
Most parts of the coconut palm, including the shell, husk, sawdust, copra, and coir have been 
investigated as adsorbents for water pollutants (James & Yadav, 2021). 
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Abstract 
This paper proposes bioretention design features for land developers in the Philadelphia area. 

For areas that experience intermittent storms that produce high volumes of runoff and high 
concentrations of metals and inorganic pollutants, the paper recommends constructing bioretention 
systems with dimensions following the Philadelphia Water Department’s bioretention sizing table. The 
basin media should consist of loam or sandy loam modified with a carbon-rich amendment, while the 
drainage layer media should consist of an amended gravel/woodchip mixture. Three exploratory, 
inexpensive amendments — waste tire crumb rubber, coconut coir fiber, and biochar — were evaluated 
to enhance the performance of the bioretention system; these carbon-based adsorbents have been 
proven to remove metals and inorganic nutrients from contaminated water. By pyrolyzing coconut coir 
fiber at around 300 deg C, biochar amendments to the soil and internal water storage layers could 
enhance a bioretention system’s capacity to adsorb metals while also improving microbial and plant 
mediated nutrient removal and water retention potential. The bioretention system is expected to meet 
the PWD’s requirements for metal and inorganic nutrient pollution removal even in excessive 
circumstances, thereby allowing the developer’s project to proceed as intended while protecting 
combined wastewater systems and the surrounding urban environment from excessive contaminated 
runoff.  

Keywords: Stormwater management, Bioretention systems, Internal water storage (IWS) layer, 
Antecedent drying periods, Intermittent storms, Adsorbents, Denitrification, Biochar, Coconut coir fiber 
(CCF), Waste tire crumb rubber (WTCR)  
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Executive Summary 
As urban areas like Philadelphia continue to expand, the clearing of vegetation and paving of 

penetrable surfaces has increased the volume and pollution content of runoff. Inorganic nutrients used 
in agriculture, industry, and domestic households and metal ions released from automobile-related 
activities or exposed roofs, highways, and building materials are carried by rainwater runoff into bodies 
of water. Bioretention systems are a stormwater management practice that can control stormwater 
flow and remove nearly 100% of inorganic nutrients and metals. However, due to varied storm 
conditions within research studies and the consequential inconsistency in system designs, the full 
optimization of bioretention system performance in Philadelphia has not been achieved. The 
accumulation of heavy metals inhibits the microbial activity required to remove inorganic nutrients, 
diminishing the long-term performance of bioretention systems. As flood risk increases in Philadelphia, 
the proposed project aims to design a locally relevant, efficient stormwater-management strategy to 
protect people and the environment.  

At a minimum, the proposed design needs to meet the requirements established by the 
Philadelphia Water Department (PWD). The PWD established pollution removal limits for total 
suspended solids, total phosphorus, and nitrate. The EPA’s “National Primary Drinking Water 
Regulations” and “National Recommended Aquatic Life Criteria” can be used as reference for the 
highest concentrations of high priority metals and nutrients allowed in public water systems and aquatic 
environments (respectively). Of course, the design aims to surpass the minimum requirements and 
remove virtually all metals and inorganic nutrients from highly runoff. In addition to pollution removal 
requirements, governing agencies in Pennsylvania set standards for bioretention system dimensions, soil 
grading and infiltration, and planting when constructing SMPs.  

The project proposes the use of biochar as an amendment for the sandy-loam and IWS layers of 
the system. Specifically, the project recommends the use of biochar derived from an agricultural waste 
heated at around 300 deg C in oxygen low conditions. Biochar has been tested as a medium for long-
term metal adsorption in bioretention systems and it would benefit the superficial layer of vegetation. 
Biochar also increases the dissolved organic carbon content in the bioretention column, which cultivates 
microbial activity in between periods of intense storms. By increasing the time pollutants spend in the 
system, biochar further enhances nitrate removal during high loading, high intensity storm events. 
Considering the benefits of improved metal removal, inorganic nutrient removal, water retention, and 
vegetation health biochar has demonstrated in bioretention system studies, biochar is an optimal 
candidate as a bioretention media amendment given the stormwater conditions in the Philadelphia 
area.  

The design meets the PWD’s requirements for metal and inorganic nutrient pollution removal 
and water retention capacity, even under loads above typical field conditions, thereby allowing the 
developer’s project to proceed as intended. By satisfying the PWD’s requirements for runoff mitigation 
at a developer’s project site, the bioretention system would protect the surrounding ecosystems from 
excessive amounts of fertilizers and toxic metals, while stormwater systems would be spared the extra 
effort needed to decontaminate excessive volumes of polluted water. Bioretention systems with biochar 
amended soil and IWS layers are expected to mitigate higher concentrations of pollutants and higher 
volumes of water, effectively improving the development site while preventing polluted runoff from 
overwhelming Philadelphia’s combined sewer systems and local bodies of water. 
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Problem Analysis 
Overview of problem and its significance 
  Stormwater runoff poses a growing threat to aquatic ecosystems near developed urban and 
rural areas. The clearing of vegetation in urban and rural areas to construct parking lots, roadways, 
lawns, or farmland prevents precipitation from infiltrating into the ground, resulting in water running off 
into nearby aquatic ecosystems (Wang et al., 2017). Along the way, the runoff accumulates pollutants, 
including nutrients or toxic metals. Stormwater runoff is particularly hazardous in Philadelphia, as the 
city has 164 combined sewer outfalls (“Combined Sewer System”, 2009). Combined sewer outfalls 
connect to the combined sewer system, which send the sewage from more than three-quarters of 
Philadelphians to treatment plants (“Combined Sewer System”, 2009). The combined sewer system also 
collects stormwater runoff and carries the runoff for treatment through the same pipes as sewage 
(“Combined Sewer System”, 2009). During floods, the sewer reaches capacity; to prevent flooding in 
neighborhoods and treatment plants, the combined sewer outfalls discharge the contaminated 
runoff/sewage water mixture into local waterways (“Combined Sewer System”, 2009). To address 
Philadelphia’s stormwater issue, the Philadelphia Water Department launched the 25-year long, “Green 
City, Clean Waters” program.  

 
Figure 1: An illustration of a combined sewer system during a storm (“Combined Sewer System”, 2009).  

Nitrogen, commonly present in the form of nutrients like ammonium (NH4+), nitrate (NO3-), 
and nitrite (NO2-), is essential for the health of aquatic environments (Lopez-Ponnada et al., 2017). 
However, agricultural, industrial, and domestic use and subsequent discharge of nitrogen containing 
nutrients has increased in the past four decades (Lopez-Ponnada et al., 2017). In an excess of nitrogen, 
algae and plants grow in overabundance (a process known as eutrophication), followed by die-offs, 
decomposition, and the formation of oxygen depleted “dead zones” (Lopez-Ponnada et al., 2017). 
Similarly, humans excessively pollute the nutrient, phosphorus, by depositing fertilizers, industrial 
waste, detergents, animal waste, litter, and atmospheric deposition (Søberg et al., 2020). Phosphorus 
occurs in stormwater runoff in the form of either dissolved phosphorus or particulate phosphorus, but 
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dissolved phosphorus is a greater concern because it is more bioavailable. Excess phosphorus in aquatic 
environments triggers eutrophication and subsequent die-offs (Søberg et al., 2020). Total phosphorus 
concentrations often correlate with total suspended solids (TSS) concentrations (Søberg et al., 2020). 
TSS consists of small, solid particles like sediment, rocks, dust, litter, and microorganisms (Gong et al., 
2016). TSS in aquatic environments reduces the amount of light available to photosynthetic species and 
it clogs the gills of aquatic organisms ("TSS (Total Suspended Solids)”, 2021). TSS is also correlated with 
higher amounts of viruses, parasites, and bacteria ("TSS (Total Suspended Solids)”, 2021). Furthermore, 
tend to be adsorbed in other particles like phosphorus, organic compounds, and some heavy metals, so 
TSS plays a role in the transport of nutrient and heavy metal pollution in runoff (Gong et al., 2016). 
Together, TSS and inorganic nutrients produced by anthropogenic activities endanger aquatic life. 

