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A B S T R A C T   

Green infrastructure is often proposed to complement conventional urban stormwater manage-
ment systems that are stressed by extreme storms and expanding impervious surfaces. Established 
hydrological and hydraulic models inform stormwater engineering but are time- and data- 
intensive or aspatial, rendering them inadequate for rapid exploration of solutions. Simple 
spreadsheet models support quick site plan assessments but cannot adequately represent spatial 
interactions beyond a site. The present study builds on the Landscape Green Infrastructure Design 
(L-GrID) Model, a process-based spatial model that enables rapid development and exploration of 
green infrastructure scenarios to mitigate neighborhood flooding. We first explored how well L- 
GrID could replicate flooding reports in a neighborhood in Chicago, Illinois, USA, to evaluate its 
potential for green infrastructure planning. Although not meant for prediction, L-GrID was able to 
replicate the flooding reported and helped identify strategies for flood control. Once evaluated for 
this neighborhood, we extended the model to include water quality through the representation of 
dispersion and settling mechanisms for two pollutant surrogates—total nitrogen and total sus-
pended solids. With the extended model, Landscape Green Infrastructure Design Model-Water 
Quality (L-GrID-WQ), we examined benefits, costs, and tradeoffs for different green infrastruc-
ture strategies. Bioswales were slightly more effective than other green infrastructure types in 
reducing flooding extent and downstream runoff and pollution, through increased infiltration and 
settling capacity. Permeable pavers followed in effectiveness and are suggested where spatial 
constraints may limit the installation of bioswales. Although green infrastructure supports both 
flooding and pollution control, small tradeoffs between these functions emerged across spatial 
layouts: strategies based on only curb-cuts better controlled pollution, while layouts that followed 
the path of water flow better controlled flooding. By illuminating such tradeoffs, L-GrID-WQ can 
support green infrastructure planning that prioritizes unique concerns in different areas of a 
landscape.   

1. Introduction 

Climate change is shifting annual precipitation totals and increasing its variability [1]. Although some areas are forecasted to 
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become wetter in the coming decades [2,3], even areas predicted to be dryer will experience greater frequency of extreme storms. The 
resulting increased urban runoff will wash more pollutants into treatment plants and water bodies [4]. Treating pollutants in runoff 
with conventional graywater systems is already costly for governments and ratepayers [5,6] and additional climate-change induced 
runoff will increase this burden [7–11]. Growing urbanization will only compound the problem [1,6,12]. Climate change also in-
creases the uncertainty in both weather forecasts and appropriate stormwater management approaches [13]. The lack of flexibility of 
conventional gray infrastructure systems makes them ill-suited to handle the uncertainty of climate change [6,14–16]. Furthermore, 
increasing local sewer capacity—wherever there may be resources to do so—merely shifts the problem downstream, where sewer 
outlets ultimately discharge [17]. Conventional systems are also optimized for removing nutrients and organic matter but not the 
remaining harmful matter, including heavy metals, fine particles, and pesticides [18,19] that are then discharged with treated water. 

Use of green infrastructure (GI) for stormwater management of water quantity and quality is increasingly common [20–22] as a 
way to increase stormwater system flexibility and reduce its maintenance costs and carbon footprint [23]. GI seeks to divert water from 
conventional stormwater systems to devices designed to mimic natural processes to detain, retain, infiltrate, or filter water away from 
where it can cause harm [24]. Examples of these devices are green roofs, rain barrels, bioswales/bioretention devices, and permeable 
pavers. Studies and reviews have shown the effectiveness of GI in alleviating flooding and improving water quality, with some 
variability in performance [22,24–29]. While GI can still be expensive, it presents opportunities to flexibly enhance urban environ-
ments and respond to a range of local and regional problems that are exacerbated by climate change, such as heat island effects, loss of 
wildlife habitats, air pollution, and poor public health [24,27,30–32,32–35]. The flexibility and cost-effectiveness of GI are especially 
critical for municipalities that lack the funding for large gray infrastructure projects. 

Despite its benefits, GI alone cannot eliminate all urban flooding [22,27,36,37]. Sewers will remain essential in large storms [38], 
especially where there is little space for GI. Due to its flexibility, GI can supplement gray infrastructure [14,34,39–41], but only up to a 
certain extent. Both GI and gray infrastructure can quickly be overwhelmed by larger storms unless GI coverage is significantly 
expanded. Nevertheless, GI can effectively alleviate flooding in smaller storms, even at lower coverage values, when accounting for the 
spatial configuration of the infrastructure [37]. 

Addressing questions about the amount and spatial layout of GI coverage needed to alleviate neighborhood flooding and associated 
pollutant loads requires exploratory modeling to easily test how GI fits within the broader urban landscape, and the features that 
contribute to the quantity and quality of flooding, e.g., impervious cover (pollutant wash-off and runoff generation), sewer conditions 
(removals from the landscape), and elevation (where surface water flows). The ability to conduct such explorations is particularly 
important for pollution because water quality effects take time and resources to be identified and assessed through specialized analysis 
[24]. Exploratory approaches to modeling can also help understand tradeoffs between different GI scenarios (e.g., costs, damages, 
infiltration and recharge, socio-environmental co-benefits), which tend to be neglected in the literature [17,35,42,43]. Established 
models tend to be computationally expensive and require modeling expertise and calibration data that make this kind of exploration 
difficult and expensive, especially for local communities. The availability of user-friendly and nimble process-based models that 
capture the relevant hydraulic/hydrological and pollution transport mechanisms to inform green infrastructure planning is critical for 
such communities to be able to envision, assess and reap the multiple benefits of these kinds of interventions. 

In this paper, we explain the need for exploratory modeling to support the rapid design and testing of GI scenarios and present an 
evaluation and extension of a model to cover this need. The Landscape Green Infrastructure Design (L-GrID) model [37] is a 
high-resolution, spatially explicit, process-based model that allows for the rapid development and exploration of GI placement sce-
narios. The model is publicly available,1 and can be adapted to a variety of different landscape, environmental, and storm conditions. 
Its availability, flexibility, ease of parameterization, and computational speed makes it well-suited to inform local GI planning. While 
the model reportedly generated stormwater management recommendations in line with expert knowledge (John Watson, Metropolitan 
Water Reclamation District of Greater Chicago (MWRD), pers. comm., 2019; James Yurik, MWRD, pers., comm. 2018) and other 
studies [44], we attempt here to evaluate its ability to replicate observational flooding data in an area of Chicago, Illinois, USA, and 
extend it to represent water quality to assess the flooding and pollution control benefits and tradeoffs provided by a range of GI types 
and layouts in the same area. Finally, we derive implications for both modeling and policy. 

