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ABSTRACT 

Stormwater runoff from urban areas threatens water quality and ecosystems around 

the world. For freshwater ecosystems, phosphorus (P) is often a primary concern, as excess 

P loading can cause eutrophication, symptoms of which include harmful algal blooms. To 

mitigate these threats, stormwater infrastructure is often employed to reduce P loading. 

Sand filters are a type of stormwater infrastructure that primarily function to trap 

particulates and thereby reduce downstream sediment and P loads. However, sand filters 

typically exhibit a negligible capacity to retain dissolved P forms immediately available 

for uptake by primary producers, due to low P sorption capacity of sand. To target both 

particulate and dissolved P species, a P-sorbing material amendment can be added to sand 

filter media to increase P sorption capacity. This thesis examines the use of alum-based 

drinking water treatment residuals (DWTRs), a waste byproduct of drinking water 

treatment plants, to enhance P removal in sand filter media. The research included two 

phases: (1) a field study to determine stormwater P load reductions provided by DWTR-

amended sand filters under real-world conditions and (2) life cycle analysis (LCA) to 

determine the net freshwater eutrophication benefits of traditional and DWTR-amended 

sand filters. 

In the first phase of this research, two stormwater sand filters enhanced with 

DWTRs (3-5% of the sand layer by volume) were monitored from Fall 2022 to Spring 

2024 in Chittenden County, VT. The composition of stormwater runoff received at both 

sites was markedly different, dominated by dissolved P at the residential site, and mostly 

particulate P at the more industrial site. Due to this difference in influent water quality, 

>99% of the total P removed at the residential sand filter was in the form of dissolved P, 

while 4% of the total P load removed at the industrial site was dissolved P. Because 

removal of dissolved P by sand filters tends to be negligible, the dissolved P load reductions 

observed at both sites are likely attributed to the DWTRs. Overall, the two systems reduced 

total P loads by 65-78%. This field study indicates that including DWTRs in sand filter 

media is an effective way to couple both physical and chemical P removal mechanisms and 

thereby enhance water quality improvement performance. 

In the second phase of this research, a life cycle tool, OpenLCA, was used to 

estimate the environmental benefits and burdens across the life cycle of the studied sand 

filters. Using design specifications and known material sources, the environmental impacts 

of material acquisition, transportation, construction, maintenance, and disposal were 

estimated using the ecoinvent v3.10 database, ReCiPe 2016 Midpoint(H) impact 

assessment, and Monte Carlo simulation (n=10,000 runs) to determine embodied global 

warming potential (CO2-eq), freshwater eutrophication potential (P-eq), and other 

environmental impacts. Simultaneously, P load reductions exhibited in the field study were 

projected to a 20-year lifetime to estimate the total P removed by DWTR-enhanced sand 

filters against hypothetical sand-only systems. Estimated payback periods (i.e., the time 

needed for on-site P load reductions to fully compensate for embodied P emissions) ranged 

from 11-12.5 years for DWTR-enhanced sand filters and >16 years for sand-only filters.  

In conclusion, DWTR-amended sand filters demonstrated excellent stormwater P 

removal in the field and can substantially increase the net environmental benefits from an 

LCA perspective relative to traditional sand filters.  
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CHAPTER 1: BACKGROUND 

1.1 Global Management of Phosphorus 

Phosphorus (P) is a naturally occurring element found in the earth’s crust, soil, water, 

and sediments that is key to plant and animal growth (Holtan et al. 1988). P plays several 

critical biochemical roles, including energy transport, structural support, and genetic 

material (Desmidt et al. 2014). The amount of naturally occurring phosphate rock mined 

for P fertilizer production is ultimately finite, nonrenewable, and decreasing (Scholz et al. 

2013). Most mined natural phosphate rock is used for agricultural products such as 

fertilizers, followed by pharmaceuticals, detergents, and household cleaning agents 

(Desmidt et al. 2014; Cisse & Mrabet 2004). This mined phosphate has been able to 

increase fertility levels of soil and thereby help boost the global food supply; however, 

the use of P fertilizers is often inefficient resulting in negative environmental impacts 

(Withers et al. 2015; Schröder et al. 2011). Phosphorus is often bound to sediment and is 

transported by erosion (Pamuru et al. 2022); however, particle-bound P does not directly 

cause eutrophication (Krasa et al. 2019). Instead, dissolved forms of P, which can come 

from municipal and septic waste, leaf litter, grass clippings, and pet waste, are important 

sources of P in urban areas and are more bioavailable (LeFevre et al. 2014).  

