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Abstract

:

This paper presents the performance quantification of different green-grey infrastructures, including rainfall-runoff and infiltration processes, on the overland flow and its connection with a sewer system. The present study suggests three main components to form the structure of the proposed model-based assessment. The first two components provide the optimal number of green infrastructure (GI) practices allocated in an urban catchment and optimal grey infrastructures, such as pipe and storage tank sizing. The third component evaluates selected combined green-grey infrastructures based on rainfall-runoff and infiltration computation in a 2D model domain. This framework was applied in an urban catchment in Dhaka City (Bangladesh) where different green-grey infrastructures were evaluated in relation to flood damage and investment costs. These practices implemented separately have an impact on the reduction of damage and investment costs. However, their combination has been shown to be the best action to follow. Finally, it was proved that including rainfall-runoff and infiltration processes, along with the representation of GI within a 2D model domain, enhances the analysis of the optimal combination of infrastructures, which in turn allows the drainage system to be assessed holistically.
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1. Introduction


Retrofit solutions for the management of urban infrastructure have been successfully applied in cities worldwide [1]. They have been proven to be a cost-effective solution to manage flood risk, whilst also delivering a range of other benefits [2,3,4]. These solutions include constructed structures such as treatment facilities, sewer systems, stormwater systems, and storage basins, which are known as grey infrastructure. A strategically planned network has also been used as an approach that projects, restores, or mimics the natural water cycle, also known as green infrastructure (GI). Previous implementation of these practices suggests that the combined green-grey measures turned out to be more effective than the grey-only option [5,6].



Projects attempting to enhance the performance of retrofit solutions in urban catchments have discovered significant improvements, focusing on: (i) overcoming uncertainty and barriers using blue-green infrastructures for risk management [7,8]; (ii) proposed frameworks to assess green infrastructure to mitigate urban flood hazards [9,10]; (iii) modelling the interference of underground structures by groundwater flow and potential remedial solutions for this [11]; and (iv) integrating strategies to improve the microclimate regulation of green-blue-grey infrastructures in specific urban forms [12]. The results of these studies have produced, among others, a comprehensive evaluation of the integration of green-grey practices.



The use of numerical models has proved to be invaluable for dealing with urban water management issues [13,14]. A fast assessment framework to generate evidence for comparing strategies at low resource cost during the initial design has been carried out by the authors of [15]. This provides evidence to identify performance trends and consider resilience to extreme events at an early stage of planning. The impact of mitigation measures and infiltration on flash floods has been investigated in [16]. A 2D robust shallow-water model including infiltration with the Green-Ampt model was used for this purpose. This model can help to define appropriate locations and dimensions of these mitigation measures.



It is possible to explore the performance of urban infrastructure with the inclusion of optimization techniques. Previous research has implemented a multi-objective evolutionary algorithm optimization to evaluate the effectiveness of different intervention measures [17,18,19,20], investigate the likelihood of green infrastructure enhancement using hybrid models and machine learning techniques [21,22,23], and explore multiple benefits and increase the impact of green-blue-grey infrastructures [24,25,26]. Similarly, assessment using the 1D/2D modelling approach has also shown some significant advantages [27,28,29,30,31]. The results obtained demonstrate their potential for solving some of the biggest challenges that water/wastewater utilities are currently facing [32,33].



In addition to the abovementioned studies, green-grey approaches for current and future urban flood mitigation have been addressed [34,35,36,37]. However, a green-grey approach assessment which includes the rainfall-runoff and infiltration process on the overland flow and its interaction with a sewer network have not been taken into consideration. Further to this, there is a lack of information on the impact of representing green infrastructure in a 2D model domain when computing flood damage and investment costs. The remaining challenge is still the performance quantification of optimal green-grey infrastructures with the mentioned considerations.



The objective of the present work is to develop a multi-objective model-based assessment of green-grey infrastructure for urban flood mitigation. To achieve this, three modelling components have been developed to form the structure of the framework. The first component provides the optimal number of green infrastructures allocated in the catchment. The second component produces the optimal grey infrastructures such as pipe and storage sizing. The third component evaluates the selected optimal green-grey practices based on rainfall-runoff and infiltration computation that are included in a 2D model domain. The main contributions or novelties of the present work are that the proposed method can be significantly closer to real-world physics than traditional model-based approaches for urban flood mitigation, and as such it is likely to produce better results, and that the proposed assessment identifies flood depth maps, including rainfall-runoff and infiltration computation in a 2D model domain, more reliably than conventional approaches. The details of the proposed model-based assessment are presented below. A drainage system in a real-life case study in Dhaka City (Bangladesh) is used to demonstrate its feasibility and application procedures.




