GB had outflow. When the return periods were five years and 10 years, GR, GB and RB-4 had outflow. When the return period was 50 years, all scenarios had outflow, but the RB-8 and LG-100% scenarios can effectively reduce runoff volumes and peaks for 50 years of rainfall.



The performances of individual scenarios for precipitation of different return periods are summarized in Table 7.



Table 7 shows that the peak reduction effect of GR is more obvious than its volume reduction effect. Negative values arise for GB with 50 years of precipitation because the outflow indicators of GB were larger than those of NR, as the greenbelt itself had outflow in precipitation events during the 50-year return period. With the increase in the return period, the volume reduction rate and the peak reduction rate decrease obviously, while the volume reduction amount changes little. This result demonstrates that the indicator of the volume reduction amount is more fundamental and appropriate for reflecting the control ability of LID practices themselves. The rank in the reduction ability of LID practices for 50 years of precipitation is the same as the results for typical rainfall events, except that the reduction ability of LG-100% is larger than that of RB-8.



The performances of the combination scenarios in the designed precipitation events with different return periods are shown in Figure 7.



There was no outflow for the combination scenarios when the return period was 0.5 years. Figure 7 shows that for precipitation of one and five years, only GR&RB had outflow. For 10 years of precipitation, GR&LG, GR&RB and RB&LG had outflows. For 50 years of precipitation, all scenarios had outflows except GR100%&RB&LG100%, indicating that the full-scale combination of LID can completely reduce the runoff of 50 years of precipitation.



The performances of the combination scenarios for precipitation for different return periods are summarized in Table 8.



Table 8 shows that for 50 years of precipitation, scenarios with green roofs have a higher peak reduction ability than those without green roofs. GR&RB and RB&LG have larger peak reduction rates than RB-4 (Table 7) and partly overcome the shortcoming of RB-4 in terms of peak reduction. The rankings of the volume reduction amounts and volume reduction rates of the combination scenarios are the same as in the typical rainfall events. The rank of the peak reduction rate is GR&RB&LG > GR&LG > GR&RB > RB&LG.




3.4. Cost-Effectiveness Analysis for Annual Continuous Simulation


The cost-effectiveness of the LID scenarios was analyzed. The UAAC of green roofs and greenbelts was set based on previous research [48]. The UAAC of the low elevation green belt was set to be the same as that of the greenbelt. The UAAC of the rain barrel was calculated according to Equation (6). The unit construction cost and percent of cost for unit operation and maintenance were set to 280–340 dollars/m2 and 1%, respectively [54]. The service life of all LID practices was set to 20 years [48,54]. The outflow volume of LID scenarios was simulated by inputting continuous rainfall data from 2017 into SWMM to calculate the annual reduced volume. The results of the cost-effectiveness analysis are shown in Table 9.



Table 9 shows that the LG-25% has the highest cost efficiency, while GR has the lowest cost efficiency. The cost efficiency of combination scenarios including green roofs is also low. The ranking of LID scenarios based on cost efficiency is LG-25% > RB-4 > RB&LG > LG-50% > RB-8 > GB > GR&LG (GR&RB&LG) > GR&RB > GR. The results suggest that the type of LID practice and area devoted to it should be determined based on local rainfall conditions to achieve the highest cost efficiency. Although the reduction ability of greenbelts is limited, their cost is also very low. In addition, a minimum area of green fields is required by the Chinese government. Therefore, directing roof runoff into greenbelts is a good way to control roof runoff. Low elevation greenbelts can have a good effect, as they occupy less area than greenbelts. It is a promising LID practice for application. Rain barrels also have high cost efficiency and occupy very little land, making them another highly recommended LID practice. The reduction effect of green roofs is poor, and their construction and maintenance costs are high, making them the LID practice with the lowest cost efficiency.