2. Theory and calculation 

2.1. Stormwater management and modeling needs 

Existing flooding models can range from simple spreadsheet tools designed to estimate impacts of development—such as the US 
Department of Agriculture’s Urban Hydrology for Small Watersheds (TR-55) [45] and Purdue University’s L-THIA [46]—to 
stand-alone, data-intensive programs to design management practices—such as SUSTAIN [47] and perhaps the most commonly used 
software, SWMM [48]. Similar but proprietary models include MUSIC (and the newer MUSICX) [49] and MOUSE (now in the MIKE 
software suite) (e.g. Ref. [50]). 

Tools like TR-55 and L-THIA are intended for single site assessment and are not spatially or temporally explicit, but they can be 
adapted to gain general insights at larger scales. Xu et al. [51] used L-THIA and SUSTAIN to develop what they call the 
Marginal-Cost-based Greedy Strategy, a computationally-intensive optimization algorithm to guide placement of GI. The general 

1 The code can be requested here: https://cssh.northeastern.edu/policyschool/participatory-modeling/. 
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recommendations align with prior studies with more parsimonious models [37,52], whereby GI should be placed where it can be 
readily reached by runoff and where monetary investment and achievement of environmental goals are maximized, while large in-
vestment levels return diminishing environmental benefits. Chen et al. [53] extended L-THIA to evaluate the lifetime costs and benefits 
of GI scenarios, where combinations of GI types performed better than single types, but more GI did not always translate into better 
results and best performing scenarios required impractically large amounts of GI. 

Spatially and temporally explicit models like SWMM and SUSTAIN are data intensive, may need substantial calibration, and require 
great amounts of time and technical expertise to operate. However, they have built in optimization tools [33] that can be used to 
explore GI allocation. For example, Mei et al. [22] found that in isolation, vegetated swales provided by far the most benefits compared 
to bioretention cells, permeable pavement, and green roofs, but that using bioretention cells and vegetated swales together provided 
the most cost-effective outcome. None of the scenarios tested were capable of eliminating flooding, however, consistent with findings 
from Moore et al. [36], and other studies using simpler models (see above). Chen et al. [54] found that relative performance of GI 
scenarios varied greatly across sites, but their subsequent quantitative validation revealed that SUSTAIN’s processes were highly 
sensitive to infiltration rates—thus explaining the highly variable scenario outcomes—prompting the need for empirical calibration for 
each area modeled. 

The data resources and computational complexity required to use these models and make sense of the results do not allow the rapid 
exploration of a wide range of scenarios to support GI planning, particularly at the municipal or neighborhood level. Data-intensive 
modeling discourages stakeholder involvement, remaining mostly as academic studies or regulator-sponsored research. Participatory 
processes can allow people to better understand how GI works and open dialogues about what solutions are better for everyone [42]. 
Even when engaging stakeholders in GI modeling (e.g. Refs. [55,56]), the complexity of the models gets in the way of progress towards 
implementable solutions. Simulation speeds matter to inform deliberations in real time. High-resolution representation of neigh-
borhoods can show the explicit distribution of impacts and tradeoffs, revealing deeper insights into strategies that work, such as why 
clustering of GI might be more effective for steep slopes [43], but much less effective in flat landscapes [37]. Additionally, although 
optimization programs and algorithms exist—see Zhang & Chui [33] for an exhaustive review of spatial allocation optimization tools 
(SAOTs)—purely algorithmic site selection prevents stakeholders from engaging in understanding flooding through modeling, in a way 
that can inform the deliberation of tradeoffs to support democratic decision making. 

2.2. The L-GrID model and its water quality extension 

In its original version, the L-GrID model is a cellular model created in NetLogo [57], with a single, stylized form of GI that 
incorporated features common to various types, mainly the capacity of a generalized bioswale to infiltrate and store stormwater [37]. 
For the work presented here, L-GrID was extended to include new GI types and to represent water pollution processes; hereon we refer 
to the updated model as L-GrID-WQ. The model allows users to modify storm duration, landscape size, GI placement, sewer config-
uration, and coverage ratios for different land cover types. After the configuration is set, the user can run simulations and compare 
results across several different metrics of water quality and quantity, as well as costs associated to the investment and damages. The 
easy comparison of outputs and tradeoffs across GI scenarios allows users to examine the effectiveness of each relative to each other 
and to a baseline without GI, while also deriving generalized principles for GI planning. L-GrID and L-GrID-WQ are not intended as 
forecasting or engineering tools; other modeling tools described above (e.g., SWMM) are better suited for that purpose. Nonetheless, 
groups with both high and low technical expertise have successfully used L-GrID and endorsed its findings for GI planning (John 
Watson, MWRD, pers. comm., 2019 [52]). 

Below we detail the landscape elements of the L-GrID-WQ model and the algorithms representing the various dynamic processes in 
the order in which they are executed in the model, focusing on the water quality extension. We follow this model description with 
parameterization and sensitivity testing, an evaluation of the model’s ability to replicate observed flooding, a description of the new 
output metrics to account for pollution effects, and the description of the GI scenarios to be tested with the extended model. 

2.2.1. Landscape elements 
The landscape elements of L-GrID-WQ expand on the first released version of L-GrID (Fig. 1) to include diverse and customizable 

Fig. 1. New L-GrID-WQ landscape elements (in magenta) are customizable GI types, placed in permitted areas.  
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types of GI. To avoid duplication with Zellner et al. [37], we focus here on the extensions introduced to the model. Default parameters 
correspond to an area in Chicago, Illinois, USA, and are listed in the Appendix, along with references for model assumptions. 

The landscape is a two-dimensional lattice of cells. The resolution can be set by the user; for all simulations in this study, cells are 
10 m × 10 m. This resolution is set to match the width of a US city street, since streets are the main channels for stormwater flow in 
urban environments. While the original version of L-GRID could only load a generic, stylized landscape using sliders that determine its 
size and land cover, L-GrID-WQ allows users to import a landscape using input files corresponding to a real landscape. All input files 
must represent a rectangular landscape, but the area modeled may be irregularly sized; cells that must be excluded from computation 
are identified with a dummy land cover value. 

2.2.1.1. Sewers. Sewer inlets are placed along streets at regular, user-defined intervals. Alternatively, users can import a landscape 
where cells may have more than one inlet (e.g., when inlets are clustered at intersections), in which case they will share the drainage 
into the sewer system. Inlets have a base intake rate, which can be adjusted with an input file to reflect different conditions. 

2.2.1.2. Green infrastructure types. L-GrID was extended to include three more GI types in addition to the original bioswales: rain 
barrels, green roofs, and permeable pavers. Performance parameters and installation and maintenance costs can be adjusted in the 
code. 