2. Case Study


The urban catchment of Segunbagicha, Dhaka (Bangladesh) has a drainage area of 8.3 Km2. It contains 74 subcatchments, 88 conduits (75 circular pipes and 13 box culverts), 88 nodes (junctions), 2 pump stations, and 1 outfall. The time of concentration is 20 min. Figure 1 depicts the study area. The Digital Terrain Model (DTM) has a 10 m resolution. The 1D sewer model was previously calibrated in the work described in [38].



Nine possible sites for storage tanks were selected based on the availability of space and the performance of the system. Their locations are illustrated in Figure 1b. Storage tanks are defined through an elevation-storage curve with a maximum depth of 5 m. The depth is governed by a weir and a control rule.




3. Methodology


The present work aims to develop a multi-objective model-based evaluation of green-grey infrastructure for urban flood mitigation. To this purpose, three modelling components have been developed to form the structure of the assessment. Figure 2 presents the proposed framework.



The first component is a 1D sewer model with implemented green infrastructure (GI). This takes advantage of using the LID control module of the Storm Water Management Model SWMM 5.1. The sewer model was then coupled with an optimization algorithm NSGA-II [39] with the purpose of obtaining the optimal number of GI practices allocated in the catchment using the percentage of impervious area. Different GI practices were evaluated for their minimization of flood damage and investment costs.



The second component simulates the hydrological rainfall-runoff process and routing of flows in drainage pipes using a 1D sewer network built in SWMM 5.0. The 1D/2D model determines the interacting discharge between the manholes and the overland flow. Grey infrastructure such as the sizing of pipes and storage was implemented within the sewer model. This second component was set as a multi-objective optimization problem by coupling the 1D/2D model with the optimization algorithm NSGA-II, and also has the aim of minimising flood damage and investment costs.



The third component evaluates the optimal combination of green-grey infrastructures obtained from components 1 and 2. It simulates the rainfall-runoff and infiltration process on the overland flow along with the connection of the sewer system. The purpose of this component is to reproduce the real-world physics (i.e., the rainfall-runoff and infiltration computation in the 2D model). The details of this component are presented in Section 3.3. A detailed description of each of these three components is given below.



3.1. Green Infrastructure


The first component continues the work presented by the same authors in [19]. Its objective is to allocate the optimal number of environmental practices (green infrastructure—GI) to each subcatchment, taking into account the percentage of impervious area. The optimal number of GI practices was addressed as a multi-objective optimization problem by minimizing the cost of its placement (i.e., the number of GI practices to be installed by their cost) and flood damage cost (i.e., flooding of each node).



This component is a 1D sewer network built in SWMM 5.1 software [40] and coupled with the optimization algorithm NSGA-II (see [19] for more details). The subcatchment parameters of imperviousness percentage, width, and slope were modified according to the original calibrated 1D sewer network of Dhaka created by the authors of [38] The GI were implemented in its LID control module. The result of this process is a Pareto front with non-dominated solutions (i.e., the optimal number of GI practices that minimize flood damage and investment costs).



Appropriate sites for GI placement were acquired from the best management practices tool–siting tool [41]. This tool identifies suitable locations for different GI. It finds potential fitting areas considering the urban land use, classification of soil, streams, impervious regions, and land ownership to allocate the proposed GI. A free space was then computed by deducing the land use area coverage from the total area of each subcatchment. The GI placement was accomplished by identifying the available space for GI implementation in each subcatchment. The ArcGIS tool was used to define the available area. Subcatchment parameters such as width and imperviousness were modified by using Equations (1) and (2) [40]:


    Imp   new   =    Imp   % ∗ subcatchment   area   after   GI     Total   subcatchment   area     



(1)






   W  new   =    subcatchment   area   after   GI     Total   subcatchment   area     ∗ W   



(2)




where Impnew is the new impervious percentage and Wnew is the new width of the subcatchments after GI placement. The subcatchment area after GI was defined by the difference of the total area of each subcatchment, minus the total area taken by the GI [40]. As a result, 130 GI types were located along the catchment area and used as decision variables within the optimization method.



Flood damage cost function for this component has been computed based on the flooding of each particular node, as follows:


  F  D   ( v )    = (   ∑  i = 1  n   β ∗   E x p (   F l o o d v o l u m e   1000   ) − 1 ) = (   ∑  i = 1  n   β ∗   E x p (    S i    1000   ) − 1 )  



(3)




where FD(v) is the flood damage with the function of volume, Si is the flood volume at each node (m3), N is the number of nodes analyzed in the network, β is a penalty factor (100,000 in this case), this value will depend on the value of property.