The optimization algorithm was applied to generate the best combination of LID practices with the highest cost efficiency. The SWMM model of GR&RB&LG at the building scale was used for the simulation. The areas of green roofs, rain barrels and low elevation greenbelts were taken as decision variables, with ranges of 0–520, 5.2–260, and 0.48–24, respectively. Cost, volume reduction rate, and peak reduction rate were set as the evaluation factors. The AC of the combination of LID practices was calculated based on the UAAC of LID practices in Table 9 and Equation (7). The optimization algorithm performed searches to identify cost-effective solutions. The optimization results are shown in Figure 8.



Figure 8 shows that the maximum AC of an LID practice combination is 256.6 dollars. If the optimization target is a volume reduction rate larger than 70%, the minimum AC is 74.56 dollars, while the areas of green roofs, rain barrels and low elevation greenbelts are 0, 0.48 m2 and 41.6 m2, respectively. The ranges of green roof, rain barrel and low elevation greenbelt areas are 0 m2, 0.48–2.4 m2 and 5.2–150.8 m2, respectively, in these solutions. If the optimization target is larger than 80%, the minimum cost is 115.90 dollars, while the areas of green roofs, rain barrels and low elevation greenbelts are 0, 0.48 m2 and 67.6 m2, respectively. If the optimization target is larger than 90%, the minimum cost is 157.24 dollars, while the areas of green roofs, rain barrels and low elevation greenbelts are 0, 0.48 m2 and 93.6 m2, respectively. The area of green roof is 0 for all optimum solutions. The area devoted to rain barrels is concentrated in the low value range, as rain barrels have a low ability to reduce the total outflow volume. The results indicate that to achieve the highest cost efficiency, low elevation greenbelts are the first choice, and green roofs should only be selected when low elevation greenbelts and rain barrels cannot be implemented.




3.5. Reduction Effect at Campus Scale


The performances of LID individual and combined practices at the campus scale in 2017 are summarized in Table 10.



It can be seen in Table 10 that individual and combined LID practices implemented to reduce roof runoff effectively reduced the outflow and overflow of the campus in 2017. For individual LID scenarios, LG has the largest volume reduction. Scenarios with rain barrels have the minimal volume reduction ability because they store runoff during rainfall events and discharge all the water after. However, rain barrel scenarios still had an obvious overflow volume and time reduction ability. This result indicates that the effect of LID practices should be evaluated using indicators for different aspects and that LID should be selected based on the main objective of the program. Combination scenarios had the best performance in terms of outflow and overflow reduction, as they fully made use of all the LID practices that can be applied and integrated the advantages of all types of LID practices. It was suggested by the Chinese government that the volume capture ratio of annual runoff should be between 75% and 85% in Beijing [7]. Table 10 indicates that the implementation of combined roof LID practices can almost achieve this objective on the BNU campus.





4. Conclusions


In this study, the effects of individual LID practices and their combinations in reducing roof runoff were carefully quantified at the building and campus scales on the BNU campus considering the hydrological relationship between LID practices. The cost-effectiveness of LID scenarios was then analyzed. The optimization algorithm was applied to generate the best combination with the highest cost efficiency.



The results show that SWMM can satisfactorily reproduce the performance of LID practices at the building scale. Individual and combined LID practices can effectively reduce roof runoff in all types of rainfalls and for return periods of 0.5–50 years at the building scale. The indicator of the volume reduction amount is more fundamental to the control ability of LID practices and more appropriate. The ranking of individual LID scenarios based on their volume reduction amount in the rainfall event of 08-31-2014 and precipitation with a 50-year return period is LG-100%>RB-8 > LG-50% > RB-4 > GR > GB. The ranking for the reduction ability of green roofs and greenbelts would change depending on rainfall type and previous rainfall conditions. Combination scenarios can maintain good performance with fewer areas of composed LID. Most values for the effect of combination scenarios are between those for the effect of composed LID. The ranking of the combination scenarios in terms of the volume reduction amount is GR&RB&LG > RB&LG > GR&LG > GR&RB. It is generally thought that LID is effective when rainfall is low volume and invalid for high-volume rainfall. In this study, it can be concluded that individual and combined LID practices all have the ability to cope with high-volume and storm rainfalls in Beijing as long as they are appropriately set.