As in the original L-GrID, bioswales in L-GrID-WQ can be placed on permeable or impervious cover. The soil is engineered to 

Fig. 2. Order of events highlighting the new (sub)processes (in pink). (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.) 
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enhance infiltration, and surface storage is added to further collect ponded water. If they are next to roads, their elevation is lowered to 
represent curb-cuts, which allows water to flow directly from the street into the bioswale. Rain barrels are assumed to have a small, 
fixed volume of storage and can only be placed on buildings to represent their connection to building rain gutters. All water that falls on 
a building having a rain barrel will go directly into the barrel’s storage until its capacity is reached, and any additional precipitation 
becomes runoff. Green roofs can be placed only on buildings and retain a volume of water that is relative to the depth and composition 
of engineered soil; any excess becomes runoff. Permeable pavers can be placed on impervious cover that is not a building or a road. 
This GI type represents a depth of engineered soil that infiltrates precipitation and drains into the sewer system, so pavers will both 
retain and detain water. Infiltration rates and storage volumes of all GI types are determined by soil properties (see Appendix) and by 
Virginia’s BMP Design Specifications [58]. 

Total costs reflect the present value for the installation year plus 20 additional years of maintenance, the assumed infrastructure life 
cycle (see Appendix). Monetary costs are based on per unit area estimates taken from recent literature. These costs are adjusted for 
inflation [59] and geographic region [60], and are calculated assuming a 7% discount rate [61] and projected inflation rates [62]. 
Project costs only account for the GI itself, not the larger set of improvements that typically surround GI installation, such as street and 
sidewalk repairs, grading changes, landscape beautification, or new lighting and street furniture. 

GI elements are placed by the user to create GI scenarios. GI may be partially full before the start of a storm event, to simulate the 
effect of frequent events (see hydrological scenario in the Appendix). The capacity already in use in this manner is set by sliders. 

2.2.2. Processes and order of execution 
The order of processes executed in the model builds on the first released version of L-GrID. To avoid duplication with Zellner et al. 

[37], we summarize the main water transport algorithms and focus on detailing the extensions to the model (Fig. 2). The default 
parameter values for all model processes are listed in the Appendix. The default time step for simulations is 1 min. 

The original version of L-GrID includes the following processes: precipitation, infiltration, sewer intake and treatment, evapo-
transpiration, surface flow, and watershed export to downstream areas. The algorithms modeled for these processes were derived from 
established hydrologic models and local Chicago data, together with expert knowledge from local water managers and engineers. Users 
can modify rainfall duration that the model adapts as a hyetograph to vary rainfall over the duration of a storm, landscape size, 
placement of GI, sewer configuration, and the percentage of different land cover types. After configuration, simulations can be run and 
compared across flooding metrics: flooded area, and volume of runoff conveyed to sewers, GI, and adjacent areas downstream. 

The model extension centers on the addition of pollutant buildup, wash-off, transport and settling processes. The pollutants in 
runoff are varied. Typically, monitoring focuses on a select group of representative pollutants to provide timely and cost-effective 
assessment [63–65]. The use of surrogate pollutants as proxies for others is supported by research on the positive relationships be-
tween single pollutants and larger classes of pollutants [26,63,64,66–69]. Three of the more common pollutants to measure are total 
suspended solids (TSS), total nitrogen (TN), and total phosphorus (TP) [25,63,67]. TSS damages ecosystems by blocking light, 
engulfing plants, clogging stormwater infrastructure, and conveying other harmful pollutants like heavy metals and phosphorous [25]. 
Nutrient imbalances caused by nitrogen wreak havoc on ecosystems by changing the kinds of life that the water can support, for 
example, causing algae blooms or hypoxic conditions incapable of supporting animals [25,63,70]. Stormwater conveys washed-off 
pollutants, either as larger particulates (e.g., TSS, various metals), or dissolved (e.g., nitrogen and phosphorous compounds, 
various other dissolved solids) [66]. TSS are the most common solids, while nitrogen is more commonly present as dissolved [64,71]. 
Thus, TSS and TN are reasonable surrogates for other pollutants, and are the ones represented in L-GrID-WQ. 

2.2.2.1. Initialization: pollutant buildup. Initialization of the model includes depositing buildup. The model assumes daily rates for a 
linear pollutant buildup derived from annual accumulation for each land cover. The user can customize these totals for local condi-
tions. A slider sets the number of days of pollutant buildup on cell surfaces, which for this study is 10 days. The initial buildup for each 
land cover is the product of the corresponding daily rate and the number of accumulation days (see Appendix). 

2.2.2.2. Pollutant wash-off. The force of the precipitation causes solids to erode and become suspended in the runoff (as with TSS) or to 
dissolve (TN). The equation for wash-off (Equation (1)) follows [72] and [73], who developed the most commonly used approach [48]: 

wp,t = kw × qt
nw × mB,p,t (1)  

Where. 

wp,t = wash-off of pollutant p at time t 
kw = a pollutant wash-off coefficient 
qt = the rainfall rate in mm/time step at time t 
nw = a wash-off exponent in mm/time step at time t 
mB,p,t = the mass buildup of pollutant p at time t 

Values for coefficients and exponents can be selected by the user and calibrated to yield reasonable wash-off amounts as recom-
mended by Rossman [48] (see Section 2.3). 

2.2.2.3. Pollutant transport. Surface water is assumed to be mixed with uniform pollutant concentrations. The procedure for pollutant 
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transport in L-GriD-WQ builds on the surface flow procedure for L-GrID. When water moves from one cell to a neighboring cell, the 
destination cell recalculates the pollutant concentration by averaging the prior concentration with that of the incoming water, 
weighted by the amount of water held in the destination cell and the amount of water transferred. TN and TSS can leave the neigh-
borhood through sewers or when surface water flows out of the landscape through boundary surface connections (e.g., road outlets). 
TN can infiltrate into soils and TSS can settle once water velocity is below a user-defined threshold (see Section 2.3 for details on 
threshold selection). Evaporation increases concentrations of pollutants and, if all water evaporates, pollutants are deposited onto land 
surfaces. 

2.2.2.4. TSS settling. Settling of TSS due to gravity will be triggered if the average velocity of incoming water from surface flows falls 
below a threshold set by the user. The approach taken by L-GrID-WQ for the amount of settling at each time step uses the equations 
developed by Kadlec & Knight [74] and adapted by Rossman [48] (see Section 2.3 for details on parameterization): 

ct+1 = c∗ + (ct − c∗)exp
(

−
kΔt

d

)

(5)  

Where: 
c = the concentration of TSS. 
c∗ = minimum concentration of water below which settling will not occur 
kΔt = a settling coefficient 
d = the depth of water at time t. 