The investment cost of each GI is connected to the total number of GI units that were implemented in each subcatchment multiplied by their implementation cost. The implementation cost is calculated from a catalogue that contains unit costs for different GI. The number of GI results from the following equation:


   f 2   (   x i   )  =     ∑   j = 1  n   (  G I . c o s  t j  · G I . n u m b e  r j   )    c o s  t  m a x      



(4)




where f2 (xi) is the fitness function 2 of solution i, GI.costj is the cost (US $/m2) of GI type j. GI.numberj is the number of GI type j and costmax is the maximum implementation cost.




3.2. Grey Infrastructure


The second component continues the work presented by the same authors in [30]. The grey infrastructure evaluated in this work combines the sizing of both pipes and storage tanks as a multi-objective problem. This minimizes investment and flood damage costs. Damage is computed based on the maximum flood depth at the overland surface. This component uses a 1D sewer network built in SWMM software and then coupled with a non-inertia 2D model (see [42]). In this coupled model the entire catchment hydrology is computed in the 1D model; when the stormwater volume of the network is surpassed and the manholes are surcharged, flow runs out into the 2D model domain from manholes and is then routed. Non-dominated solutions (sizing of pipes and storage tanks) visualized through a Pareto front are obtained from this step (flood damage vs. investment costs) as the 1D/2D model has also been coupled with the optimization algorithm NSGA-II (see [30] for more details). Equation (5) presents the investment cost function for pipes sizing as a function of pipe length:


  R C o s t =   ∑   i = 1  n   (  C    ( P )   i   )  ∗  L i   



(5)




where RCost is the pipe rehabilitation cost (US $), n is the number of pipes to be upgraded, i is the index of pipes ith, C(P)i is the cost of the pipe ith (US $/m) based on the catalogue of commercially available sizes and Li is the length of the pipe ith (m). For storage tanks, the costs depend on the cost/area of storage from the catalogue. For the combination of pipes and storage sizing, the investment cost was computed including the construction cost of the storage plus a summation of each pipe length multiplied by the cost of that particular pipe based on its diameter.



In this component, the flood damage cost estimation was carried out based on the maximum flood depth at the overland surface. Nine depth-damage curves were built from five water depth ranges (0.3 m, 0.61 m, 0.91 m, 1.22 m, 1.52 m) based on the average damage/loss dataset developed for Dhaka city by [43]. Land use categories (e.g., residential, commercial, governmental, and educational sectors) were also built by fitting a linear equation [44]. The nine land-use damage curves and five water-depth ranges led to 45 damage-cost functions to estimate tangible direct damages. Damage costs in each grid cell of the 2D model were computed using Equation (6), given by:


  DamageCost  [  i , j  ]  =  (  ∝ + β  )   ∗ MaxWdpth   [  i , j  ]   



(6)




where MaxWdpth [i, j] is the maximum water depth at the cells [i, j], α is the slope and β is the intercept of each linear regression.




3.3. Multi-Objective Model-Based Assessment


As presented in Figure 2, the third component of the model-based assessment includes the computation of rainfall-runoff and infiltration losses on the overland flow. In this study, the overland flow simulation builds on the work started in [42]. The 2D model solves the 2D Saint-Venant shallow water equations. The continuity equation is given as follows:


    ∂ h   ∂ t   +   ∂  (  u h  )    ∂ x   +   ∂  (  v h  )    ∂ y   = 0  



(7)




where h is the water depth, u and v are the velocities in the directions of the x and y directions. The momentum equations without considering eddy losses, Coriolis force, variations in atmospheric pressure, the wind shear effect, or lateral inflow are given in Equations (8) and (9):


    ∂ u   ∂ t   + u   ∂ u   ∂ x   + v   ∂ u   ∂ y   + g  [    ∂ h   ∂ x   + f   u    u 2  +  v 2      4 g h    ]  = 0  



(8)






    ∂ v   ∂ t   + u   ∂ v   ∂ x   + v   ∂ v   ∂ y   + g  [    ∂ h   ∂ y   + f   v    u 2  +  v 2      4 g h    ]  = 0  



(9)




where g is the acceleration due to gravity and the coefficient f is represented in the friction terms of Chézy roughness (taking an average value of 45). The conservation of mass and momentum equations (the Saint Venant equations) given in discretized form were written as a computational engine in C++ language applying the alternating direction implicit scheme (ADI algorithm).