Another consequence of human development has been the release of heavy metals into the 
environment. Metal ions released from automobile-related activities or exposed roofs, highways, and 
building materials are carried by rainwater runoff into bodies of water, where the toxic, 
nonbiodegradable pollutants accumulate (Mohammed et al., 2011). Addressing pollution in stormwater 
runoff is particularly difficult, as there is no specific place of origin of the pollution to prevent the release 
of the pollution; rather, stormwater runoff is the accumulation of widespread pollution over developed 
areas (Lopez-Ponnada et al., 2017). Anthropogenic nitrogen, phosphorus, total suspended solids, and 
runoff pollution amplified by the paving of pervious surfaces needs to be addressed prior to runoff 
entering ecosystems or sewer system prevent negative impacts on environmental and human health. If 
stormwater runoff can be collected and properly treated before it enters the environment or sewer 
system, undo stress on ecosystems and wastewater treatment systems can be averted.  

Bioretention systems are a form of stormwater management practice (SMP) that is increasingly 
being utilized in urban areas to control stormwater flow and remove inorganic nutrients and metals - 
such as nitrogen and copper - from runoff. Using 24-h storm data with a 10-year return period from the 
National Resources Conservation Service (NRCS), a modelling study by Hosseiny et al. (2020) found that 
current green stormwater infrastructure (GSI) in Philadelphia can mitigate 0.65% to 0.7% of runoff. 
Hosseiny et al. (2020) found that efficient GSI can reduce total runoff volume and peak runoff volume by 
85-100%, but due to variability in GSI design, the reduction of runoff volume can vary between 2% to 
45% in some GSI. Bioretention systems have demonstrated removals of heavy metals, TP, and TSS nearly 
reaching 100% under most concentration and total mass conditions (Davis et al., 2003; Søberg et al., 
2020). Nitrate mass removal in bioretention systems varies from 50% to nearly 100% depending on the 
design features that influence anoxic conditions and the presence of a carbon source and amendments 
(Igielski et al., 2019; Ashoori et al., 2019). While bioretention systems successfully remove pollutants, 
the process alters the existing pollutant transport pathways, and metals are kept in the system as 
opposed to dispersing downstream, possibly leading to metal accumulation. Although the rate of metal 
buildup will vary between bioretention systems based on runoff volume and the concentration of 
drainage area to BMP area, the accumulation of heavy metals in bioretention systems may affect 
denitrifiers within a bioretention system, as metal ions like copper ions have been shown to decrease 
denitrifying activity (Ochoa-Herrera et al., 2011). Vijayaraghavan et al. (2021) identified that the full 
optimization of bioretention systems properties like “infiltration rate, [nutrient retention] of the media, 
depth of media, type of plants… fertilization, and degradation of pollutants” has yet to be achieved. 
Bioretention media amendments like biochar or coconut fiber may increase dissolved organic carbon 
concentrations, thus improving nitrate removal, but the influence of DOC on metal leaching in 
bioretention systems remains unclear due to variability in system design and media composition (Berger 
et al., 2019; Esfandiar et al., 2022).  As the risk of flooding increases in Philadelphia, the proposed 
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project aims to use field-based, systematic investigations to develop locally relevant, efficient 
stormwater-management strategies to protect people and the environment.  

 

STEM fundamentals of problem 

Bioretention systems are vegetated areas implemented in developed areas which are designed 
to control stormwater flow and remove pollutants from stormwater runoff. The stormwater infiltrates 
layers of soil, sand, and gravel and before entering a drainage pipe that dispenses the outflow water into 
an approved disposal point. Plants in the topmost soil layer improve runoff infiltration, remove nutrients 
and pollutants, and mitigate runoff volume via evapotranspiration (Vijayaraghavan et al., 2021). The 
Philadelphia Stormwater Management Guide recommends selecting native plants based on the 
appropriate hydrological zones (either highest, middle, or lowest zone) (“Stormwater Management 
Guidance Manual”, 2014). The detention basin soil should have a loam or sandy loam texture 
(“Stormwater Management Guidance Manual”, 2014). The gravel layer of the bioretention system is 
commonly mixed with woodchips to provide a carbon source for bacteria (Davis et al., 2003). In order to 
perform the anaerobic process of denitrification, the gravel layer of bioretention systems should be 
saturated with water depleted in dissolved oxygen (Davis et al., 2003).  

The Philadelphia Stormwater Manual proposes several parameters for the engineers beginning 
to design a bioretention system. The suggested soil depth for bioretention systems is 2-3 feet; however, 
the suggested minimum depth for planting soil growing herbaceous species is 24 inches, while woody 
species require at least 24 inches or 4 inches deeper than the largest root ball, depending on which 
depth is greater (“Stormwater Management Guidance Manual”, 2014). The minimum length to width 
ratio of a system is 2:1 in order to maximize sedimentation (“Stormwater Management Guidance 
Manual”, 2014). The ultimate goal when designing the shape of the bioretention system should be 
maximizing the ways in which runoff can flow within the system and minimizing the pathways for 
stormwater to flow directly from the inlet to the outlet of the system (known as a short circuit) 
(“Stormwater Management Guidance Manual”, 2014).  

The Philadelphia Water Department created a SMP footprint loading ratio to ensure appropriate 
runoff infiltration. The PWD expects engineers to design bioretention systems to meet the requirements 
for basin sizing described in Table 1 while maintaining a loading ratio of directly connected impervious 
area (DCIA) to horizontal footprint of less than or equal to 16:1. The minimum design requirements for a 
basin are described in Figure 1.  
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Table 1: Bioretention Sizing Table (Chapter 4 - stormwater management practice guidance, 2019) 

 
Figure 2: Bioretention System Standard Detail (Chapter 4 - stormwater management practice guidance, 
2019) 

Systems that meet these requirements are considered compliant to Water Quality 
requirements. Otherwise, the Water Quality Volume requirement in cubic feet can be calculated using 
the equation: 

𝑊𝑊𝑄𝑄𝑣𝑣 = �
𝑃𝑃

12
� ∗ (𝐼𝐼) 

Equation 1: Water Quality Volume Equation (“Stormwater Management Guidance Manual”, 2014) 

where 𝑊𝑊𝑄𝑄𝑣𝑣 is Water Quality volume, P = 1.0 inch for post-construction water management, and I = “the 
DCIA within the limits of earth disturbance (square feet)” (“Stormwater Management Guidance 
Manual”, 2014). Proper runoff infiltration allows the bioretention system to reduce stormwater runoff 
volume and pollution content, so achieving the proper loading ratio of DCIA to SMP footprint is crucial 
for the system’s performance. 