2.3. Parameterization and sensitivity to model extensions 

The parameterization for the pollution processes in L-GrID-WQ was derived initially from literature and refined through sensitivity 
testing. With a precipitation total for a five-year 24-h storm in Chicago of 109.22 mm (see Appendix), and 0.1096 kg of TSS initial 
buildup per road cell (see Section 2.2.2.1 for calculation), we systematically tested different combinations of the two wash-off co-
efficients, kw and nw using ranges that encompassed values from Refs. [47,48]. The combination of kw = 0.016 and nw = 1.1 yielded a 
cumulative 75% TSS wash-off, which is reasonable for this area (John Watson, MWRD, pers. comm., 2021). Wash-off per time step 
follows precipitation rates, as expected. The mechanism for TN wash-off is identical to TSS, so the wash-off percent is the same. 

For TSS settling, parameters were derived from Rossman [48] for the velocity threshold for pollutant settling; c∗, minimum 
non-removable concentration of TSS, and kΔt, a settling coefficient. Similar to the parametrization above, we swept different com-
binations of the three settling parameters. A velocity threshold of 0.0017 km/min, c∗ = 0.0005 kg/cubic meters, and kΔt = 5000 
mm/min produced 10% of TSS settlement within two days, which is typical in those conditions (ibid). 

We conducted tests for the wash-off and settling parameters with a landscape described in Section 2.3.1 and default parameter 
values (Appendix A). Results were slightly sensitive to changes in kw, where the % wash-off change was less than the % change of kw, 
but were more sensitive to nw, where wash-off change was around ±6%, higher than the input parameter change of ±5%. Sensitivity to 
TSS settling parameters was also mixed: it was not sensitive to kΔt (no change in TSS settling), lightly sensitive to the velocity threshold 
(variations in TSS settling were smaller than the % change of the input parameter), and sensitive to c*, where TSS settling change was 
between − 7.4 and + 7.8%, relative to the ±5% input variation. This affects other outputs of interest, such as sewer load—the greater 
the settling, the lower the load. 

Finally, we tested the sensitivity of the model to time step duration. We assume that simulations should use the largest time step 
possible that produces continuous flow. All simulations using time steps of ≤1 min produced stable outcomes; time steps of ≥2 min 
produced discontinuous flows due to issues with numerical aggregation. Thus, we selected time steps of 1 min for the simulations 
below. 

2.3.1. Evaluation of the flooding algorithm 
The University of Illinois at Chicago (UIC) Office of Sustainability commissioned a study to explore how GI could alleviate campus 

flooding on the West Campus. The West Campus is centered around the Illinois Medical District (IMD) and includes a variety of medical 
buildings belonging to the University of Illinois and other public and private institutions. This area also has significant amounts of 
surface parking lots and is bounded by an interstate to the north and dense mixed-use inner-city neighborhoods on its other sides. The 
study area is 52.82 ha, of which 44.32 ha (84%) is impervious cover, greatly limiting—spatially and financially—the opportunities for 
GI interventions. 

The study area is very flat, so flooding conditions are driven by small local variations in elevation (street and sidewalk grading) and 
infrastructure conditions (blockages and malfunctions). With its concentration of medical facilities, maintaining access to the area is 
essential, but conflicts between the large institutions and the City of Chicago about the ownership of streets has resulted in under-
performing sewer infrastructure, poorly and improperly graded roads prone to persistent water ponding, and uneven sidewalks and 
curbs that do not effectively channel water away from buildings. UIC was planning extensive capital investments, which included new 
buildings on green spaces and parking lots and the reconfiguration of streets, walkways, and other public spaces. To inform this 
decision-making process, we first evaluated L-GrID’s flooding algorithm and then used the model to test different GI scenarios with L- 
GrID-WQ. 

Landscape input files were created from public datasets and an in-person survey of the area by the authors. Elevation data came 
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from the Illinois State Geological Survey [75]. Land cover, including streets, was created based on public datasets from the City of 
Chicago [76,77] and visual comparisons with aerial photos in Google Maps. Soil types and sewer performance parameters build on 
prior work [37]. Neither the City of Chicago nor MWRD had a dataset of sewer locations, so the authors conducted an in-person survey 
of the campuses in 2018. This survey also provided information about locations with especially poorly graded streets and sidewalks 
and inlets with blockages that differed from the default settings. The final land cover and sewer inputs are shown in Fig. 3. 

For model evaluation, UIC staff provided information about flooding problem areas in the campus, using either complaints or staff 
observations (Nicholas Haas, UIC, pers. comm., 2018). These were supplemented with data derived from Chicago’s non-emergency 
complaint line (311) recording general public complaints (Anupam Verma, City of Chicago, pers. comm., 2019) (Fig. 4). 

With 2-year, 24-h storms default parameters, L-GrID-WQ recreated the overall flooding patterns identified in the neighborhood 
(Fig. 5). The problem areas line up with those simulated, producing the worst flooding along Polk, Taylor, Wolcott, and Wood. Some 
flooding in higher elevation areas (see Fig. 4) could not be reproduced, in particular those along Damen and Roosevelt. The precision of 
the DEM elevations (1 m) made it impossible to capture all micro-variations that exist in the field, and in a very flat landscape these 
variations matter. Nonetheless, the institutional managers confirmed that the simulation results were reasonable and explainable, even 
for the places where model results differed from the data. One example of such a discrepancy is a small, depressed stretch of pavement 
with no working sewer inlet (the two adjacent problem areas on Damen near Polk). While the flooded area was small, it had a big 
impact on pedestrians. Examining such discrepancies supported stakeholder insights about whether flooding solutions should focus on 
installing new GI or on fixing existing sewer infrastructure instead. The evaluation helped reveal the best options for GI solutions, 
explored below (Section 2.3.3). 

2.3.2. L-GrID-WQ output metrics for green infrastructure planning 
In addition to the built-in monetary and flooding outputs, a list of impact metrics were developed with the UIC staff to reflect their 

flooding concerns and explore the benefits of specific GI plans. For easy comparison across scenarios, results are provided, where 
applicable, relative to a baseline with no GI (i.e., the difference with the baseline or the percentage point change) (Table 1). 

Water quantity metrics answer two types of questions: the destination of water, and how well the GI captured runoff. To track 
where water went, we use the proportion of precipitation that goes to sewers or leaves the landscape through overland flow to 
downstream areas, and the percent of the cells that have ever been flooded (>1” of ponded water) during a run. To measure GI 
performance and efficiency in more detail, the model reports the percent of GI capacity filled with water (soil and surface storage) as an 
indicator of underutilization or excess investment. Another metric of efficiency is the cost in dollars per gallon of runoff captured by GI, 
per storm. While there would be numerous storms over the lifecycle of a GI installation, the comparisons across scenarios can give a 
sense of relative improvement in terms of this metric. 