The main features of the Surf-2D model include a two-point forward spatial and temporal difference scheme adopted on the basis of a uniform time step Δt = tn+1 − tn, in which n is the time step counter. For the wetting and drying procedure, the water depth of a grid cell is calculated as the average depth over the whole cell [45]. When the cell first receives water, the wetting front edge usually lies within the cell. In most cases, only part of the cell will be wetted at that time step. When the flow volume leaving a cell is more than that entering the cell, the cell dries and there is the possibility that the water depth may be reduced to zero or a negative value [42].



In order to avoid negative depth values, the wetting process is controlled by a wetting parameter. When the cell is wetting, the water should not be allowed to flow out of the cell until the wetting front has crossed the cell by a property called percentage wet, as given in Equation (10):


  p e r c e n t a g e   w e t = m i n  (  1 ,   ∑  (  v Δ t  )    Δ x    )   



(10)




where v is the velocity computed from the discharge crossing the cell boundary divided by the cell width and the cell flow depth; Δx is the cell width and Δt is the current time step. Water is not allowed to flow out of the cell until the wetting parameter reaches unity. The wetting parameter is updated in each time step to describe the water travelling across a cell. The whole surface of the cell is used as an active infiltration surface, even if rainfall intensity is zero and the cell is only partially wet. In terms of the numerical scheme, the model has the ability to halve or double the time step; halving to meet the convergence criterion, and doubling after a certain number of time steps without halving.



Previous 1D/2D coupled models in which the hydrological and hydrodynamic flood processes are modelled entirely in a 2D model domain have been proposed, see for instance [31,32,33]. In this study, in order to obtain surface runoff coming from a rainfall hyetograph, the unit hydrograph method proposed by the US Soil Conservation Service [46] was implemented as a surrogate model. The unit hydrograph is convoluted with the effective rainfall hyetograph to acquire the composite flood hydrograph. It is estimated from a synthetic dimensionless hydrograph by considering the ratios of q/qp (flow/peak flow) on the ordinate axis and t/tp (time/time to peak) on the abscissa. The shape of the unit hydrograph, as identified with its peak and time lag, is the quantification of the amount of runoff diffusion predominant in the catchment.



The corresponding hydrograph was used as an inflow upstream boundary condition in the 2D model domain. In this way, water flows into the model area as a sink or source in a grid with the flow having no horizontal momentum addition, or at a cell boundary so that the contribution of the momentum of the inflow is involved. The basic geometry for the model domain consists of a square grid of point values of the ground level across the urban area being modelled.



Initial losses (rainfall interception from roofs, urban trees, and depression storage) were included in the unit hydrograph at the start of the design storm. The initial loss value follows the observations presented for urban areas in [47]. Infiltration contributes to runoff losses during and after the rainfall event, and has thus been described as follows.



An infiltration module algorithm based on the Green and Ampt method was coded into the 2D model and called hereafter Surf-2D. The Green-Ampt equations are given as:


  f  ( t )  =  k e   [  1 +   Ψ  θ d    F  ( t )     ]   



(11)






  F  ( t )  =  k e  t + Ψ  θ d  l n  [  1 +   F  ( t )    Ψ  θ d     ]   



(12)




where   f  ( t )    is the infiltration rate (mm/h), F(t) is the cumulative infiltration depth (mm), ke is the effective saturated conductivity (mm/h),    θ d    is the moisture deficit (mm/mm), t = time and Ψ is the suction head at the wetting front (mm). The ponded water depth (ho) calculated at the surface of the grid cell as described previously is considered insignificant in comparison to Ψ as it becomes surface runoff. Nevertheless, in cases when the ponded depth is not insignificant, the value of Ψ − ho is substituted for Ψ for infiltration computation at time    t n    in Equations (11) and (12) (see [48,49]). In this study, Equations (11) and (12) have been solved for infiltrated depth within the Surf-2D model using a Taylor-series expansion, a method proposed and validated in [50].



Infiltration was calculated by taking into account the computed velocity at which water enters into the soil (infiltration rate) in the corresponding grid cell (area of the grid) per unit of time [51,52]. It is treated as a discharge point sink within the same time interval. The water infiltration was assumed to be one-dimensional, and thus there is no lateral drainage. To avoid an infinite infiltration rate initially (when the infiltrated volume is still equal to zero), a threshold was added to obtain the infiltration rate f = min(inf capacity, imax). Because the infiltrated volume cannot exceed the water depth (h) at the surface of the cell that is available for infiltration at time tn, the volume was updated as shown in Equation (13). Finally, the water depth was updated.