When designing stormwater management facilities, engineers need to estimate the storage 
volume. According to Dewberry (2019), an inflow hydrograph and the required outflow rate of the 
system can be used to estimate the bioretention system’s storage volume. By drawing a line from the 
initial point of substantial runoff to the “receding limb corresponding to the allowable peak outflow 
rate” on the inflow hydrograph, the outflow hydrograph can be estimated (Dewberry, 2019). Engineers 
may also use a graph produced by Technical Release 55 (TR-55) to estimate storage volume. The graph 
plots the dimensionless ratio of storage volume and runoff volume against the dimensionless ratio of 
peak outflow discharge and peak inflow discharge (Dewberry et al., 2019). The volume of runoff that a 



9 
 

bioretention system can accommodate is paramount to its function of preventing excess stormwater 
from entering sewer systems.  

Hydraulic loading rate/ infiltration rate affects a bioretention system’s ability to retain water and 
remove pollutants. The Philadelphia Water Department requires a minimum detention time of 24 hours 
for water in a bioretention system (“Stormwater Management Guidance Manual”, 2014). Bioretention 
systems must also use soils with a tested hydraulic loading rate between 0.5 and 10 inches per hour; if 
the rate of infiltration exceeds 10 inches per hour, the soil needs to be amended (“Stormwater 
Management Guidance Manual”, 2014). The hydraulic loading rate is dependent on the hydraulic 
conductivity (permeability) of the bioretention system’s media; the hydraulic conductivity of the media 
should not be too high (which could reduce pollutant removal) or too low (which would result in 
clogging) (Li et al., 2021).  

Stormwater management practices like bioretention systems settle and remove suspended 
sediment. Dewberry et al. (2019) reports that the efficiency of the removal of pollutants through 
settlement is dependent on the following variables: 

1. "The particle size of the pollutants (which affects the settling velocity)" 

2. "The velocity of flow through the storage area" 

3. "The depth and total storage volume available (related to the hydraulic residence time, 
or the length of time during which settling may occur)"  

 The Pennsylvania Stormwater Management Manual requires pollutant removal of 85% for total 
suspended solids (TSS), 85% for total phosphorus (TP), and 30% for nitrate. The removal efficiencies of 
bioretention systems are typically calculated with the following equation as described by Blecken et al. 
(2009): 

 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒 =  �𝐶𝐶𝑖𝑖−𝐶𝐶0
𝐶𝐶𝑖𝑖

� × 100% 

Equation 2: Removal efficiency equation (Blecken et al., 2009) 

where Ci and C0 are the concentrations of pollutant inflow and outflow (respectively). 

After studying the effect of duration and flowrate on metal attenuation in bioretention systems, 
Davis et al. (2003) devised the following equation to describe the metal mass input (𝑀𝑀𝐼𝐼) during the 
runoff application time (𝑇𝑇𝑑𝑑):  

𝑀𝑀𝐼𝐼 = 𝑄𝑄𝐼𝐼𝐶𝐶𝐼𝐼𝑇𝑇𝑑𝑑 

Equation 3: Metal mass input equation (Davis et al., 2003) 

where 𝑄𝑄𝐼𝐼 is input flowrate (L/s) and 𝐶𝐶𝐼𝐼 is metal concentration (ug/L). The metal mass output (𝑀𝑀𝑜𝑜) 
was described by the equation:  

𝑀𝑀𝑜𝑜 = ��  𝑄𝑄(𝑒𝑒, 𝑡𝑡)𝐶𝐶(𝑒𝑒, 𝑡𝑡) ∆𝑡𝑡
𝑇𝑇𝐸𝐸

0

𝑛𝑛

𝑖𝑖

 

Equation 4: Metal mass output equation (Davis et al., 2003) 

where “the product of effluent flowrate (L/s), metal concentration (ug/L), and time (s) increment is 
summed over the duration of effluent flow (𝑇𝑇𝑒𝑒) for each lower outlet (i) summed over the number of 
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outlets in the bioretention box (n)” (Davis et al., 2003). Lower flowrates were shown to improve metal 
attenuation during the study (Davis et al., 2003).  

The inhibitory effect of copper concentration on denitrification has been calculated using the 
modified non-competitive inhibition model by He et al. (2019):  

𝐼𝐼(%) = 100 × (1 −
1

1 + �[𝐶𝐶𝐶𝐶]
𝑅𝑅 �

𝑏𝑏) 

Equation 5: Inhibitory effect of copper concentration on denitrification (He et al., 2003) 

where "I(%) is the nitrogen inhibition response, [Cu] is the copper ion concentration, a is the 50% 
inhibitory copper ion concentration, and b is the fitting parameter.” 

Free copper (II), cationic copper complexes, neutral, and anionic copper hydroxide complexes 
are toxic to aquatic life. Copper ions are chelate sulfhydryl groups, which interferes with bacterial 
enzymes. Denitrification in particular involves copper dependent enzymes like nitrite reductases and 
nitrous oxide reductases, so the presence of copper ions would interfere with the denitrification process 
(Ochoa-Herrera et al., 2011). According to Chahal et al. (2016), dissolved organic matter (DOM) in 
bioretention systems can be complex with copper, reducing copper toxicity to aquatic organisms as long 
as the DOM remains stable. However, dissolved organic carbon also helps mobilize copper by forming 
dissolved complexes (Chahal et al., 2016). Still, whether the DOC provided by carbon amendments like 
biochar prevents or enhances the mobilization of copper in bioretention systems is uncertain.  

Lessons from prior responses to the problem 

There are several bioretention system design features that have been implemented to improve 
the saturation or DOC content of the surrounding environment for denitrifiers. More modern 
bioretention systems utilize infiltration-based stormwater management, including an internal water 
storage layer (IWS) (Wang et al., 2018). An internal water storage layer is a permanently saturated, 
anaerobic drainage layer used to enhance nitrate removal via denitrification as well as accommodate a 
larger minimum runoff threshold (Igielski et al., 2018). During antecedent drying periods (ADPs), an IWS 
creates an anaerobic environment and provides a carbon source (ex. woodchips) for denitrifiers to 
permanently reduce nitrate to nitrogen gas via respiration (Wang et al., 2018). An internal water storage 
layer can be established in a bioretention system by using a raised or inverted underdrain. 
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Figure 3: Diagram of bioretention system column model with an inverted underdrain (Wang et al., 2018). 

Studies of microbial denitrifiers have shown that the bacteria react to the presence of toxic 
heavy metals like copper. Ochoa-Herrera et. al. (2011) determined that various microorganism species 
in activated sludge from sewage respond differently to copper exposure. Denitrifiers in particular 
demonstrated a 20%, 50%, and 80% decrease in nitrate reduction at copper (II) concentrations of 0.40 
mg/L, 0.95 mg/L, and 2.5 mg/L, respectively (Ochoa-Herrera et al., 2011). Denitrification involves 
multiple copper dependent enzymes, explaining the inhibitory effect of copper (II). However, after 49 to 
60 hours of incubation, the denitrifiers demonstrated recovery of the metabolic activity (Ochoa-Herrera 
et al., 2011). The study speculated that the microbial community shifted, and denitrifying species that 
were less sensitive to copper became dominant. The progressive precipitation of copper may also 
explain the recovery. Regardless, this study regarding the effect of copper on denitrification focused on 
activated sludge in sewer systems. The long-term efficacy of bioretention systems used for nitrogen and 
heavy metal removal requires special attention.  