Water quality metrics answer questions about pollutant load reduction. The model reports the percent of wash-off that: a) goes to 
sewers (TSS and TN) (sewer capture), b) left the landscape through surface flows (TSS and TN) (downstream runoff), c) infiltrated into 
GI soils (TN) (infiltration), d) settled due to low surface flow velocity (TSS) (settling), and e) remained suspended (TSS) or dissolved 
(TN) in residual ponded water or redeposited after ponded water dries up (redeposited). Redeposited wash-off will cause higher local 
levels of pollutants, which can become a problem in future storm events as they are recirculated. Because high values for this metric 
can momentarily relieve pollutant exports, but low values can reduce pollutant exports in the future, we do not discuss the desirability 
of either outcome; we thus limit our discussion to reporting it so wash-off metrics total 100%. Other kinds of GI benefits, such as heat 
mitigation or habitat provision, are beyond the scope of this study. 

Fig. 3. Aerial photos of West Campus (left; Google, 2018) and L-GrID-WQ representation of the same area (right; brown = buildings; green =
permeable surfaces, e.g., lawns; dark gray = roads; light gray = other impervious surfaces, e.g., walkways, sidewalks, and parking lots; black dots =
locations of sewer inlets). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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2.3.3. Green infrastructure scenarios 
After establishing the baseline conditions for each storm type, we created with UIC staff a set of scenarios with different GI layouts. 

For a systematic review, we designed scenarios with the same spatial coverage of infrastructure (70 GI cells, a total of 0.7 ha), but 
different types and spatial distribution of GI. This GI coverage (1.3% of the landscape) was suggested by UIC, given the spatial and 
financial constraints of working in a dense urban neighborhood. The results of all scenarios are provided as a relative value, compared 
to the baseline conditions without GI; i.e., a negative value means that the output metric decreased with the application of GI, while a 
positive value means that the output metric increased in that GI scenario. 

The baseline simulation results guided the GI location by identifying areas of water accumulation due to low elevations, proximity 
to roads, and poor drainage and grading (Fig. 6). These locations were primarily along Polk Street, Taylor Street, Wolcott Avenue, and 
Wood Street, and extending from these roads into neighborhood blocks. UIC staff also informed the scenario development with 
knowledge of budgetary and spatial constraints, as well as desirable GI types. Permeable pavers and bioswales were chosen due to their 
large storage volumes and infiltration capacity compared to rain barrels or green roofs (see Appendix). 

The scenarios were developed to test the performance of permeable pavers and bioswales in two types of storms, chosen to reflect 
the sewer design conditions (2-year, 6-h) and a larger storm (5-year, 24-h) that is increasingly common due to climate change. 

Fig. 4. Elevations of the west campus, university of Illinois at Chicago.  

Fig. 5. Baseline flooding conditions. Magenta = water spilling over curbs or ponding above flooding threshold of 25.4 mm; blue = water ponding 
below flooding threshold (darker to lighter gradient shows decreasing water depth). Red circles = UIC flooding data; yellow circles = 311 flooding 
data; orange circles = overlapping UIC and 311 data. Gray = land cover (black = roads; dark gray = buildings; light gray = other). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Although an assessment of a best case would assume dry initial conditions for soil and the sewer system, we assumed more realistic wet 
conditions at the start of a storm. Hydrological assumptions, including precipitation totals and other initial conditions, are listed in the 
Appendix. The impacts of each GI scenario were evaluated with the metrics in Table 1. 

The installation and maintenance costs for all scenarios were on average $4 million, which is what UIC might have expected to 
spend in a larger-scale project. Scenarios with pavers had total costs of around $3.6 million and those with bioswales were around $4.4 
million. 

We designed five GI scenarios that used three different placement strategies: random (two layout scenarios: one with pavers and 
one with bioswales), curb-cuts (only bioswales located exclusively alongside curbs or roads), and flow-path (two layout scenarios: one 
with pavers and one with bioswales), which were the best performing scenarios in Zellner et al. [37]. Random layouts represent an 
opportunistic approach to GI installation as conditions on the ground and funding allow; for example, a lawn regrading might create an 
opportunity to install bioswales. The curb-cut layout only applies to bioswales because permeable pavers cannot be recessed to allow 
flows from roads. The flow-path layout is designed to intercept water where it is flowing and ponding across the landscape. This type of 
placement increases the contact of GI with stormwater. Fig. 6 guided the placement of curb-cut and flow-path placements. Layouts are 
shown in Fig. 7. 

3. Simulation results 

Simulation results of the scenarios outlined in the previous section are organized by effect of green infrastructure type and effect of 

Table 1 
Description of simulation metrics, relative to the baseline without GI where applicable.  

Domain of variables Metric Description 

All Cost: install + maintain Net present value ($) of installation of GI and 21 years of maintenance (initial year + 20 additional years) 
Flooding $ per gallon captured by GI Dollars per gallon of water captured by GI 

GI capacity used Percentage of GI capacity filled with water (soil and surface storage). 
Sewer capture Percentage of precipitation captured by sewers 
Downstream runoff Percentage of precipitation that left landscape through overland flow connections 
Area flooded Percentage of cells that had at least 1 inch of ponded water at any point during the simulation 

TN % Wash-off % of accumulated TN that washed off cells’ surfaces 
Sewer capture Percentage of TN wash-off captured by sewers 
Downstream runoff Percentage of TN wash-off that left landscape through overland flow connections 
Infiltration Percentage of TN wash-off that infiltrated 
Redeposited Percentage of TN wash-off redeposited after ponded water dried or still dissolved in residual ponded water 

TSS % Wash-off % of accumulated TSS that washed off cells’ surfaces 
Sewer capture Percentage of TSS wash-off captured by sewers 
Downstream runoff Percentage of TSS wash-off that left landscape through overland flow connections 
Settling Percentage of TSS wash-off that settled 
Redeposited Percentage of TSS wash-off redeposited after ponded water dried or still suspended in residual ponded water  

Fig. 6. Anticipated water accumulation areas based on the L-GrID-WQ baseline simulation and flooding data.  
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spatial layout on flooding and on pollution. Where applicable, numerical results are shown as the change in outcomes compared to a 
baseline with no GI (i.e., the difference with the baseline or percentage point change) (Table 2 through Table 4). 