P is often considered the limiting nutrient in freshwater ecosystems (Reddy et al. 

1999; Elser 2012 & Vitousek et al. 2010). Among the greatest nutrient management 

challenges created by P is when it exists in surplus and leads to eutrophication. 

Eutrophication is a process by which an excess of nutrients causes an increase in the 
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production of organic matter, often including toxic cyanobacteria, which subsequently 

results in a severe degradation of water quality (Prepas & Charette 2003). Anthropogenic 

activities in residential, recreational, agricultural, and urban areas can transform the 

landscape and accelerate the intensity of P cycling observed (Yan et al. 2016). 

Transportation systems can introduce P to environments at varying concentrations through 

vehicle wash-off during precipitation events (Wada et al. 2020), resulting from the role that 

organophosphate esters play as an additive in vehicle engine oils (Indris et al. 2020). 

Additionally, P has been detected in exhaust plumes of vehicles and road dust (Dallmann 

et al. 2014).   

P in its particulate form is not immediately available for use by organisms and is 

transported with sediment (Shrestha et al. 2018, Ellison & Brett 2006, Holtan et al. 1988). 

Dissolved forms of P such as orthophosphates are bioavailable to bacteria and 

phytoplankton (Hatch et al. 1999), which is primarily responsible for observed algal 

blooms in ecosystems such as Lake Champlain (Kopáček et al. 2005). Decay of excess 

organic matter from algal blooms can create hypoxic conditions that organisms are unable 

to survive in (Morgane et al. 2019). Examples of sources of excess P to waterways and 

resulting impacts are depicted in Fig. 1. 
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Figure 1. Potential sources of phosphorus into waterways that can lead to eutrophication 

under certain conditions. 

Algal blooms are pervasive globally. Hou et al. (2022) find that from 1982 to 2019, 

over 21,000 lakes experienced algal blooms across six continents, with the most 

pronounced increases in frequency in countries reliant on agricultural fertilizer. These 

cyanobacterial blooms can have lasting impacts on aquatic ecosystems, but they also have 

economic costs associated with remediation/restoration efforts, human health impacts, 

decreases in adjacent property value (Wolf and Klaiber 2017), reduced tourism (Paredes et 

al. 2021), and negative impacts to fisheries (Chislock et al. 2013). The United States is 

estimated to lose over $2.2 billion USD annually in freshwater systems due to 

eutrophication alone (Dodds et al. 2009).  

Remediating eutrophic waters is difficult and expensive. P balance recovery in 

water bodies from mitigation and conservation efforts has been observed as early as 10-15 

years after actions are taken, though other bodies of water often require longer (Lepori & 
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Roberts 2017). Regulations traditionally target total phosphorus (TP) loading which 

includes all forms of P. However, when using TP as a target parameter, regulators do not 

inherently consider the fraction of P more bioavailable to phytoplankton (Ellison & Brett 

2006). Many existing stormwater infrastructure targets sedimentation-based processes 

(Scholes et al. 2008) which more readily capture particulate P than its dissolved forms. 

Thus, depending on the presence of particulate P in stormwater, the focus on TP removal 

may underestimate actual eutrophication risk in downstream waters (Uusitalo et al. 2003). 

For distinction between phosphorus forms, see Table 1. 

Table 1. Forms of Phosphorus 

Abbrev. Form Definition Reference 

TP 
Total 

Phosphorus 
sum of dissolved and particulate forms of P 

(Røyset et al. 

2014) 

PP 
Particulate 

Phosphorus 

fraction of P that can be removed with a filter – both 

inorganic (clays, hydroxides, precipitates of P, 

amorphous P) and organic (organic matter, algae, 

bacteria) (filterable) 

(Røyset et al. 