Choosing a proper soil amendment for bioretention systems could improve or reduce its 
efficacy, depending on the pollutant of interest. Amending the woodchip media in bioretention systems 
with carbon sources like biochar (pyrolyzed organic material) enhances nitrate removal by increasing the 
amount of dissolved organic carbon (DOC) present (Berger et al., 2019). However, longer drying periods 
caused more DOC to leach into effluent water from the systems, which is concerning given that 
bioretention systems aim to remove organic matter. On the other hand, biochar produced by the 
pyrolysis of hardwood at 450 °C (HW450) and corn straw at 600 °C (CS600) were reported by Chen et al. 
(2011) to remove Cu(II) and Zn(II) at maximum capacities of “12.52 and 11.0 mg/g for CS600, 6.79 and 
4.54 mg/g for HW450”. As previously mentioned, biochar reduces the toxicity of copper ions by 
complexing with the ions; all the while, these complexes may be mobilized and leave the systems 
through effluent (Chahal et al., 2016). The interactions between various chemicals like dissolved copper 
and dissolved carbon and their combined effects on denitrifying microbial communities in bioretention 
systems overtime have yet to be thoroughly studied. Once engineers understand how these chemicals 
affect nitrate removal in bioretention systems under wetting and drying cycles, they can design 
bioretention systems that remove nitrogen and copper pollution for long periods of time.  
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Project objectives and constraints 
 The overall goal of the project is to recommend design features that can provide enhanced 
nitrogen and heavy metal removal for sites in Philadelphia that experience intense flooding between 
drying periods. The bioretention system should reduce nitrate, total phosphorus, and total suspended 
solids concentrations to below the limits by the Philadelphia Water Department. The Pennsylvania 
Stormwater Management Manual (2014) requires pollutant removal of 85% for total suspended solids 
(TSS), 85% for total phosphorus (TP), and 30% for nitrate. The EPA’s “National Primary Drinking Water 
Regulations” have also been used as references in other bioretention studies to evaluate stormwater 
runoff pollutant concentrations (Caplan et al., 2019). The National Primary Drinking Water Regulations 
classifies the highest concentrations of pollutants allowed in public water systems; these guidelines 
include but are not limited to following concentrations of high priority metals and nutrients: total 
Chromium = 0.1 mg/L, copper = 1.3 mg/L, cadmium = 0.005 mg/L, arsenic = 0.01 mg/L, lead = 0 mg/L, 
nitrate (as N) = 10 mg/L, and nitrite (as N) = 1 mg/L (National Primary Drinking Water Regulations, 2021). 
The EPA’s “National Recommended Aquatic Life Criteria” lists the highest acceptable concentrations of 
pollutants in aquatic environments, including the highest chronic concentrations of chromium (III) (74 
µg/L), chromium (VI) (11 µg/L), cadmium (0.72 µg/L), arsenic (150 µg/L), and lead (2.5 µg/L) (National 
Recommended Water Quality Criteria - Aquatic Life Criteria Table, 2021). These regulations serve as 
appropriate guidelines for designing bioretention systems with the purpose of protecting sewer systems 
and ecosystems from harmful loads of pollutants.  

In addition to pollution removal requirements, governing agencies in Pennsylvania set standards 
for constructing SMPs. The area surrounding the construction site of a bioretention system must be 
stabilized in accordance with the Pennsylvania Department of Environmental Protection (PADEP) 
Erosion and Sediment Pollution Control Program Manual in order to prevent erosion during construction 
(“Stormwater Management Guidance Manual”, 2014). Soil applied to an SMP must be properly graded; 
the Stormwater Management Guidance Manual (2014) requires that bioretention system soil should 
have a loam or sandy loam texture. Bioretention systems must also use soils with a tested hydraulic 
loading rate between 0.5 and 10 inches per hour; if the rate of infiltration exceeds 10 inches per hour, 
the soil needs to be amended (“Stormwater Management Guidance Manual”, 2014). When selecting a 
soil amendment, engineers should also consider the desires of the customer, including cost and added 
benefits such as pollution removal and enhanced plant and microbial growth (Vijayaraghavan et al., 
2021). Engineers must also seed, plant, and mulch bioretention systems according to the “Planting Plan” 
provided in the Stormwater Management Guidance Manual (2014). The “Planting Plan” recommends 
plants based on “ponding depth, drain down time, sunlight, salt tolerance, and other conditions” 
(“Stormwater Management Guidance Manual”, 2014). Once constructed, the Philadelphia Water 
Department requires a minimum detention time of 24 hours for water in a bioretention system 
(“Stormwater Management Guidance Manual”, 2014). In areas known for flooding, the PWD will 
determine a maximum release rate (cfs/acre) based on analysis of the available capacity of the 
sewershed. Abiding by construction policies will prevent the construction of the bioretention system 
from doing unnecessary harm to the community.  

Candidate Solutions 
Scope of Solutions  

In mid-atlantic cities like Philadelphia that continue to develop land, bioretention systems may 
experience intermittent, high runoff volumes with little to no rain between storm events by (Hosseiny et 
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al., 2020). Stormwater management practices in the city must mitigate pollutants like heavy metals and 
nutrients in order to protect downstream aquatic ecosystems. This paper will explore solutions that are 
relevant to bioretention systems designed for the city of Philadelphia, however, there are other 
stormwater management practices that rank just as high as bioretention systems in the SMP hierarchy 
published by the PWD (Chapter 3 - Site Design, 2020). When defining the SMP hierarchy, the PWD 
ranked porous pavement green roofs, and bioretention systems under the “highest preference” based 
on the following criteria: effluent pollutant load, likeliness of failure, construction costs, 
evapotranspiration, triple bottom line (social, environmental, and economic benefits), water quality rate 
control, large storm rate control, operations and maintenance costs, building footprint encroachment, 
and ground-level encroachment (Chapter 3 - Site Design, 2020).   

Although there are a variety of “highest preference” SMPs, not all are suitable for a given 
stormwater management project. Porous pavement such as porous concrete, porous asphalt, etc. 
consists of interlocking pavers; the gaps between these pavers allow runoff to drain directly into the soil 
underneath pavement (Chapter 4 - Stormwater Management, 2019). Porous pavement is not 
recommended for sites that experience heavy sediment or gross pollutant loads (Chapter 4 - 
Stormwater Management practice guidance, 2019). Porous pavement should not be implemented for 
areas with a steep slope. In general, porous pavement requires frequent maintenance (Chapter 4 - 
Stormwater Management, 2019). Engineers design green roofs with a layer of specialized plants, 
drainage layer, and waterproofing layer (Chapter 4 - Stormwater Management, 2019). Although green 
roofs are useful for mitigating precipitation, they do not address runoff loads and pollution on the 
ground (Chapter 4 - Stormwater Management, 2019). Although the costs and maintenance of 
bioretention systems varies greatly based on the system design, the PWD regards bioretention systems 
as one of the most cost-effective, low maintenance SMPs available (Liu et al., 2014; Chapter 4 - 
Stormwater Management, 2019). Bioretention systems are considered highly effective at removing 
pollutants and diminishing runoff volumes (Liu et al., 2014; Chapter 4 - Stormwater Management, 2019). 
Due to their benefits and their applicability to various landscapes, this paper will evaluate design 
features to improve the long-term pollution removal efficacy of a hypothetical bioretention system 
intended for a site located in Philadelphia.   