3.1. Effect of green infrastructure type 

Scenarios using only bioswales produced the best outcomes across all storm types (see Table 2 through Table 4). For most metrics 
the differences were small (within 8%), except for $ per gallon captured by GI and GI capacity used. The amount of runoff that reaches 
GI is a crucial factor in how much stormwater GI captures, which in turn is a function of the neighborhood-level design. Bioswales can 
be strategically located in more areas than permeable pavers, which are restricted to roads, alleyways, and driveways. While 
permeable pavers are very effective at the site level, substantial grading changes at a neighborhood level would be needed for pavers to 
infiltrate amounts similar to those captured by bioswales. The possibility of such re-grading is often limited in complex urban envi-
ronments and would thus substantially increase the installation costs of pavers. While bioswale performance would also be improved 
by such grade changes, even without them, their surface depressions more readily collect runoff from their immediate surroundings. 
When bioswales are located next to roads, the curb-cuts make it even easier for water to reach them. Bioswale surface storage ensures 

Fig. 7. GI scenarios, organized by GI type and placement strategy. Black = roads; dark gray = buildings; light gray = other land covers. Orange =
permeable pavers; magenta = bioswales. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.) 
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the retention of water even when high run-on rates surpass infiltration capabilities, which is not the case when run-on surpasses paver 
infiltration rates. These results suggest that permeable pavers should only be used when local circumstances make other GI types 
impractical, e.g., when high-use impervious land cover, such as alleys and walkways in between close buildings, cannot be converted 
to bioswales, or when more extensive landscape grading can direct water toward pavers and keep it there. For some metrics, pavers 
placed in a flow-path layout performed the same or slightly better than pavers placed randomly, but the differences are small. Thus, the 
remainder of our analysis focuses on the effectiveness of bioswale layouts. 

3.2. Effects of green infrastructure layouts on flooding 

In the baseline condition (without GI), 82.4% of stormwater was taken up by sewers in small storms, and 51.8% in large storms, as 
more flooding and runoff is produced relative to the limited sewer capacity. GI layouts made no impact on the proportion of sewer 
capture for larger storms; the system was overwhelmed by the amount of stormwater, and differences across spatial layouts were not 
substantial. This also aligns with prior studies [37,78–80]. 

Consistent with Zellner et al. [37], curb-cut layout and flow-path scenarios performed better than random placement in all di-
mensions and for the same reasons—the greater exposure of those layouts to water ponding along roads (Table 2). The flow-path layout 
performed best in all but one flooding metric. All three bioswale scenarios were similar in their monetary efficiency ($5.33 - $6.26 per 
gallon of water captured for 2-year storms and $5.07 - $5.24 for 5-year storms). In the curb-cut and flow-path layouts, GI capacity used 
approached 100% and area flooded was reduced by more than half. The three bioswale layouts reduced sewer capture by 2.6%–3.5% 
in smaller storms. While small, any local reduction in sewer loading reduces treatment costs and frees up sewer capacity elsewhere. 

Downstream runoff decreased by 2.9%–3.4% in smaller storms. Here the effectiveness was flipped, where the curb-cut layout 
outperformed the flow-path layout. The curb-cut layout has greater amounts of GI located on the roads that leave the landscape, so it 
more effectively intercepts runoff flowing toward neighborhood outlets. Conversely, the flow-path layout has more GI located in the 
center of the landscape where water ponds and thus more effectively reduces area flooded and improves other metrics. For broader 
impact, both strategies can be combined to be tailored to a landscape by adapting the flow-path layout to place more bioswales along 
those roads that, like in the curb-cut layout, tend to channel more runoff towards outlets due to elevation. 

3.3. Effects of green infrastructure layouts on pollution 

In the baseline condition (without GI), 54.4% of accumulated TN and TSS washed off in small storms and 74.8% washed off in large 

Table 2 
Flooding output metrics for GI spatial layout scenarios for 2-year, 6-h and 5-year, 24-h storm simulations. See Section 2.3.2 or Table 1 for a complete 
definition of these metrics. Change relative to the baseline (without GI) is shown in parentheses. Precipitation not accounted for in sewer capture or 
downstream runoff has infiltrated the soil, remained as standing water, or evaporated.  

2-year, 6-h storms  

Cost: install + maintain $ per gallon captured by GI GI capacity used % of precipitation Area flooded 

Sewer capture Downstream 
runoff 

No GI $ - $ - 0.0% 82.4% 8.7% 13.3% 
Random - pavers $ 3,638,670.00 $ 18.03 47.1% 81.7% 

(− 0.7%) 
7.5% (− 1.2%) 12% (− 1.3%) 

Random - bioswales $ 4,476,430.00 $ 6.27 79.4% 79.8% 
(− 2.6%) 

5.8% (− 2.9%) 7.1% (− 6.2%) 

Curb-cuts - bioswales $ 4,476,430.00 $ 5.42 91.8% 79.2% 
(− 3.2%) 

4.9% (− 3.8%) 6.2% (− 7.1%) 

Flow-path - pavers $ 3,638,670.00 $ 16.76 50.7% 81.7% 
(− 0.7%) 

7.7% (− 1.1%) 11.5% 
(− 1.8%) 

Flow-path - 
bioswales 

$ 4,476,430.00 $ 5.35 92.9% 78.9% 
(− 3.5%) 

5.3% (− 3.4%) 5.8% (− 7.4%) 

5-year, 24-h storms  
Cost: install + maintain $ per gallon captured by GI GI capacity used % of precipitation Area flooded 

Sewer capture Downstream 
runoff 

No GI $ - $ - 0.0% 51.8% 23.7% 22.8% 
Random - pavers $ 3,638,670.00 $ 16.66 51.0% 51.8% (0%) 22.6% (− 1%) 22.6% 

(− 0.2%) 
Random - bioswales $ 4,476,430.00 $ 5.25 94.8% 51.8% (0%) 20.5% (− 3.2%) 21.8% (− 1%) 
Curb-cuts - bioswales $ 4,476,430.00 $ 5.16 96.4% 51.7% (0%) 20.2% (− 3.5%) 21.7% 

(− 1.1%) 
Flow-path - pavers $ 3,638,670.00 $ 16.54 51.4% 51.8% (0%) 22.6% (− 1.1%) 22.4% 

(− 0.4%) 
Flow-path - 

bioswales 
$ 4,476,430.00 $ 5.08 98.0% 51.8% (0%) 20.3% (− 3.3%) 21.6% 

(− 1.2%)  
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storms. 
The curb-cut layout performed slightly better than the flow-path layout in most metrics (Table 3 and Table 4)—a reversal of the 

findings above. This suggests there may be tradeoffs between stormwater volume and quality management goals across layouts. Our 
flow-path layout was designed to prioritize flood control in low-lying areas (Fig. 6). The curb-cut layout, however, is closer to land 
covers with the highest pollutant generation rates (roads and impervious cover exclusive of buildings and other curbed paved areas). 
For example, every bioswale in the curb-cut layout borders at least three cells with the highest pollutant generation category. In 
contrast, some bioswales in the flow-path have no such neighbors. Bioswales farther from high pollutant generation will initially 
infiltrate relatively clean water while bioswales next to roads will immediately intercept dirtier water. Flow-path layout bioswales will 
eventually receive more polluted water but due to soil saturation, they will be unable to infiltrate it, leaving it on the surface. Curb-cut 
bioswales will also lower velocities of channelized water in streets, resulting in more TSS settling. 