2014) 

TDP 

Total 

Dissolved 

Phosphorus 

fraction of P that passes through a filter – both 

organic & inorganic (unfilterable) 

(Macintosh et 

al. 2018) 

SRP 

Soluble 

Reactive 

Phosphorus 

unfilterable inorganic phosphorus, typically in the 

form of orthophosphates (reactive, stable, & 

bioavailable) or polyphosphates (unstable, convert to 

orthophosphates) 

(Dillon & Molot 

2024) 

DOP 

Dissolved 

Organic 

Phosphorus 

unfilterable organic phosphorus, exists in solution as 

loose fragments 

(Thomson-

Bulldis & Karl 

2003) 

 

1.2 History of Phosphorus Management in Lake Champlain  

A long history of efforts to monitor and reduce P entering Lake Champlain exists 

with records of P loading dating back to the 1850s (Hyde et al. 1994). In the early 1800s, 

much of the land in the Lake Champlain Basin was deforested for wood harvest and 
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subsequent agriculture, and the impacts of anthropogenic disturbance on P loads are still 

being seen today (Smeltzer et al. 2012).  

One of the earliest strategies to understand the P load in the basin included a 

mass-balance model developed by the Vermont Department of Environmental 

Conservation in 1996 (Smeltzer and Quinn 1996). The base year that this was built from, 

1991, delineated that 30% and 19% of the total P load into Lake Champlain came from 

Vermont nonpoint and point sources, respectively. New York, Vermont, and Quebec’s 

nonpoint sources combined constituted 71% of the overall P load entering Lake 

Champlain in the late 1900s (Smeltzer and Quinn 1996). It was found that a greater mass 

of nonpoint source pollution overall is attributed to agricultural practices in the region, 

and some landowners reacted by restoring riparian areas, protecting streams, and 

controlling grazing (Meals 2001; Meals and Hopkins 2022). In 2016, it was estimated 

that nonpoint source pollution contributes more than 90% of the P that reaches the Lake 

(LCBP 2016). 

Today, 38% of P load into the lake is attributed to agriculture, or 0.25 metric tons 

per square mile (LCBP 2016). Despite the pervasiveness of P in agricultural runoff, P 

loading from developed areas (16%) is estimated to be double per unit area compared to 

agriculture (0.51 metric tons per square mile). (LCBP 2016). This is in line with other 

studies that have found P load export 2-13 times greater per unit area from urban areas 

than agricultural areas (Norvell et al. 1979; Beaulac and Reckhow 1982, Ghane et al. 

2016; Duan et al. 2012; & Petrone 2010).  
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1.3 Impacts of Urban Stormwater Runoff 

Stormwater runoff from urban and residential landscapes is a major ecological 

threat to aquatic ecosystems (Walsh et al. 2018). It is associated with a combination of 

physical, chemical, and biologically negative impacts, including increased flows and 

reduced groundwater recharge, erosion and sediment transport/deposition, nutrient 

enrichment and eutrophication, toxicity, and other water quality depletion (Marsalek 2003). 

Urban areas influence water quality by creating impervious features that disrupt the natural 

landscape, and runoff from these surfaces can contain sediments, pollutants, and nutrients 

that negatively impact waterways (Fig. 2). 

 With increasing construction and development comes decreased perviousness of a 

watershed, which ultimately leads to an increase in stormwater runoff volume and peak 

flow rates, decreasing lag time to receiving waters, and degradation of water quality 

(Erickson et al. 2013; Yao et al. 2016; Bell et al. 2020). Impervious surfaces such as roofs, 

highways, roads, parking lots and commercial areas, driveways, sidewalks, and parks, may 

carry debris, dust, and other particulates and create channels for the movement of these 

pollutants into waterways (Dressing et al. 2016, Aryal et al. 2010). Runoff discharged into 

waterways can affect both aquatic and terrestrial organisms, and potentially pose a risk to 

human health (Masoner et al. 2019). Stormwater pollutants include heavy metals, bacteria, 

polycyclic aromatic hydrocarbons, polychlorinated biphenyls, oils and grease, pesticides, 

herbicides, nutrients (P and N), and other contaminants of concern. Many of these 

pollutants are often found particle bound (Pamuru et al. 2022). Nutrient transformations in 
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urban runoff are particularly difficult to attribute to any finite source and are challenging 

to manage (Yang and Lusk 2018). 