In short, polluted runoff filters through layers of vegetation, growth media, and drainage media 
within a bioretention system. As the water infiltrates, the flow rate is reduced and pollutants are 
removed via various biological, chemical, and/or physical processes before exiting the system through 
an underdrain. Plants in bioretention systems augment the removal of nutrients and organic chemicals 
via phytodegradation, phytoextraction, rhizosphere interactions, and direct uptake (Vijayaraghavan et 
al., 2021). With regards to nitrogen removal, plants uptake nitrogen in the form of nitrate and 
ammonium and assimilate the nitrogen into their tissues (Vijayaraghavan et al., 2021). In a less direct 
manner, the rhizosphere formed by plant roots creates adjacent aerobic and anaerobic environments 
for communities of nitrifying and denitrifying microorganisms to develop and perform the nitrification-
denitrification process (Payne et al., 2014). Plant phytoremediation also plays a small part in metal and 
metalloid uptake. Some plant species can even sorb and accumulate certain metals in their shoots and 
leaves, making it possible to harvest and permanently remove the metals (Vijayaraghavan et al., 2021). 
However, the species of plant and the bioavailability of the metals are crucial to the performance of 
plant-metal remediation. Given that plant species is so pivotal to the efficacy of metal removal, nitrogen 
uptake is almost ubiquitous to plants, aesthetics plays a role in the plants picked for a bioretention 
system project, and plants must be chosen and planted according to the Philadelphia Water 
Department’s Stormwater Management Guidance Manual, this paper will not explore plant species 
selection as a solution for the simultaneous removal of heavy metals and nitrogen (“Stormwater 
Management Guidance Manual”, 2014).  
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 Bioretention system features such as layer depth and underdrain height are typically decided 
based on practicality rather than aesthetics, as is the case with vegetation. Deeper media layers can 
capture higher volumes of water and reduce flow more effectively (Liu et al., 2014). As a consequence of 
larger outflow reduction, bioretention systems with deeper media achieve greater reduction in pollutant 
loads (Brown & Hunt, 2011). However, other variables outside of the scope of the paper influence 
engineers’ choice for bioretention system depth. For instance, the cost of constructing a deeper 
bioretention system may be a concern to the client (Liu et al., 2014). The groundwater level in a certain 
area will also determine how deep the media layers may be (Liu et al., 2014). In general, the Philadelphia 
Water Department suggests a bioretention system depth between 2 to 3 feet (Chapter 3 - Site Design, 
2020). Another component of bioretention system design influenced by bioretention system depth is 
the internal water storage (IWS) layer; bioretention systems constructed with an IWS drainage layer can 
mitigate larger runoff volumes and remove more nitrate. A study by Zinger et al. (2007) suggested a 
minimum IWS layer depth of 450 mm. However, given the variable limitations on bioretention system 
depths previously stated, the paper will not explore variable IWS layer depths as a means to address the 
issue of nutrient and metal pollution removal in order to discuss a more ubiquitous solution. Rather, the 
bioretention system described in this project will be designed with an IWS layer given that current 
Philadelphia SMP construction projects like the I-95 revitalization project have implemented IWS layers 
in their designs (GIR: Green Stormwater Infrastructure (GSI), 2016).  

Sorbent materials are presently being researched as a means to boost the pollution removal 
efficiency and decrease discharge volume during flooding in bioretention soil layers (Esfandiar et al., 
2021; Saleh & Gupta, 2014; Silva et al., 2015). Ideally, these sorbent materials would be low-cost and 
non-hazardous. Soil amendments could bolster vegetation performance by acting as fertilizers and/or 
preventing nutrient leaching (Wen et al., 2017). In a pilot-scale study by Esfandiar et al. (2021) found 
that blast furnace slag, coconut coir fiber, waste tire crumb rubber, and biochar amendments in the soil 
layer improved the removal of Cd, Cu, Ce, Pb, Ni, and Zn in bioretention systems. When soil 
amendments like coconut fiber and biochar were added to drainage layer media in bioretention system 
models, these amendments were found to increase nitrate removal (Silva et al., 2015; Berger et al., 
2019; Ashoori et al., 2019). Biochar will be considered a single amendment, however, there is some 
overlap between biochar and the other amendments discussed, as WTCR and CCF can be used as raw 
materials to create thermally treated derivatives. The efficacies of three candidate soil amendments, 
biochar, coconut coir fiber (CCF), and waste tire crumb rubber (WTCR), will be explored in the 
“Candidate Solutions'' section of the paper.  

Explanation of Candidate Solutions 
Waste Tire Crumb Rubber 

Waste tire crumb rubber could potentially be an abundant source of absorptive materials for 
water decontamination. Around 1.5 billion non-biodegradable tires are discarded every year (Esfandiar 
et al., 2022). In general, rubber tires are a mixture of elastomers with additives carbon black, sulfur, and 
zinc oxide. Between 70-75 wt.% of waste tires is carbon, and carbon black makes up about 32% of waste 
tires by weight. Since tire crumb rubber requires minimal processing and new materials, it poses 
promise as a low-cost sorbent (Esfandiar et al., 2022). In general, activated carbon makes a good 
adsorbent for liquid phase pollutants because of its large surface area; although the surface area of raw 
WTCR may vary by supplier, Pennsylvania State University, USA used the Brunauer-Emmett-Teller (BET-
N2) method to determine that the specific surface area of WTCR used in Esfandia et al.’s (2022) study 
(supplied by Al’s Liner in Cloverdale, IN, USA) was 0.14 m^2/g. Esfandiar et al. (2022) used fourier 
transform infrared (FTIR) analysis to determine that the oxygenated functional groups on the surface of 
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WTCR complex with metal ions, resulting in adsorption. During the process of sorbing divalent metal 
ions, Zn may be exchanged, thereby reducing the amount of Zn attached to WTCR (Esfandiar et al., 
2022). In the bioretention column studies conducted by Esfandiar et al. (2022), unmodified waste tires 
were used as the source material for the crumb rubber. However, most studies have used either 
pyrolyzed or chemically modified waste tires (Saleh & Gupta, 2014). Typically, the tire carbon is treated 
in two steps: thermal pyrolysis at 400-700 deg C and treatment with activating gas between 800-1000 
deg C (Saleh & Gupta, 2014). Heating carbon black in air, carbon dioxide, or steam improves adsorption 
by increasing surface area and porosity (Saleh & Gupta, 2014). Several chemicals have been employed 
for the chemical treatment of carbon from waste tires, including nitric acid, hydrogen peroxide, and 
others (Saleh & Gupta, 2014). Depending on the activating agents, process temperature, and chemical 
treatment, the characteristics of the carbon, such as pore size, may vary. Pores are sized as either 
“macropores (width > 50 nm), mesopores (2 nm < width < 50 nm), [or] micropores (width < 2 nm)” 
(Saleh & Gupta, 2014). The BET specific surface of the WTCR used in Esfandiar et al.’s study was 10.43 
m^2/g. Activated carbon makes a good adsorbent for liquid phase pollutants like those found in 
stormwater runoff because of its large surface area and pore volume.  