   V  i n f   n + 1   =  V  i n f  n  + min ( h , f ∗ Δ t )  



(13)







The Surf-2D model was then coupled with SWMM 5.1 software. Originally, SWMM code is separated into functions inside a dynamic link library file which enables an easier handling and linkage to other models. The linking methodology includes three extra functions that were written into the code for exchanging information (i.e., Node ID, water levels, discharges) between the two models during every simulation time. Full details of the linking methodology can be found in [53]. As stated above, direct surface runoff resulting from a given excess rainfall hyetograph was added directly into the Surf-2D model and thus for this component SWMM computes the dynamic sewer network flow and its hydrological runoff module was not used.



Selected optimal combinations of green-grey infrastructures obtained from corresponding components 1 and 2 have been evaluated. Optimal green infrastructure was represented in the Surf-2D model. For this purpose, the optimal percentage of impervious area to be treated obtained from the model component 1 (see Section 3.1) was used to assign a specific hydraulic conductivity (ke) of the soil (i.e., ke value assigned for each grid cell). The ke values were selected from the corresponding land use type (Figure 1a) and fieldwork infiltration data from the study presented in [54]. Optimal grey infrastructure was simulated in the 1D sewer model, taking into account the optimal sizing of pipes and storage tanks obtained from the model component 2 (see Section 3.2). The 1D model does not initially have water to simulate the overland flow draining back to the system.





4. Results


4.1. Green Infrastructure


In order to test the initial performance of the drainage system, the 1D sewer model built in SWMM was run for a 2-year rainfall event with the purpose of analyzing the green-grey infrastructure for a small, frequent rainfall event. The simulation results without implementing any infrastructure indicate a total flood volume of 6040 m3. The estimated damage cost computed based on the flooding of each node were found to be $5.2 million. The overall project investment cost using this maximum number of green infrastructures (GI practices) was found to be $10 million dollars. This value was obtained according to the maximum number of practices of each GI and its equivalent cost.



Promising relevant location/areas for different GI practices were identified from the analysis of urban land use, soil classification, land ownership, and impervious layers. The distribution of GI was carried out by calculating the available space in each sub-catchment. The minimum percentage of available area (ha) was found to be 5% and the maximum 80%. Figure 3 shows the maximum number of GI practices obtained for each subcatchment.



With the criteria presented by the same authors in [19], the maximum number of GI practices found was 130: 47 bio-retention cells, 42 infiltration trenches, 33 vegetative swales, and 8 porous pavements. As stated in Section 3.1 and presented in Figure 2, the first component of the proposed assessment searches for the optimal number of GI practices that minimizes both flood damage and investment costs. Figure 4a shows the non-dominated solutions which reduce flood damage and investment cost by implementing green infrastructure for a 2-year rainfall event. Figure 4b presents the optimal number of GI from a selected solution s1 with the aim of identifying the GI practice that best reduces flood damage. Figure 4c presents the optimal number of green infrastructure deployed in the catchment.




4.2. Grey Infrastructure


A coupled 1D/2D model [42] was run and the initial damage cost without implementing any infrastructure was computed in each grid cell of the 2D domain using the maximum water depth. The drainage system was optimized with the hydrological rainfall-runoff process and routing of flows in pipes performed in the 1D sewer network for a 2-year rainfall event. In order to obtain the optimal grey infrastructure (i.e., sizing of pipes and storage tanks), the second component of the proposed assessment (see Figure 2) searches for a non-dominated solution (Pareto front) that minimizes flood damage and investment costs.



The maximum value of the grey infrastructure (sizing of pipes and storage tanks) was found to be in the order of $22.3 million. The investment cost was computed taking into account pipe length and cost based on its diameter plus the storage structure cost.



An initial damage cost of $3.7 million was obtained. For this case, there is a 29% difference compared to the damage calculated (i.e., in component 1) from flooding of each particular node ($5.2 million). Figure 5a presents the non-dominated solutions by implementing grey infrastructure for a 2-year rainfall event, while Figure 5b depicts the optimal solution s2 of grey infrastructure.