 

Figure 2. Stormwater runoff containing phosphorus is transported from and across 

various landscapes (e.g. natural and anthropogenic) and accumulates in common 

waterbodies. Created in Biorender. 

 

In addition to the pollution from impervious surfaces, pervious gardens, lawns, golf 

courses, and other landscape areas can also convey an excess of nutrients to waterways 

(Aryal et al. 2010). Lawn care activities, such as applying fertilizers/compost or pesticides, 

leaf litter management, and pet waste management can have significant impacts to the 

nutrient contents in runoff (Fissore et al. 2011; Chang et al. 2021). An example of how P 

can be transported in stormwater runoff at the residential household scale is illustrated 

below in Fig. 3. 
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Figure 3. Stormwater runoff in a built, urban environment is transported from a variety 

of impervious surfaces such as roofs, gutters, driveways, sidewalks, roads, and other 

infrastructure. Runoff transports chemicals, waste, and organic matter. Created in Bio 

Render. 

 

Stormwater management requires reductions of impervious surfaces and 

implementation of best management practices (BMPs) to convey, treat, and reduce volumes 

of stormwater and pollutant loads (Rodak et al. 2020). The role of stormwater control 

measures is ultimately to reduce erosion and flooding, as well as filter out pollutants. BMPs 

may include constructed stormwater wetlands, bioretention systems, sand filters, and 

retention and detention ponds, as well as permeable pavement, green roofs, rain gardens, 

rainwater harvesting systems, and erosion and sedimentation control measures (NRC 

2008). With climate change, predictions of rainfall intensity and frequency will be complex 

and difficult (Rosenberger et al 2021). Intense storms can cause greater erosion, thus 
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transferring larger fractions of particulate P in stormwater (Wijesiri et al. 2020). Rising 

temperatures will require cities to design more effective stormwater control measures to 

adapt to these increasing periods of high rainfall intensity with associated flood risks 

(Moura et al. 2016). 

1.4 Stormwater Sand Filter BMPs 

Sand filters are one type of stormwater BMP that is intended to enhance water 

quality by filtering out particulate pollutants from runoff (Fig. 4). They primarily remove 

contaminants via physical mechanisms including mechanical filtration and gravitational 

settling. Because this technology can be retrofitted to work underground in limited area 

spaces, these systems are particularly beneficial in areas where impervious surfaces are 

widespread, land space for installation of larger vegetated treatment systems is scarce, and 

on-site soil has limited infiltration capacity (NCDEQ 2017). The downsides of sand filters 

included limited use in large drainage areas, their inability to provide flood control, and 

need for frequent maintenance (EPA 2021). The main components consist of an inlet, 

settling chamber, filter bed, underdrain, and overflow pipe (EPA 2021). A sand filter 

structure receives stormwater runoff and stores it in a basin to settle out initial particulates, 

conveys the runoff to a sand media bed, and discharges it through a pipe from which the 

treated effluent ultimately ends up in receiving waters (Kandasamy et al. 2008). 
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Figure 4. Example of Stormwater Sand Filter Design 

The field measured total P removed from sand filters is highly variable with influent 

concentration. For example, a study observed a 5% TP removal for received waters 

containing 0.05 mg/L P, but up to 92% at 1.4 mg/L (Urbonas et al. 1999). Generally, 40 – 

45% TP reduction is expected of a sand filter (NCDEQ 2017; EPA 2021). Sand filters have 

a low removal of total dissolved phosphorus (TDP), for which removal has been observed 

as low as 0% (Zarezadeh et al. 2015; Stantec 2021), 2-4% (Erickson et al. 2007; Wang et 

al 2021), and 9-20% (Sønderup et al. 2014; Bolster 2021; Nguyen et al. 2021). Factors that 

can affect P removal include hydraulic retention time and influent concentration (Sønderup 

et al. 2014). This low removal of dissolved P in sand filters is of great concern since 

dissolved forms of P are more bioavailable and accelerate freshwater eutrophication. As a 

result of this, researchers are exploring amending sand filters with other materials to 

address dissolved P removal in conventional sand filters, such as the use of steel slag 

(Okochi & McMartin 2011), small pieces of demolition waste bricks (Tao et al. 2020), 

biochar (Rozari 2020), and limestone, steel wool, and blast furnace byproducts amongst 

other materials (Erickson et al. 2007). 
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1.5 Drinking Water Treatment Residuals (DWTRs)  

Drinking water treatment residuals (DWTRs) are a waste byproduct produced from 

the coagulation process at a municipal drinking water treatment plant. This waste often 

consists of natural organic matter, metal hydroxides (Al, Fe, or Ca), and other trace 

amounts of chemicals specific to source water and the blend of chemicals added by the 

water treatment plant (Makris et al. 2004; Wang et al. 2021). In the United States, aluminum 

and iron-based chemicals are the most common coagulants (Dayton and Basta 2005). 