In its raw form, small, uniform granules of WTCR pose the potential for adsorption of some 
stormwater pollutants. The black carbon within the tires can adsorb metals, while the rubber allows for 
the absorbance of organic pollutants (Esfandiar et al., 2022). The pilot study by Esfandiar et al. (2022) 
reported that WTCR was able to remove >95% of Cr, Pb, Ni, and Cu from simulated stormwater, but it 
was less effective at removing Cd (50%). However, when in the presence of other metals, WTCR’s 
capacity to simultaneously remove Ni (~100% removal to 30% removal) and Cd (~50% removal to 40%) 
diminished (Esfandiar et al., 2022). Due to leaching, WTCR did not remove any Zn (Esfandiar et al., 2022). 
So, given that the initial concentrations of Cr, Pb, Ni, Cu, Cd, and Zn were 130, 1000, 130, 660, 2000, and 
660 ug/L (respectively), WTCR amended pilot-scale columns were unable to reduce the effluent 
concentration of Cd and Zn to below the National Primary Drinking Water Regulation limits (National 
Primary Drinking Water Regulations, 2021). A study by Lisi et al. (2004) constructed columns to simulate 
three golf course putting green designs: each column had a sand/peat root zone mix followed by a pea 
gravel layer, and one of the columns contained a 5 cm WTCR layer while the other had a 10 cm WTCR 
layer. In the columns containing a crumb rubber drainage layer, nitrate was reduced by 58.6%, but the 
mechanism for nitrate mitigation remains unclear (Lisi et al., 2004). Also, if used to amend bioretention 
system media, the crumb rubber would have to be implemented in a soil layer below the root zone to 
not disrupt vegetative and microbial processes which use nitrogen (Lisi et al., 2004; Wang et al., 2020). 
The study by Lisi et al. (2004) also found that the crumb rubber did not impede water flow. While WTCR 
is an effective modification to improve metal removal in bioretention systems, it does not offer 
significant enhancements to other aspects of these systems. 
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Coconut Coir Fiber 

 
Figure 4: "Coconut Husks - 5 (IMG_1937b)" by Denish C is licensed with CC BY-NC-ND 2.0. To view a copy 

of this license, visit https://creativecommons.org/licenses/by-nc-nd/2.0/ 

Agricultural waste such as coconut palm pose promise as low-cost adsorbents due to their lingo-
cellulosic content. About 650 million tons of coconut coir fiber (CCF) are produced as a byproduct from 
coconut husk (as shown in Figure 4), and repurposing coconut fiber as a bioretention system soil 
amendment would bring new utility to coconut palm waste (Tran et al., 2015). Most parts of the 
coconut palm, including the shell, husk, sawdust, copra, and coir have been investigated as adsorbents 
for water pollutants (James & Yadav, 2021). Composed of about 40% cellulose, 30% lignin, and 16% 
hemicellulose, CCF is considered a lignocellulosic material (Esfandiar et al., 2022). The high lignin 
content of coconut coir makes it less resistant to biodegradation, while the organic content and high 
specific area allows microorganisms to form a biofilm on the substrate (James & Yadav, 2021; Silva et al., 
2015). Growing microbial biofilm within a bioretention system is crucial for the development of the 
bacteria responsible for removing inorganic nutrients like nitrogen as well as other pollutants (Davis et 
al., 2003). For the column study by Esfandiar et al. (2022), Pennsylvania State University determined that 
the BET specific area of the CCF acquired from Triumph Plant New City, NY, USA) was 2.63 m^2/g. Using 
fourier transform infrared (FTIR) analysis, Esfandiar et al. (2022) found that the polar functional groups 
in the cellulose, carboxylic acid and phenolic acid, adsorb inorganic pollutants via surface complexation 
and electrostatic attraction. Aromatic rings within the lignin are believed to store organic pollutants 
(Esfandiar et al. 2022). The high lignin and cellulose content, durability, wettability, and high specific 
area of coconut husk make CCF a potential adsorbent for the removal of water pollutants in 
bioretention systems (James & Yadav, 2021). 

Coconut coir fiber and similar coconut waste products have been investigated as means to 
enhance the removal of metals and inorganic nutrients from various water treatment pathways. 
Esfandiar et al. (2022) CCF was not only able to remove >95% of Cd, Cu, Cr, Pb, Ni, and Zn from 
simulated stormwater, but also CCF could effectively extract all six of the metals simultaneously to the 
maximum levels. However, studies investigating CCF as bioretention system media amendments are 
limited; a large portion of research exploring CCF’s application in water remediation has focused on the 
wastewater treatment sector instead, and of these studies, a large portion modified the fibers either 
chemically or thermally modified (James & Yadav, 2021). Coconut fibers were shown to promote 
denitrification in anaerobic filters, but a study using fresh and mature coconut husk as porous media in 
bioreactors found that woodchip bioreactors had higher rates of denitrification (Silva et al., 2015; 
Rambags et al., 2019). Although CCF holds promise as a bio-adsorbent for water contaminated with 
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metals and inorganic nutrients, there is a gap in knowledge as to how the amendment would perform in 
bioretention systems, especially during antecedent drying periods.  

Biochar  

 
Figure 5: Diagram of biochar pyrolyzation and heavy metal removal mechanism (Zhao et al., 2019). 

Biochar is produced by pyrolyzing - heating in a closed container with little or unavailable 
oxygen - carbon-rich biomass (Ahmad et al., 2014). In general, biochar can be produced using many 
organic materials, including those produced from waste streams (Esfandiar et al., 2022). Thus, 
agricultural waste or sewer sludge could be pyrolyzed to create a new, higher-value product. Studies 
comparing biochar produced using different raw materials and temperatures found that some biochar is 
more effective at removing certain pollutants than others. Biochar developed at lower temperatures 
(300 deg C) exhibit lower aromaticity and lower polarity, and these biochars consist of more lignin and 
cellulose (Wang et al., 2018; Uchimiya et al., 2010). Producing biochar using higher temperatures (700 
deg C) makes the adsorbent more hydrophobic and less polar, which improves the adsorption of organic 
compounds and pollutants while diminishing the adsorption of metals (Wang et al., 2018; Uchimiya et 
al., 2010). Figure 5 illustrates how carboxyl and hydroxyl groups on the surface of different pyrolyzed 
raw materials such as feed stocks complex with and adsorb heavy metals. The hydrophobicity and 
surface area of biochar has also been credited with improving the water holding capacity of soil by 18% 
(Ahmad et al., 2014). Increasing the water holding capacity of the soil in a bioretention system allows 
the system to not only accommodate higher runoff volumes, but it also improves pollutant removal by 
extending contact with the adsorptive material. Biochar can be derived using different raw materials 
and different temperatures, but these qualities will affect the surface area, chemical composition, and 
consequential pollution adsorption capacity.  

Despite the variety of ways to produce biochar, studies testing the adsorptive capacities of 
biochar have generally found that biochar is an effective means to remediate metal contamination in 
water. Esfandiar et al.’s (2022) experiment using pinewood-derived biochar showed high removal 
efficiencies for Pb, Cr, and Cu (~100%), but it was less effective in Ni (40%), Zn (25%), and Cd (~30%), 
removal. Biochar sorption for Ni, Cd, and Zn decreased significantly when other metals were present 
(10%, ~5%, and ~5% decrease, respectively) (Esfandiar et al., 2022). On the other hand, a bioretention 
system study by Ashoori et al. (2019) tested woodchip-media bioretention columns amended with 33% 
(by wt.) Mountain Crest Gardens biochar by aging the columns with continuous, saturated flow for 8 
months before operating the columns for 5 months under continuous flow and collecting pollution 
removal data. The study found that removal efficiencies for metals in all treatments were >80% for Ni, 
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Cu, Cd, and Pb, while the removal of Zn was about 50% (Ashoori et al., 2019). By aging the columns, 
Ashoori et al.’s (2019) study demonstrated that Mountain Crest Gardens biochar could be used to 
improve the removal of multiple metals and extend the lifetime of bioretention systems. A study by 
Zhao et al. (2019) compared the heavy metal (Cr(III), Cd(II), Cu(II) and Pb(II)) adsorption capacities seven 
types of biochar and found that biochar derived from sewage sludge removed metals more effectively 
than those derived from agricultural biomass, which exhibited greater adsorption than biochar from 
wood biomass. Depending on the choice of raw material and pyrolyzing temperature, biochar could be 
an effective means to improve a bioretention system’s capacity to remove metals over the course of its 
lifetime.  