4.3. Combined Green-Grey Infrastructure


Using the third component presented in Section 3.3, which is based on the rainfall-runoff and infiltration computation in the Surf-2D, optimal solutions s1 and s2 were combined and further evaluated. The results of the surrogate model which produces surface runoff as a boundary condition into the Surf-2D model using the unit hydrograph method, were compared to the validated nonlinear reservoir routing method coded in SWMM software [40]. The rainfall intensity for this case study is 70 mm/h of 1-h duration corresponding to a return period of 2 years.



According to [47], a value of 0.65 mm was assumed as initial losses (rainfall interception and depression storage) for both methods. Infiltration losses were computed with the nonlinear reservoir method assigning clay and sandy soil types (present in the area) in the corresponding subcatchments. Average Green-Ampt parameter values were assigned as trial and error, and listed as follows: suction head (Ψ = 50 mm), effective saturated conductivity (   k e    = 0.65 mm/h), and the moisture deficit (   θ d    = 0.38) for a clay soil; and Ψ = 49.5 mm,    k e    = 64.3 mm/h,    θ d    = 0.41 for a sandy soil. Figure 6 shows the comparison between the unit hydrograph and the nonlinear reservoir methods for the case study. The hydrograph obtained was used as an inflow boundary condition in the Surf-2D model.



In order to assess the performance of the Green-Ampt algorithm 2D, a sensitivity analysis was carried out to evaluate its outcome as the effective hydraulic conductivity parameter (ke) in the equation, which is necessary to obtain good estimates of infiltration rates and water depth. To this purpose, the infiltration rates measured in the field of the case study presented in [54] were used for comparison purposes. According to this work, two types of soils (clay and sandy) cover the majority of the soil types in the area. The Green-Ampt parameter values presented in Table 1 were applied following the recommended values listed in [48,55].



Figure 7a presents a scatter plot with the simulated infiltration rate in mm/h for a clay soil compared to the field records presented in [54]. Similarly, Figure 7b shows the simulated infiltration rate in mm/h for a sandy soil compared to the measured infiltration rates. Figure 7c shows a flood depth map of the case study without implementing any infrastructure. Damage and investment costs were also computed within this approach and compared with those obtained in Section 4.1 and Section 4.2. In the absence of field records, the coupled SWMM/Surf-2D model results in terms of flood depth were found to be similar to those obtained in previous studies in [30,56,57].



Table 2 presents a summary of the initial damage cost without implementing solutions and the related green-grey infrastructure performance.



Figure 8a shows a flood depth map with the model simulation of the optimal green infrastructure represented in the Surf-2D model and its connection with the sewer network. To be able to represent this, the optimal percentage of impervious areas to be treated obtained from optimal solution s1 were used to assign a specific hydraulic conductivity (ke) of the soil (i.e., ke value assigned for each grid cell). Figure 8b presents a flood depth map of the optimal combination of green-grey infrastructures.





5. Discussion


The results show a maximum damage cost of $2.35 million generated by implementing green infrastructure (see Figure 4a). With green infrastructure it is possible to further minimize damage cost to 65% (line A) with solution s1 ($1.8 million) by investing $3 million. However, flood damage is not reduced to zero and, despite more than $3 million of investment, the damage cost reduction is not noticeable (line B). The optimal number of pieces of green infrastructures was found to be 86, consisting of 39 bio-retention cells, 31 infiltration trenches, 15 vegetative swales, and 1 porous pavement (Figure 4b). Green infrastructure types such as infiltration trenches and bio-retention cells present the largest number of practices. A larger number of these practices would have an effect on reducing flood damage when compared to vegetative swales and porous pavements (Figure 4c).



Grey infrastructure can reduce damage cost to zero for different levels of investment (Figure 5a). A maximum damage cost of $1.5 million is achieved compared to that obtained with GI ($ 2.35 million). It can be observed that for total protection against flood damage, an investment of between $2.7 and $3.0 million needs to be made. For comparison purposes, similarly to the GI, a non-zero damage solution was selected. Solution s2 reduces damage to 70% with an investment of $2.7 million. The analysis from the non-dominated solutions (Figure 5b) shows that optimal solution s2 suggests the implementation of seven storage tanks, numbers 2, 3, 4, 5, 6, 7, and 8, and the replacement of 48 pipe diameters. This would reduce flood damage to $1.1 million.



The surface runoff achieved with the surrogate model (unit hydrograph method) is in good agreement with the nonlinear reservoir method that uses SWMM (Figure 6). However, there is a slight difference in the peak discharge because the hydrological analysis for runoff formation performed by each method is different. Runoff values obtained with the surrogate model are approximately 6% higher compared with the nonlinear method, and NB infiltration losses in the surrogate model are not as infiltration is computed with the 2D algorithm in the Surf-2D model. The nonlinear method computes runoff with both initial and infiltration losses.