DWTRs have emerged as a candidate amendment in stormwater infrastructure due to their 

low cost and affinity for anionic species such as P (Ippolito et al. 2011). Numerous 

laboratory studies in the last few years have indicated that DWTRs are generally safe for 

environmental applications, are non-toxic to aquatic organisms, and are largely stable 

(Rahmati et al. 2022; Li 2018; Kasprzyk et al. 2020).  

Research regarding the use of DWTRs in field contexts is scarce, and there are even 

fewer studies available for those in a sand filter context. Applications of DWTRs to other 

stormwater infrastructure are more prevalent and have been recorded for constructed 

wetlands (Leader et al. 2005; Ballantine and Tanner 2011) and bioretention systems (Ament 

et al. 2022; Xu et al. 2020; Poor et al. 2019). These studies help give insight into the general 

performance of DWTRs in sand media and create lessons learned for subsequent enhanced 

sand filter design. For example, when DWTRs are amended into the sand of bioretention 

systems, a uniform mix provides a more favorable hydraulic compatibility and resolves 

issues of preferential flow paths (Ament et al. 2021). Sand that is well sorted achieves 

higher P adsorption efficiency than unsorted sand (Hamisi et al. 2022). Amending the sand 
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filter with DWTRs transforms introduces a means of P removal through chemical 

adsorption (Aulenbach and Meisheng 1988). Fig. 5 illustrates the concept that a sand filter 

coupled with DWTRs targets both particulate and soluble forms of phosphorus by coupling 

mechanical and chemical removal mechanisms. 

 

Figure 5. Phosphorus removal mechanisms within the media in a DWTR-enhanced sand 

filter. 

1.6 Chloride Concerns in Cold Climates  

Chloride pollution is an emerging concern especially in areas with cold climates 

resulting largely from intensive road salt application during cold and icy months. In the 

United States, over two thirds of the population live in areas that experience ice and snow 

(Hintz et al. 2021). Chloride originates from natural sources such as saline lakes and 

aquifers (CCME 2011); however, the detrimental effects seen today are largely attributed 

to human activity including road salt, fertilizer, animal waste, septic systems, and water 

softeners (Overbo et al. 2019).  

Road salt, typically sodium chloride or magnesium chloride, is applied to depress 

the freezing-point of roads and other impervious surfaces to make them safe for traversing 
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(Sparcino et al. 2021). In the face of spring thaw flushing events, salts applied to keep roads 

and sidewalks safe are transported to receiving waters with snowmelt (Fay & Shi 2012). 

Upon dissociation into water, chloride remains in its ionic form and does not further react 

(CCME 2011).  

Increasing chloride concentrations have a direct threat to water quality on a 

watershed, local, regional, and national scale (Trowbridge et al. 2010; Dailey et al. 2014; 

Corsi et al. 2010). Chloride pollution can have several severe impacts in the freshwater 

environments – including altering mixing dynamics and stratifications within the lake 

(Ficker et al. 2019), threatening the livelihood of freshwater aquatic plants and 

invertebrates (Cañedo-Argüelles et al. 2013), mobilizing harmful substances such as radon, 

mercury, and lead (Hintz et al. 2021) and impacting the quality of drinking water from 

private wells (Pieper et al. 2018). Evidence shows that chlorides can impact taxonomic and 

trait composition of stream macroinvertebrates (Szöcs et al. 2013), limit oxygen 

availability within water bodies (Fay & Shi 2012) and create toxic conditions when 

surpassing regulatory limits (Moore et al. 2019). For plants, excess chloride causes osmotic 

stress on their roots, reduces the thickness of their leaves, fertility, and growth (Blomqvist 

1998; Willmert et al. 2018) – the latter of which has been investigated by Baltrenas et al. 