Aside from metal adsorption, biochar enhances the microbial, plant, and hydraulic processes in 
bioretention systems. Biochar may act as a slow-release fertilizer, promoting plant growth and plant 
nutrient uptake (Vijayaraghavan et al., 2021). Likewise, while biochar itself does not absorb nitrate, it 
promotes the growth of denitrifying bacteria by increasing dissolved organic carbon (DOC) content. 
Ashoori et al. (2019) found that, after aging, nitrate concentrations leaving the biochar amended column 
were below <0.05 mg N/L, a more than 99% decrease from the influent concentration of 1 mg N/L; 
although 0.05 mg/L is well below the National Primary Drinking Water Regulation for nitrate (1 mg/L), it 
should be noted that the PennDOT Annual Report (2018) reported average monthly nitrate 
concentrations in runoff at SMP sites between ~1 mg N/L and ~25 mg N/L. The study by Berger et al. 
(2019) created four woodchip-media mixes with 0%, 5%, 10% and 20% biochar that was produced by 
heating softwood at 900-1000 deg C. The BET specific surface area of the biochar was characterized to 
be between 690 - 720 m^2/g (Berger et al., 2019). Each of these mixes were added to three pilot-sized 
columns, and the columns were treated with stormwater that was collected from Ballona Creek in Los 
Angeles, CA (Berger et al., 2019). Berger et al. (2019) applied the stormwater with 24.7 mg/L NO3- for 12 
hrs at 18.5 cm/hr before a four day period of antecedent drying. When 10% or more of biochar was 
added to the media, nitrate removal in the columns improved significantly (p<0.05) (Berger et al., 2019). 
When the hydraulic retention time was less than 5 hours, there was a greater difference in nitrate 
removal between the amended columns and the control (Berger et al., 2019). Therefore, it would be 
expected that a bioretention system amended with softwood biochar would perform better during 
periods of flooding than one without the amendment. Both Berger et al. (2019) and a bioretention study 
by Tian et al. (2019) found that biochar improved water retention potential. Biochar amendments in 
bioretention systems improve denitrification, plant growth, and water retention, thus promoting lasting 
inorganic nutrient removal. 

Comparative Assessment of Candidates 
 Candidate 1: Biochar Candidate 2: Coconut 

coir fiber 
Candidate 3: Waste 
tire crumb rubber 

Promotes 
Denitrification 

Yes Yes No, but absorbs 
nitrogen 

Fertilizer for plants Yes Yes No 

Water retention 
potential improved 

 

Yes N/A Not affected 
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Metal removal 

 

To lesser extent than 
CCF (Pb, Cr, and Cu 
(~100%); Ni (40%), Zn 
(25%), and Cd (~30%)) 

Greatest (~100% for 
Cd, Cu, Ce, Pb, Ni, and 
Zn) 

To lesser extent than 
CCF (~100% for Cr, Pb, 
Ni, and Cu; Cd 50%, Zn 
-10%)  

Simultaneous metal 
removal 

Diminished removal 
(Ni: 40% to 30%, Cd: 
30% to 25%, Zn: 20% to 
15%) 

No decline Diminished removal 
(Ni: ~100% to 30% 
removal, Cd: ~50% to 
40%) 

Cost Inexpensive Inexpensive Inexpensive 

Source material Sewage sludge, 
agriculture waste, 
wood 

Agriculture waste Tire waste 

 

BET specific surface 
area in Esfandiar et al. 
study (2022) 

690 - 720 m^2/g 2.63 m^2/g. 0.14 m^/g 

 

  



20 
 

Project Recommendations 
Proposed solution 

After reviewing the overall potential enhancements and drawbacks of amending the proposed 
bioretention system with the three candidate carbon sources as described in the literature, biochar is 
the most suitable amendment for the sandy-loam and IWS layers of the system. Given that the project is 
only concerned with the removal of metals, the recommended biochar used for the bioretention system 
would be derived from an agricultural waste pyrolyzed at around 300 deg C. Underneath the vegetation 
and topsoil on the surface of the bioretention system, the sandy-loam layer (comprised of 80% sand, 
13% silt, and 7% clay) of the bioretention column is primarily responsible for capturing metal pollutants 
(Blecken et al., 2009). While CCF and WTCR exhibited greater individual and simultaneous metal removal 
in the Esfandiar et al.’s (2022) experiment, biochar achieved almost 100% removal for Pb, Cr, and Cu. 
However, this study was operated using pure biochar sourced from pinewood under continuous flow 
conditions for an undisclosed amount of time. In an aged column study operated for 5 months by 
Ashoori et al. (2019), woodchip columns amended with MCG biochar the columns achieved removal 
efficiencies of at least 50% for Ni, Cu, Cd, Pb, and Zn. Meanwhile, no comparable long-term studies using 
WTCR or CCF as bioretention system amendments were found. An additional benefit of adding biochar 
to the sandy-loam layer is that it can act as a fertilizer for plants (Vijayaraghavan et al., 2021). While CCF 
may provide the similar effect, using WTCR too close to the vegetation layer could potentially be 
harmful for the plant life due to its nitrate adsorption (Lisi et al., 2004; Wang et al., 2020). Given raw 
CCF’s exceptional simultaneous-metal removal and the superior performance of biochar derived from 
agricultural waste over biochar derived from wood, this paper recommends amending the IWS-layer of 
the bioretention system with 33% (by wt.) biochar derived from CCF pyrolyzed at around 300 deg C 
(Esfandiar et al., 2022; Zhao et al., 2019). Biochar has been tested more extensively as a media for long-
term metal adsorption in bioretention systems than WTCR and CCF and it would benefit the superficial 
layer of vegetation, so biochar would be a better fit as an amendment for the sandy-loam layer of the 
proposed bioretention system. 

The amendment for the IWS layer of the bioretention system needs to promote the growth of 
bacteria to significantly enhance inorganic nutrient removal. The IWS layer of the bioretention system 
will have a 2:1 (vol/vol) mixture of pea gravel and hardwood mulch wood chips; the hardwood mulch 
has been used as a substrate for biofilm growth (Davis et al., 2003). A raised underdrain establishes an 
anaerobic, saturated environment to further promote the growth of bacteria with the intent to promote 
microbial nutrient removal (Wang et al., 2018). To further cultivate microbial activity during antecedent 
drying periods, biochar increases the DOC content in the bioretention column (Berger et al., 2019). 
While coconut palm materials were shown to promote denitrification in wastewater bioreactors, 
biochar is the only amendment of the three discussed that has been shown to improve nitrate removal 
in bioretention systems under antecedent drying conditions; biochar is also the only amendment to 
have an estimated lifetime of 26 yrs or greater (Silva et al., 2015; Rambags et al., 2019; Berger et al., 
2019; Ashoori et al., 2019). Biochar also enhances nitrate removal by improving hydraulic retention 
time, supporting the notion that biochar amendments would improve biochar removal in the proposed 
bioretention system during high loading, high intensity storm events (Tian et al., 2019; Berger et al., 
2019). Considering the benefits of improved metal removal, inorganic nutrient removal, water retention, 
and vegetation health biochar has demonstrated in bioretention system studies, biochar is an optimal 
candidate as a bioretention media amendment given the stormwater conditions in the Philadelphia 
area. Bioretention systems designed with biochar amended soil and an IWS layers are expected to have 
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improved pollutant removal and water retention capacity, effectively preventing polluted runoff from 
overwhelming Philadelphia’s combined sewer systems and local bodies of water. 