4. Discussion 

We have evaluated the flooding algorithm in the L-GrID model, which was able to replicate reported flooding patterns, thus 
increasing the confidence with which it can be used to understand the causes of neighborhood flooding, identify problem areas to 
target with GI planning, and design and assess GI layouts to address this problem. We also extended L-GrID to account for stormwater 
quality through two proxies for water pollution, TSS and TN, and to represent a broader range of GI types. We applied this extended 
model, L-GrID-WQ, to a case in Chicago, Illinois, USA, and worked with stakeholders to examine the potential effectiveness of different 
GI scenarios to address stormwater management in their neighborhood in terms of both quantity and quality. The purpose of this study 
was to show how and why distinct GI strategies may be more or less advantageous, and tradeoffs across stormwater management 
functions may emerge from each one of these strategies. 

Bioswales are the best performing type of GI, over all others, even as the differences between strategies were small for most—but 
not all—metrics in the scenarios tested here. This implies that their use should be prioritized whenever possible. The next best per-
forming was permeable pavers, which may be a feasible alternative where spatial constraints limit the use of bioswales. Rain barrels 
alone do not contribute much to flooding control. While underground storage tanks may, retrofitting existing buildings with them may 
be too onerous. New construction, however, may create opportunities for this GI type, but its lack of flexibility to adapt to changing 
conditions should likely be considered relative to its cost. Finally, green roofs are both expensive and ineffective for flooding control, 
although other ecosystem services, like heat mitigation, may make them desirable. 

Of the spatial layouts examined, both flow-path and curb-cuts performed the best, since they place GI where water can most easily 
reach them. These results confirm prior work [37,51,81,82] and can be promoted as an effective strategy to address neighborhood 
flooding. A critical insight from this study is that there may be spatial tradeoffs among different GI layouts, so that spatial allocations 
may provide benefits for different management goals. The concentration of bioswales should be prioritized in low-lying areas, whereas 
curb-cuts render the greatest benefits where runoff is faster (e.g., due to slope), where roads end in outlets from a neighborhood, and 
where pollution is a greater concern. GI layouts should thus be designed with attention to the heterogeneity in each landscape, to 
prioritize the most pressing concerns (water quantity or water quality) in different areas. While the differences explored here were 
relatively small, a more systematic study of these tradeoffs is warranted for an in-depth exploration of the effects of spatial GI layouts, 
combination of GI types, and percentage GI cover, individually and together. Such exploration would also help generalize these im-
plications across a range of landscape and storm types. 

An immediate priority for future work is to empirically validate the pollution component of L-GrID-WQ, as well as expand the 

Table 3 
TN-related metrics for GI spatial layout scenarios in for 2-year, 6-h and 5-year, 24-h storm simulations. See Section 2.3.2 or Table 1 for a complete 
definition of these metrics. Change relative to the baseline (without GI) is shown in parentheses.  

2-year, 6-h storms  

% Wash-off % of wash-off 

Sewer capture Downstream runoff Infiltration Redeposited 

No GI 58.4% 89.1% 8.2% 2.3% 0.4% 
Random - pavers 87.6% (− 1.5%) 7.1% (− 1%) 4.9% (2.5%) 0.4% (0%) 
Random - bioswales 87.3% (− 1.8%) 5.9% (− 2.2%) 5.1% (2.8%) 1.7% (1.3%) 
Curb-cuts - bioswales 82.9% (− 6.2%) 5.1% (− 3.1%) 9.2% (6.8%) 2.9% (2.5%) 
Flow-path - pavers 87.7% (− 1.4%) 7.3% (− 0.9%) 4.6% (2.2%) 0.4% (0%) 
Flow-path - bioswales 83.2% (− 5.9%) 5.4% (− 2.8%) 8.5% (6.1%) 2.9% (2.5%) 
5-year, 24-h storms  

% Wash-off % of wash-off 
Sewer capture Downstream runoff Infiltration Redeposited 

No GI 74.8% 69.4% 20.2% 4.8% 5.6% 
Random - pavers 68.6% (− 0.8%) 19.2% (− 1.1%) 7% (2.2%) 5.3% (− 0.3%) 
Random - bioswales 69.1% (− 0.3%) 17.7% (− 2.5%) 7.3% (2.5%) 5.9% (0.2%) 
Curb-cuts - bioswales 66.1% (− 3.3%) 17.9% (− 2.3%) 10.4% (5.6%) 5.7% (0%) 
Flow-path - pavers 68.7% (− 0.7%) 19.2% (− 1%) 6.7% (1.9%) 5.4% (− 0.3%) 
Flow-path - bioswales 66.5% (− 2.9%) 18% (− 2.3%) 9.7% (4.9%) 5.9% (0.2%)  
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validation of flooding quantity beyond observational data. Such data is often hard to come by, as it is costly to measure. The growing 
use of sensor technology and of video-recorded data provide promising opportunities to create the datasets that would allow this form 
of validation in the near future. In the meantime, model docking—i.e. aligning models of different kinds to see how their results 
converge or diverge—can help determine how well L-GrID-WQ can replicate the behavior of more established hydrological and water 
pollution models, increasing the confidence in L-GrID-WQ as a planning tool for rapid GI scenario exploration and assessment. 
Additionally, by identifying areas of concern for flooding and pollution, the model can inform the design of data collection efforts to 
support more data-intensive modeling and monitoring needs. 

An extension of L-GrID is underway to include other ecosystem functions of GI, like heat mitigation and effects on energy use, to 
increase the range of GI co-benefits that the model can explore. Green roofs, while not a key element to combat flooding, is likely an 
important strategy to address heat. Properly accounting for heat-related effects of GI and how they play out in space may yet again 
change the deliberation around the tradeoffs among scenarios that best support the various GI co-benefits. 