(2010) who found that contaminated plants exhibit growth rates of half of that of an 

uncontaminated sample. In the same vein, native soil chemistry is at risk. Areas in colder 

climates have found evidence that the impacts from deicing have already begun to alter 

native soil chemistry (Tharp & Allen 2020).  
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1.7 Life Cycle Assessment  

Life cycle assessment (LCA), also referred to as life cycle analysis, is a dynamic 

modelling tool for assessing long-term environmental impacts of a product, service, or 

material while considering various stages of use (Muralikrishna and Manickam 2017). A 

study considering impacts from raw material acquisition through disposal is often referred 

to as being “cradle-to-grave” (Dincer and Rosen 2021).  The first LCA-oriented study arose 

in 1969, when Coca Cola publicized their CO2 releases to the environment by their current 

packaging through methods of quantifying the raw materials and fuels used during the 

manufacturing process (Hunt et al. 1996). The term “life cycle assessment” was officially 

coined by the Society of Environmental Toxicology and Chemistry two decades later 

(SETAC 1991).  

Coca Cola’s assessment garnered attention from competitor companies who 

followed suit with measuring the environmental impacts of their own product’s packaging, 

and by the mid-1970s, the climate shifted towards measuring product’s energy 

consumption (Guinée et al. 2011). This corporate attitude for sustainability metrics might 

have been fueled by the transformational period of the early 1970s in the United States, 

when it was such a time that environmental policymaking was highly influenced by public 

opinion (Coglianese 2001).  

With life cycle assessment gaining popularity, companies began using their 

environmental footprints as means for marketing their product, and standardization was 

required to support the claims made. In 1997, the International Organization for 

Standardization published guidelines in four standards – ISO 14040-14043 from 1997-
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2000, which have since been truncated into ISO 14040 and 14044 (Pryshlakivsky and 

Searcy 2013). Since then, the LCA community has grown rapidly by refining and updating 

methodologies and databases that support transparent studies (Bjørn et al. 2017). As a 

result, sustainability assessments are growing across a vast range of sectors, including 

wastewater treatment, agriculture, transportation, and construction.  

1.8 Thesis Objectives 

 The overall purpose of the research found herein is to explore the use of DWTRs 

in sand filter BMPs and contextualize their performance with a sustainability lens (i.e., life 

cycle assessment). This study’s objectives include the following: 

1) Quantify the P load removal and P concentration changes associated with two 

DWTR-enhanced sand filters that differ in filter size, drainage area, watershed 

characteristics, runoff composition, and % DWTR by volume. 

2) Perform a life cycle assessment to estimate the embodied P associated with the 

acquisition of raw materials, transportation, construction, maintenance, and 

disposal phases of each sand filter. 

3) Using field data, project P removal across a 20-year filter lifetime to comment on 

local versus global P removal, the impact of DWTRs or other phosphorus-sorbing 

material on lifetime P removal, and carbon dioxide tradeoffs. 

 

 



16 

References 

1. Ament, M.R., Hurley, S.E., Voorhees, M., Perkins, E., Yuan, Y., Faulkner, J.W., & 

Roy, E.D. (2021). Balancing Hydraulic Control and Phosphorus Removal in 

Bioretention Media Amended with Drinking Water Treatment Residuals. ACS 

Environmental Science & Technology, 1(3), 688-697, 

doi.org/10.1021/acsestwater.0c00178. 

2. Ament, M.R., Roy, E.D., Yuan, Y., & Hurley, S.E. (2022). Phosphorus Removal, 

Metals Dynamics, and Hydraulics in Stormwater Bioretention Systems Amended 

with Drinking Water Treatment Residuals. ASCE Journal of Sustainable Water in 

the Built Environment, 04022003, doi.org/10.1061/JSWBAY.000980. 

3. Aryal, R., Vigneswaran, S., Kandasamy, J., & Naidu, R. (2010). Urban 

stormwater quality and treatment. Korean Journal of Chemical Engineering, 27, 

1343-1359, doi.org/10.1007/s11814-010-0387-0. 