In general, the simulated infiltration rates are consistent with those measured as the coefficient of determination (R2) found was 0.91 and a RMSE of 5.88 mm h−1 for a clay soil (Figure 7a) and R2 = 0.93 and a RMSE = 5.99 mm h−1 for a sandy soil (Figure 7b). Simulation results show the considerable hydraulic surcharge in the system that leads to flooding (Figure 7c). The impact of rainfall runoff and infiltration in the 2D domain is also presented. For instance, average flood depths from 0.1 m to 0.23 m were found in Purana Paltan and from 0.17 m to 0.28 m in Pirjangi Majar. Similarly, average flood depths were observed from 0.1 m to 0.3 m in Toyenbee Circular Road.



The estimated maximum damage costs (without infrastructure) including rainfall-runoff and infiltration computation calculated in the Surf-2D were found to be $4.0 million (see Table 2). Results for this study also indicate that there could be an overestimation of approximately 23% ($5.2 million) if computing damage cost taking into account flooding in each particular node of the sewer network (the 1D approach). Similarly, there could be an underestimation of approximately 7.5% ($3.7 million) if damage cost is calculated with the entire catchment hydrology simulated within the 1D sewer network (the 1D/2D approach).



A reduction in flood depths and flood extent was observed (Figure 8a). The inclusion of the infiltration process in the Surf-2D model reduced the flood depth values. The impact of representing green infrastructure in the 2D domain was noticed in the Kakrail, Pirjangi Majar, and Purana Paltan regions as well as in Toyenbee Circular Road. However, a flood depth reduction to zero was not obtained. This is due to the optimal percentage of the area treated available in the entire catchment for each GI practice being less than 8% (i.e., GI practice represented in 2D domain as percentage of area treated). This means that for approximately 400 hectares (ha), the catchment has only 28 ha that can be treated with green infrastructure.



With the optimal green infrastructure represented in the 2D domain (solution s1), the calculated damage cost including rainfall-runoff, the infiltration computation included in the Surf-2D, and its connection with the sewer network, were found to be $1.4 million (see the summary in Table 2). This value is 22% less than the damage cost value originally obtained from the selected solution s1 ($1.8 million) shown in Figure 4. The investment cost computed for this solution was $3 million (see the summary in Table 2).



Green measures from solution s1 were represented in the 2D domain as previously explained while grey measures (solution s2) were implemented in the 1D sewer model, as explained in Section 3.2. In general, a reduction in flood depths and flood extent is observed (Figure 8b). The impact of the combined green-grey infrastructures is also shown. In the Kakrail, Pirjangi Majar, and Purana Paltan regions, a flood-depth reduction to zero was achieved in some places. This impact can be due to the assigned hydraulic conductivity (ke) of the soil for each grid cell in these regions according to the values obtained for clay and sandy soils in the eastern part of Dhaka City [54].



With the implementation of green infrastructure in the catchment, and it being represented in a 2D domain, it is no longer necessary to site storage tanks numbers 3, 7, and 8 (Figure 8b), despite the initial suggestion of optimal solution s2 (Figure 5b). This is because, for this component, the 1D sewer model does not initially have water to simulate the overland flow draining back to the system so these tanks are not filled with stormwater throughout the simulation.



With the optimal combinations of green-grey infrastructures (solutions s1 + s2), the calculated damage cost was found to be $0.97 million for a level of investment equal to $4.4 million (shown also in Table 2). These results show a 75% reduction in damage cost compared to the reduction obtained from implementing only green infrastructure (65%). However, although $4.4 million would need to be invested to address the damage of $4.0 million, the considerable multiple additional benefits that green infrastructures offer, such as water quality enhancement (due to runoff filtration and groundwater recharge), recreation, enhanced liveability, and direct traffic, among others, should also be taken into account so that this combined solution is, nevertheless, selected.



The abovementioned results show that for some cases the differences between flood extent, flood depths, and damage cost estimation from different approaches can be significant. Hence, this model-based assessment based on rainfall-runoff and infiltration computation calculated in the proposed Surf-2D model and its connection with the sewer network is closer to real-world physics, and as such it is likely to produce more accurate results.