Based on the results of the life cycle cost-effectiveness analysis, the ranking of LID scenarios according to cost efficiency is LG-25% > RB-4 > RB&LG > LG-50% > RB-8 > GB > GR&LG (GR&RB&LG) > GR&RB > GR in the precipitation conditions of Beijing. Through optimization by applying NSGA-II, the areas of composed LID can be determined for LID practice combinations with the highest cost efficiency. The result indicates that to achieve the highest cost efficiency, low elevation greenbelts are the first choice, and green roofs should only be selected when low elevation greenbelts and rain barrels cannot be implemented.



At the campus scale, individual and combined LID practices can effectively reduce the outflow from and overflow in the campus. The effect of LID practices should be evaluated using indicators that capture different aspects, and LID practices should be selected based on the main objective of the program. Combination scenarios have the best reduction performance, as they fully make use of all the LID practices that can be applied. Implementing combined roof LID can almost achieve the annual runoff reduction objective suggested by the Chinese government.
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Figure 1. Flow chart of this study. 
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Figure 2. Location of Beijing Normal University. 






Figure 2. Location of Beijing Normal University.



[image: Water 12 00795 g002]







[image: Water 12 00795 g003 550] 





Figure 3. Comparison of observed and simulated outflow of green roofs with artificial rainfall intensities of (a) 60 mm/h, (b) 92 mm/h and (c) 126 mm/h. 
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Figure 4. Effect of individual LID for typical rainfall events in 2014. 
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Figure 5. Effect of combined LID for typical rainfall events in 2014. 
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Figure 6. Effect of individual LID for designed precipitation events with different return periods. 
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Figure 7. Effect of combination scenarios for designed precipitation events with different return periods. 






Figure 7. Effect of combination scenarios for designed precipitation events with different return periods.



[image: Water 12 00795 g007]







[image: Water 12 00795 g008 550] 





Figure 8. Best combination of LID practices with highest cost efficiency. 
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Table 1. Hydrological features of eight monitored rainfall events in 2014.
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	Date

(mm-dd-y)
	Rainfall

Depth

(mm)
	Rainfall

Duration

(min)
	Average Intensity

(mm/h)
	Peak

Intensity

(mm/h)
	Antecedent

Dry Days

(d)
	Rainfall Type





	07-29-2014
	35.7
	400
	5.36
	43.28
	5.6
	Large



	08-04-2014
	5.9
	260
	1.36
	9.45
	4.9
	Light



	08-09-2014
	7.2
	120
	3.60
	24.08
	2.3
	Light



	08-23-2014
	10.4
	45
	13.87
	38.4
	2.8
	Medium



	08-30-2014
	29
	105
	16.57
	69.6
	6.9
	Large



	08-31-2014
	70.76
	165
	25.73
	86.2
	0.7
	Storm



	09-02-2014
	33.6
	1880
	1.07
	72
	0.6
	Large



	09-26-2014
	7.8
	20
	23.40
	50.4
	2.62
	Medium
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Table 2. Parameter settings of the SWMM LID module.
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	LID
	Berm Height (mm)
	Soil Thickness

(mm)
	Porosity
	Field Capacity
	Wilting Point
	Conductivity

(mm/h)
	Conductivity Slope
	Suction Head (mm)
	Initially, Saturated

(%)





	Green roof
	20
	100
	0.5
	0.3
	0.078
	90
	50
	88.9
	20



	Green belt
	10
	1000
	0.453
	0.19
	0.085
	20
	40
	90
	23.2
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Table 3. Scenarios and occupied areas.
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Scale

	
Type

	
Scenarios

	
Combination of LID and Areas (m2)

	
Total Area (m2)




	
GR

	
GB

	
RB

	
LG






	
Building

	
Base

	
NR

	

	

	

	

	




	
Individual

	
GR

	
520

	

	

	

	
520




	
GB

	

	
520

	

	

	
520




	
RB-4

	

	

	
12

	

	
12




	
RB-8

	

	

	
24

	

	
24




	
25%LG

	

	

	