4. Aulenbach, D.B., & Meisheng, N. (1988). Studies on the Mechanism of 

Phosphorus Removal from Treated Wastewater by Sand. Journal (Water Pollution 

Control Federation), 60(12), 2089-2094, jstor.org/stable/25046864. 

5. Ballantine, D.J., & Tanner, C.C. (2010). Substrate and filter materials to enhance 

phosphorus removal in constructed wetlands treating diffuse farm runoff: a 

review. New Zealand Journal of Agricultural Research, 53(1), 71-95, 

doi.org/10.1080/00288231003685483. 

6. Baltrenas, P., Kazlauskiene, A., & Zaveckyte, J. (2006). Experimental 

investigation into toxic impact of road maintenance salt on grass vegetation. 

Journal of Environmental Engineering and Landscape Management. 14(2), 83-

88, doi.org/10.1080/1646897.2006.9636883. 

7. Beaulac, M.N. and Reckhow, K.H. (1982), AN EXAMINATION OF LAND USE 

- NUTRIENT EXPORT RELATIONSHIPS. JAWRA Journal of the American 

Water Resources Association, 18: 1013-1024. doi.org/10.1111/j.1752-

1688.1982.tb00109.x. 

8. Bell, C.D., Wolfand, J.M., Panos, C.L., Bhaskar, A.S., Gilliom, R.L., Hogue, T.S., 

Hopkins, K.G., & Jefferson, A.J. (2020). Stormwater control impacts on runoff 

volume and peak flow: A meta-analysis of watershed modelling studies. 

Hydrological Processes, 34(14), 3134-3152, doi.org/10.1002/hyp.13784. 

9. Bjørn, A., Owsianiak, M., Molin, C., & Hauschild, M.Z. (2017). LCA History. In: 

Hauschild, M., Rosenbaum, R., Olsen, S. (eds) Life Cycle Assessment. Springer, 

Cham, doi.org/10.1007/978-3-319-56475-3_3. 

10. Blomqvist, G. (1998). Impact of De-icing Salt on Roadside Vegetation A 

Literature Review. Swedish National Road and Transport Institute, VTI Rapport, 

427A. 

https://doi.org/10.1111/j.1752-1688.1982.tb00109.x
https://doi.org/10.1111/j.1752-1688.1982.tb00109.x
https://doi.org/10.1007/978-3-319-56475-3_3


17 

11. Bolster, C.H. (2020). Comparing unamended and Fe-coated biochar on removal 

efficiency of bacteria, microspheres, and dissolved phosphorus in sand filters. 

Biochar, 3(3), 329-338, doi.org/10.1007/s42773-021-00100-7. 

12. Cañedo-Argüelles, M., Kefford, B., Piscart, C. Prat, N., Schäfer, R.B., Schulz, C-

J. (2013). Salinisation of rivers: An urgent ecological issue. Environmental 

Pollution, 153, 157-167, doi.org/10.1016/j.envpol.2012.10.011. 

13. Canadian Council of Ministers of the Environment (CCME). (2011). Scientific 

Criteria Document for the Development of the Canadian Water Quality 

Guidelines for the Protection of Aquatic Life: Chloride Ion. Scientific Criteria 

Document. 

14. Chang, B., Wherley, B., Aitkenhead-Peterson, J.A., & McInnes, K.J. (2021). 

Science of the Total Environment, 783, 146977, 

doi.org/10.1016/j.scitotenv.2021.146977. 

15. Chislock, M., Doster, E., Zitomer, R., & Wilson, A. (2013). Eutrophication: 

Causes, Consequences, and Controls in Aquatic Ecosystems. Nature Education 

Knowledge, 4(4):10.  

16. Cisse, L., & T. Mrabet. (2004). World Phosphate Production: Overview and 

Prospects. Phosphorus Research Bulletin, 15, 21-25, 

doi.org/10.3363/prb1992.15.0_21. 

17. Clary, J., Jones, J., Leisenring, M,., Hobson, P., & Strecker, E. (2020). 

International Stormwater BMP Database: 2020 Summary Statistics.   

18. Coglianese, C. (2001). Social Movements, Law, and Society: The 

institutionalization of the Environmental Movement. University of Pennsylvania 

Law Review, 150(1), 85-118, doi.org/10.2307/3312913. 