6. Conclusions


This paper describes a novel model-based framework to evaluate optimal combinations of green-grey infrastructures for urban flood reduction. The assessment includes the performance of these solutions when dealing with a minimization of investment costs and direct flood damage. Three modelling components have been developed to form the structure of the framework. The first component provides the optimal number of pieces of green infrastructure (GI) allocated in the catchment. The second component provides optimal grey infrastructure such as pipe and storage tank sizing. The third component evaluates the selected optimal combinations of green-grey infrastructures based on rainfall-runoff and infiltration computation included in the proposed Surf-2D model. The potential of this model-based assessment has been demonstrated in the real-life case study of Dhaka City (Bangladesh), where different green and grey infrastructures were evaluated in relation to investment and flood damage costs.



The results obtained demonstrate in quantitative terms how the performance analysis of green-grey infrastructure for flood mitigation can be improved substantially through this proposed model-based assessment. When including rainfall-runoff and infiltration processes within a 2D model domain, along with its connection with a sewer system, the damage cost results differ from the other approaches presented. In the case analyzed here, there could be an overestimation of this cost (approximately 23%) if green infrastructure is fully represented in a 1D modelling approach. Similarly, there could be an underestimation even if the overland flow is taken into consideration but the catchment hydrology is entirely computed in a 1D domain (approximately 8%). Thus, the direct impact of rainfall-runoff and infiltration enable real-world physics to be reproduced when identifying the best green-grey solutions to improve urban flood risk management.



A combination of green-grey solutions has been shown to be the best course to follow. This combination shows a better damage cost reduction compared to the value obtained from only implementing green infrastructure (GI). GI practices were represented in this case using a specific hydraulic conductivity (ke) of the soil and assigned to each grid cell depending on its land use type. Even though it is beyond the scope of this study, multiple benefits of green and grey solutions should be assessed, especially where there are space limitations, as is the case here. Similarly, uncertainty associated with the optimal solution results should also be addressed.
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Figure 1. Segunbagicha urban catchment, Dhaka: (a) land use type and (b) drainage layout. 
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Figure 2. Structure of the proposed multi-objective model-based assessment. 
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Figure 3. Green infrastructure for the Segunbagicha catchment in Dhaka showing the maximum possible number of practices in each subcatchment: bio-retention cells (BR); infiltration trench (IT); vegetative swale (VS); and porous pavement (PP). 
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Figure 4. (a) The non-dominated optimal solutions implementing green infrastructure. (b) Optimal number of GI practices associated with solution s1. (c) Optimal number of green infrastructures allocated in the catchment (solution s1). 
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Figure 5. (a) The non-dominated optimal solutions implementing grey infrastructure. (b) Optimal solution (s2) of grey infrastructure, pipes to be replaced (green lines) and number and location of storage tanks (dark blue squares). 
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Figure 6. Comparison between the unit hydrograph and the nonlinear reservoir methods for the case study. 
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Figure 7. (a) Simulated infiltration rates vs. measured infiltration rates for a clay soil; (b) simulated infiltration rates vs. measured infiltration rates for a sandy soil; and (c) flood depth map without implementing infrastructure. 
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Figure 8. Flood depth maps with (a) the optimal green infrastructure represented in the Surf-2D model, hydraulic conductivity (ke) assigned for each grid cell, and (b) the optimal combination of green-grey infrastructures, pipes to be replaced (green line) and location of storage tanks (dark blue squares). 
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Table 1. Green-Ampt parameters values used [48,55].
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	Soil Type
	     k e  ( mm / h )    
	Ψ (mm)
	     θ d  ( mm / mm )    





	Clay
	0.3–1.0
	50
	0.38



	Sandy
	10.9–117.8
	49.5
	0.41
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Table 2. Summary of the green-grey infrastructure performance.
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	Modelling

Approach
	Initial Damage Cost (Max.)

without Infrastructure

($ Million Dollars)
	Infrastructure Type
	Maximum Investment Cost of Infrastructure

($ Million Dollars)
	Selected Optimal Solution
	Damage Cost

($ Million Dollars)
	Investment Cost

($ Million Dollars)





	1D
	5.2
	Green
	10
	s1
	1.8
	3.0



	1D/2D (1)
	3.7
	Grey
	22.3
	s2
	1.1
	2.5



	1D/2D (2)
	4.0
	Green
	10
	s1 (3)
	1.4
	3.0



	1D/2D (2)
	4.0
	Green-grey
	32.3
	s1(3) + s2
	0.97
	4.4







(1) Computed with the entire catchment hydrology simulated within the 1D sewer network. (2) Computed with rainfall-runoff and infiltration process on the overland flow and its connection with a sewer system. (3) Green infrastructure represented in the Surf-2D model using the percentage of impervious areas to be treated.
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