	
130

	
130




	
50%LG

	

	

	

	
260

	
260




	
100%LG

	

	

	

	
520

	
520




	
Combined

	
GR&RB

	
260

	

	
6

	

	
266




	
GR&LG

	
260

	

	

	
130

	
390




	
RB&LG

	

	

	
6

	
130

	
136




	
GR&RB&LG

	
260

	

	
6

	
130

	
396




	
GR100%&RB&LG100%

	
520

	

	
24

	
520

	
1064




	
Campus

	
Base

	
NR

	

	

	

	

	




	
Individual

	
GR

	
105,983

	

	

	

	
105,983




	
GB

	

	
147,043

	

	

	
147,043




	
RB-4

	

	

	
2220

	

	
2220




	
RB-8

	

	

	
4440

	

	
4440




	
LG

	

	

	

	
147,043

	
147,043




	
Combined

	
GR&RB&GB

	
105,983

	
147,043

	
2220

	

	
255,246




	
GR&RB&LG

	
105,983

	

	
2220

	
147,043

	
255,246
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Table 4. Fit results for calibration and validation of the BNU model.
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Process

	
Rainfall Events

	
Rain Type

	
Total Outflow

(m3)

	
Peak Flow Rate (m3/s)

	
NSE

	
PBIAS

(%)






	
Calibration

	
07-29-2014

	
Large

	
4740

	
0.54

	
0.842

	
−0.65




	
08-04-2014

	
Little

	
490.9

	
0.07

	
0.861

	
2.26




	
08-09-2014

	
Little

	
499.9

	
0.14

	
0.905

	
−9.75




	
08-23-2014

	
Medium

	
989.4

	
0.50

	
0.899

	
−15.96




	
Validation

	
08-30-2014

	
Large

	
3159

	
1.02

	
0.907

	
−17.97




	
08-31-2014

	
Storm

	
7205

	
0.97

	
0.793

	
−9.64




	
09-02-2014

	
Large

	
4098

	
0.70

	
0.888

	
−1.95




	
09-26-2014

	
Medium

	
783

	
0.40

	
0.840

	
−9.4
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Table 5. Summary of performance for individual LID practices in rainfall events in 2014.
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	Rainfall Events
	Scenarios
	Volume Reduction Amount

(m3)
	Volume Reduction

Rate (%)
	Peak

Reduction

Rate (%)
	Delayed

Peak

Time (H:M)





	07-29-2014
	GR
	15.19
	88.94
	98.03
	10:42



	08-30-2014
	GR
	14.06
	97.35
	99.85
	1:52



	08-30-2014
	GB
	13.43
	93.03
	87.93
	0:17



	09-02-2014
	GR
	1.01
	7.12
	59.00
	0:03



	09-02-2014
	GB
	13.60
	96.04
	93.91
	0:07



	08-31-2014
	GR
	4.05
	11.20
	29.48
	0:57



	08-31-2014
	GB
	2.80
	7.74
	20.51
	0:57



	08-31-2014
	RB-4
	23.15
	64.02
	26.16
	0:55



	08-31-2014
	LG-50%
	32.38
	89.56
	82.13
	1:06
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Table 6. The statistical results of combined LID performance in rainfall events in 2014.
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	Rainfall Events
	Scenarios
	Volume Reduction Amount

(m3)
	Volume Reduction

Rate (%)
	Peak

Reduction

Rate (%)
	Delayed

Peak

Time(H:M)





	09-02-2014
	GR&RB
	12.25
	86.32
	97.45
	2:56



	08-31-2014
	GR&RB
	13.59
	37.58
	29.75
	0:56



	08-31-2014
	GR&LG
	20.43
	56.50
	35.09
	0:57



	08-31-2014
	RB&LG
	26.93
	74.48
	47.38
	0:59



	08-31-2014
	GR&RB&LG
	29.18
	80.70
	73.37
	1:06
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Table 7. Summary of performances of individual LID scenarios for precipitation events with different return periods.
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Return Period

	
Scenarios

	
Volume Reduction Amount

(m3)