Design and implementation challenges 
Amending the drainage layer of a bioretention system could add design complications due to 

the fineness of the biochar. Although lining the drainage layer is not required for all bioretention 
systems, filter fabric should be used to prevent biochar and any unfiltered pollutants from leaching from 
the drainage media into the surrounding soil (Li et al., 2021). In addition, the ports of the drainage pipes 
may have to be covered with filter fabric to prevent clogging the pipes (Li et al., 2021). Clogging the 
drainage pipes would decrease the volume of runoff water which the system could retain (Li et al., 
2021). The bioretention system’s drainage layer and drainage pipes must be properly lined with filter 
fabric to preserve the system’s functionality.  

More planning, time, and resources are required to construct a bioretention system with soil 
amendments. Since the biochar, sandy loam, and woodchip media would be purchased from different 
sources, it would be the responsibility of the firm installing the SMP to mix the media. The firm tasked 
with mixing the media will have to achieve the recommended 33% by weight ratio of biochar to other 
media. Mixing the biochar may require more time and resources on the part of the firm, which in turn 
impose costs on the customer. The firm must ensure that the soil mixture is consistent when 
incorporating the biochar. If the mixture is not fully mixed, this would change the hydraulic conductivity 
in some parts of the system (Li et al., 2021). When hydraulic conductivity is too low, this decreases the 
rainwater retention capacity, a phenomenon known as clogging; clogging reduces the bioretention 
system’s ability to mitigate excessive volumes of stormwater runoff (Li et al., 2021). Extremely high 
hydraulic conductivity, on the other hand, would reduce the contact time the media has with the runoff, 
thereby reducing the system’s ability to treat rainwater pollutants (Li et al., 2021). This could encourage 
water flow to favor specific parts of the system, impacting its performance over time. Having certain 
patches of the media contain more biochar could also result in less effective pollution adsorption in 
certain parts of the system.  

After mixing, soils must be tested to determine that adequate infiltration rates have been 
achieved; the Stormwater Management Guidance Manual (2014) expects bioretention system soils to 
have a hydraulic loading rate between 0.5 and 10 inches per hour. The installation firm must keep in 
mind that the minimum detention time of the system must be 24 hours (“Stormwater Management 
Guidance Manual”, 2014). Also, for projects in areas prone to flooding, the PWD may enforce a 
maximum release rate (cfs/acre) for the system (“Stormwater Management Guidance Manual”, 2014). 
These regulations are enforced to ensure excess runoff does not overwhelm nearby sewer inlets while 
maintaining enough contact time between the runoff and the media to filter pollutants draining from 
the system. Installing the bioretention system will necessitate the developer and the construction firm 
to cooperate with the design firm’s specifications and the Philadelphia Water Department’s regulations.  

The design must be advertised to landowners like private companies and government agencies 
like PWD to be constructed. Bioretention systems are a long-term commitment; BMPs require time to 
build and once installed, they are intended to last years if not decades. The design is anticipated to have 
enhanced metal and inorganic nutrient removal, but at the added cost of amending the system with 
biochar (Esfandiar et al., 2022). The design will have to compete with existing bioretention system 
designs whose performances have been tested in the field for long periods of time. So, the design will 
have to appeal to landowners in the market for an experimental bioretention system suitable for 
intermittent storming conditions, high flooding, and high pollution content. 
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Anticipated project outcomes and impacts 
If a land developer chooses to use the solution design for their stormwater management project 

and the bioretention system improves local runoff conditions as anticipated, the project will set a new 
standard for environmental engineers designing bioretention systems for areas that experience similar 
stormwater circumstances as Philadelphia. Assuming that the bioretention system performs as 
expected, a client’s development project will meet the pollution removal requirements for total 
suspended solids (TSS), total phosphorus (TP), and nitrate set by the Pennsylvania Stormwater 
Management Manual. Although the rates of removal will vary between different sites due to differences 
in system dimensions, Sorberg et al. (2020) demonstrated that bioretention columns with an internal 
water storage layer (IWS) achieved 98% mean removal percentage of TSS. Sorberg et al. as well as 
several previous pilot- and field-scale bioretention system studies attained above 70% mean TP removal, 
Bioretention systems amended with biochar have reduced effluent nitrate to below 0.05 mg N/L 
(Ashoori et al., 2019). Although the project may not be in close proximity to a body of water, the 
bioretention system design is anticipated to reduce runoffs loads similar to those experienced along the 
I-95 revitalization project to below the highest acceptable concentration of pollutants in aquatic 
environments described by the EPA’s “National Recommended Aquatic Life Criteria” for high priority 
metals and nutrients (Pennsylvania Department of Transportation, 2016; National Recommended Water 
Quality Criteria - Aquatic Life Criteria Table, 2021). The bioretention system is expected to meet the 
PWD’s requirements for metal and inorganic nutrient pollution removal even in excessive 
circumstances, thereby allowing the developer’s project to proceed as intended. 

The bioretention system is also expected to mitigate high volumes of stormwater runoff. 
Although the flooding conditions and site dimensions for different development projects may vary, if the 
system is constructed to meet the requirements established in the bioretention sizing table, then the 
project will comply with the PWD’s Water Quality requirement. The Water Quality requirement 
“stipulates infiltration of the first 1.5 inches of runoff from all directly connected impervious area (DCIA) 
within the limits of earth disturbance” (Chapter 4 - stormwater management practice guidance, 2019). 
Consequently, bioretention basins reduce the volume of stormwater runoff and the amount of pollution 
that enters nearby bodies of water and sewer overflow systems. For cities like Philadelphia, combined 
sewer overflow will be overwhelmed by intermittent storms less, resulting in decreased discharge into 
local waterways (Kummer, 2019). By successfully meeting the PWD’s requirements for runoff mitigation 
at a developer’s project site, the bioretention system would protect the surrounding ecosystems and 
stormwater systems from excessive pollution and runoff volume.  

Aside from the functions bioretention systems are directly intended for, the success of the 
bioretention system design can produce benefits for the client and the environment. Vegetation also 
serves as “urban greening” by improving the aesthetics of the developed area (Vijayaraghavan et al., 
2021). Traditional “grey infrastructure” is visually uninteresting, while vegetation planted bioretention 
systems add visual diversity and may increase property value (Vijayaraghavan et al., 2021). The use 
native plants suited for the hydrologic zones of bioretention systems as described in the PWD’s 
“Planting Plan” increases biodiversity on the development by providing habitat for insects and other 
species (“Stormwater Management Guidance Manual”, 2014; Vijayaraghavan et al., 2021). Another 
indirect benefit for the environment from vegetated bioretention systems is that tree shade and 
evapotranspiration reduce urban heat island effects (Livesley et al., 2016). By installing the described 
bioretention system design, the developer not only alleviates the negative impact of their project but 
also provides a service to the surrounding urban landscape while contributing to the developing field of 
SMP design.  
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