Beyond the modeling studies and scholarly implications of our work, there are important practical implications of developing and 
using simple and adaptable models to support deliberation and decision-making with stakeholders. In addition to customization of 
inputs, the model’s relative simplicity and transparency, together with the ability to collaboratively construct outputs, make L-GrID 
and L-GrID-WQ well-suited to help stakeholders understand results across dimensions, prioritize goals and target areas for inter-
vention, and to design the combination of infrastructure installation and maintenance for that intervention. Models designed for 
scientific research or engineering do not usually lend themselves to use by non-experts, making the L-GrID suite a powerful toolkit to 
learn and plan in a range of decision-making settings. The novelty of our approach is in the model parsimony that allows for rapid and 
flexible scenario exploration and testing, while retaining the ability to replicate observed flooding. This ability enhances the confi-
dence in the GI design insights derived from the use of these parsimonious tools, particularly in the absence of costly empirical data and 
modeling. 
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Table 4 
TSS output metrics for GI spatial layout scenarios in for 2-year, 6-h and 5-year, 24-h storm simulations. See Section 2.3.2 or Table 1 for a complete 
definition of these metrics. Change relative to the baseline (without GI) is shown in parentheses.  

2-year, 6-h storms  

% Wash-off % of wash-off 

Sewer capture Downstream runoff Settling Redeposited 

No GI 58.4% 76.7% 6.7% 16.5% 0.1% 
Random - pavers 76.1% (− 0.6%) 5.8% (− 0.9%) 17.9% (1.4%) 0.2% (0.1%) 
Random - bioswales 75.3% (− 1.4%) 4.7% (− 2%) 18.3% (1.8%) 1.7% (1.6%) 
Curb-cuts - bioswales 73.1% (− 3.6%) 4% (− 2.7%) 20.4% (3.9%) 2.5% (2.4%) 
Flow-path - pavers 76.5% (− 0.2%) 6% (− 0.8%) 17.4% (0.9%) 0.2% (0.1%) 
Flow-path - bioswales 73.3% (− 3.4%) 4.4% (− 2.4%) 19.7% (3.3%) 2.5% (2.5%) 
5-year, 24-h storms  

% Wash-off % of wash-off 
Sewer capture Downstream runoff Settling Redeposited 

No GI 74.8% 57.3% 18.6% 15.1% 9.1% 
Random - pavers 57.1% (− 0.2%) 17.6% (− 1%) 16.6% (1.5%) 8.8% (− 0.4%) 
Random - bioswales 57.5% (0.2%) 16% (− 2.5%) 17.2% (2.1%) 9.3% (0.2%) 
Curb-cuts - bioswales 56.6% (− 0.7%) 15.7% (− 2.9%) 18.4% (3.3%) 9.4% (0.2%) 
Flow-path - pavers 57.2% (− 0.1%) 17.6% (− 1%) 16.4% (1.3%) 8.8% (− 0.3%) 
Flow-path - bioswales 56.8% (− 0.5%) 15.7% (− 2.9%) 18.2% (3.2%) 9.3% (0.2%)  
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Appendix A  

Table A.1 
Landscape and process parameters. Also consult Zellner et al. [37] for more detail.  

Pollutant buildup Roads Impervious Other curbed 
paved 

Building Permeable 

TN kg/ha/year [83] 8 8 3.9 3.9 0 
TSS kg/ha/year [83] 400 400 250 250 3 
Days 10 
Sewers 
Manhole volume (cubic meters) 2.18 (John Watson, MWRD, pers. comm 2014) 
Manhole sump 25% of manhole volume (John Watson, MWRD, pers. comm 2014) 
Sewer intake rate (no blockage) (cubic meters/min) 2.04 (John Watson, MWRD, pers. comm 2014) 
Default blockage 50% (John Watson, MWRD, pers. comm 2014) 
Stormwater treatment rate (cubic meters/min per cell) 0.000468 [84] 

GI monetary costs (see Section 2.2.1.2 for more detail) Permeable paver Bioswale Green roof Rain barrel 

Placeable on cell types Impervious, alley Impervious, 
permeable 

Building Building 

Installation ($ net present value; per 10 m × 10 m cell) 20,287 [85] 17,914 [85] 34,823 [86] 123 [85] 
Maintenance ($ net present value; installation year + 20 additional 

years; per 10 m × 10 m cell) 
31,694 [85] 46,035 [85] 7240 [86] 0 [85] 

Installation + maintenance ($ net present value; per 10 m × 10 m 
cell) 

51,982 [85] 63,949 [85] 42,063 [86] 123 [85] 

GI storage volumes (see Section 2.2.1.2 for more detail) Permeable paver Bioswale Green roof Rain barrel 

Surface storage (cubic meters per 10 m × 10 m cell) – 20 – – 
Soil storage (cubic meters per 10 m × 10 m cell) – 36.667 – – 
Extra (non-ground) storage (cubic meters per 10 m × 10 m cell) – – 2.54 [58] 0.227 [58] 
Total storage (cubic meters per 10 m × 10 m cell) 23.165 56.667 2.54 0.227 
Water Quality: wash-off and settling (see Section 2.3 for selection) 
Velocity threshold for TSS settling (km/min) 0.0017 
kΔt; a fitting parameter (mm/min) 5000 
C*; minimum concentration (kg/cubic meters) 0.0005 
Kw; a pollutant wash-off coefficient 0.016 
Nw; a wash-off exponent in mm/min 1.1 
Hydrological scenarios 
Storm scenario 2-year, 6-h storms 5-year, 24-h storms 
Storm scenarios and precipitation totals (mm) [87] 63.754 109.22 
Initial soil saturation, including green infrastructure 50% 
Initial sewer capacity (remaining capacity) 70% 

Soil, infiltration, and surface flow All impervious 
covers 

Permeable cover Permeable 
paver 

Bioswale 

Underlying soil silty clay loam [88] 
Engineered soil sandy clay loam [89] 
Maximum wetting depth (mm) – 1219 [90] 609.6 [91] 914.4 [88] 
Surface storage (mm) – – – 200 [25,92] 
Capillary suction (mm) – 273 [92] 90 [91] 61.3 [92] 
Effective porosity – 0.437 [92] 0.380 [91] 0.401 [92] 
Saturated hydraulic conductivity (mm/min) – 0.033 [92] 0.6 [93] 1 [92] 
Roughness coefficient 0.0175 [94] 0.15 [45] 0.0175 [94] 0.24 [83] 
Paver underdrain depth (mm) – – 304.8 [91] – 
Paver drain rate to sewers (cubic meters/min) – – 0.21 [91] – 
Elevation and roads 
Elevation 30 m DEM [75] interpolated to 10 m 
Road curb height (mm) 127 [95] 
Other curb height (mm) 53.5 [95] 
Evaporation and evapotranspiration 
Evaporation (mm/day per) 3.5625 [96] 
Evapotranspiration (mm/day) 1.66 [97,98]  

References 
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