	
Volume Reduction

Rate (%)

	
Peak

Reduction

Rate (%)






	
0.5

	
GR

	
12.92

	
74.39

	
93.79




	
GB

	
15.38

	
88.56

	
89.13




	
1

	
GR

	
12.95

	
55.82

	
84.32




	
GB

	
14.85

	
64.01

	
72.89




	
5

	
GR

	
13.06

	
47.87

	
73.74




	
GB

	
12.12

	
44.43

	
61.02




	
RB-4

	
23.36

	
85.62

	
89.84




	
10

	
GR

	
13.44

	
42.48

	
58.96




	
GB

	
9.77

	
30.88

	
51.88




	
RB-4

	
23.26

	
73.52

	
80.56




	
50

	
GR

	
12.87

	
20.39

	
66.09




	
GB

	
−11.34

	
−17.97

	
4.42




	
RB-4

	
22.54

	
35.71

	
−2.26




	
RB-8

	
45.07

	
71.40

	
73.74




	
LG-50%

	
26.27

	
41.62

	
50.27




	
LG-100%

	
50.90

	
80.64

	
88.93
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Table 8. Summary of performances of combination scenarios for precipitation events with different return periods.
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Return Period

	
Scenarios

	
Volume Reduction Amount (m3)

	
Volume Reduction

Rate (%)

	
Peak

Reduction

Rate (%)






	
1

	
GR&RB

	
18.46

	
79.58%

	
88.01%




	
5

	
GR&RB

	
18.46

	
67.68%

	
80.13%




	
10

	
GR&RB

	
18.23

	
57.62%

	
65.18%




	
GR&LG

	
27.21

	
85.99%

	
91.57%




	
RB&LG

	
29.70

	
93.86%

	
96.21%




	
50

	
GR&RB

	
17.35

	
27.49%

	
31.95%




	
GR&LG

	
20.34

	
32.22%

	
42.13%




	
RB&LG

	
23.56

	
37.33%

	
14.47%




	
GR&RB&LG

	
30.67

	
48.59%

	
67.29%
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Table 9. Cost-effectiveness of LID scenarios.
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	Scenarios
	Unit Life Cycle Cost ($)
	UAAC ($)
	AC ($)
	Annual Reduced Volume (m3)
	Cost-

Efficiency (m3/$)





	GR
	317.1
	15.86
	8247.20
	144.94
	0.02



	GB
	31.72
	1.59
	826.80
	207.63
	0.25



	RB-4
	350.62
	17.53
	210.36
	191.56
	0.91



	RB-8
	350.62
	17.53
	420.72
	217.20
	0.52



	LG-25%
	31.72
	1.59
	206.70
	214.38
	1.04



	LG-50%
	31.72
	1.59
	413.40
	217.20
	0.53



	GR&RB
	-
	-
	4228.78
	180.60
	0.04



	GR&LG
	-
	-
	4330.30
	216.33
	0.05



	RB&LG
	-
	-
	311.88
	214.34
	0.69



	GR&RB&LG
	-
	-
	4435.48
	217.20
	0.05
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Table 10. Performance of LID practices at the campus scale.






Table 10. Performance of LID practices at the campus scale.





	Scenarios
	Volume Reduction Amount (m3)
	Volume Reduction Rate (%)
	Volume Capture Ratio of Rainfall (%)
	Overflow Volume

Reduction

Rate (%)
	Overflow Time

Reduction

Rate (%)





	NR
	0
	0
	55.99
	0
	0



	GR
	24345
	20.50
	65.01
	43.67
	57.29



	GB
	30908
	26.02
	67.44
	46.22
	67.35



	LG
	36430
	30.67
	69.49
	89.91
	85.40



	RB-4
	3238
	2.73
	57.19
	42.87
	36.57



	RB-8
	5276
	4.44
	57.95
	43.91
	36.44



	GR&RB&GB
	44504
	37.47
	72.48
	77.28
	79.38



	GR&RB&LG
	48887
	41.16
	74.11
	98.89
	94.10
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