19. Corsi, S.R., Graczyk, D.J., Geis, S.W., Booth, N.L., & Richards, K.D. (2010). A 

Fresh Look at Road Salt: Aquatic Toxicity and Water-Quality Impacts on Local, 

Regional, and National Scales. Environmental Science & Technology, 44(19), 

7376-7382, doi.org/10.1021/es101333u. 

20. Dailey, K.R, Welch, K.A, & Lyons, W.B. (2014). Evaluating the influence of road 

salt on water quality of Ohio rivers over time. Applied Geochemistry, 47, 25-35, 

doi.org/10.1016/j.apgeochem.2014.05.006. 

21. Dallmann, T.R., Onasch, T.B., Kirchstetter, T.W., Worton, D.R., Fortner, E.C., 

Herndon, S.C., Wood, E.C., Franklin, J.P., Worsnop, D.R., Goldstein, A.H., & 

Harley, R.A. (2014). Characterization of particulate matter emissions from on-

road gasoline and diesel vehicles using a soot particle aerosol mass spectrometer. 

Atmospheric Chemistry and Physics, 14, 7585-7599, doi.org/10.5194/acp-14-

7585-2014. 



18 

22. Dayton, E.A., & Basta, N.T. (2005). A Method for Determining the Phosphorus 

Sorption Capacity and Amorphous Aluminum of Aluminum-Based Drinking 

Water Treatment Residuals. Journal of Environmental Quality, 34, 1112-1118, 

doi.org/10.2134/jeq2004.0230. 

23. Desmidt, E., Ghyselbrecht, K., Zhang, Y., Pinoy, L., Van de Bruggen, B., 

Verstraete, W., Rabaey, K., & Meesschaert, B. (2014). Global phosphorus scarcity 

and full-scale P-recovery techniques – a review. Critical Reviews in 

Environmental Science and Technology, doi.org/10.1080/10643389.2013.866531. 

24. Dillon, P.J., & Molot, L.A. (2024). Chapter 15 – The Phosphorus Cycle. Wetzel’s 

Limonology (Fourth Edition), 359-425, doi.org/10.1016/B978-0-12-822701-

5.00015-X. 

25. Dincer, I., & Rosen, M. (2021). Chapter 22 – Exergetic life cycle assessment. 

Energy, Environment, and Sustainable Development, 3, 601-629, 

doi.org/10.1016/B978-0-12-824372-5.00022-1. 

26. Dodds, W., Bouska, W., Eitzmann, J., Pilger, T., Pitts, K., Riley, A., Schloesser, J., 

& Thornbrugh, D. (2009). Eutrophication of U.S Freshwaters: Analysis of 

Potential Economic Damages. Environ. Sci. Technol., 43(1), 12-19, 

doi.org/10.1021/es801217q. 

27. Dressing, S., Meals, D., Harcum, J., Spooner, J., Stribling, J., Richards, R., 

Millard, C., Lanberg, S., & O’Donnell, J. (2016). Monitoring and Evaluating 

Nonpoint Source Watershed Projects. Accessed at https://www.epa.gov/polluted-

runoff-nonpoint-sourcepollution/monitoring-and-evaluating-nonpoint-source-

watershed. 

28. Duan, S., Kaushal, S. S., Groffman, P. M., Band, L. E., and Belt, K. T. (2012), 

Phosphorus export across an urban to rural gradient in the Chesapeake Bay 

watershed, J. Geophys. Res., 117, G01025, doi:10.1029/2011JG001782. 

29. Ellison, M. & Brett, M. (2006). Particulate phosphorus bioavailability as a 

function of stream flow and land cover. Water Research, 40(6), 1258-1268, 

doi.org/10.1016/j.watres.2006.01.016. 

30. Elser, J. (2012). Phosphorus: a limiting nutrient for humanity? Current Opinion in 

Biotechnology, 23(6), 833-838, doi.org/10.1016/j.copbio.2012.03.001. 

31. Erickson, A., Gulliver, J., & Weiss, P. (2007). Enhanced Sand Filtration for Storm 

Water Phosphorus Removal. Journal of Environmental Engineering, 133(5), 

doi.org/10.1061/(ASCE)0733-9372(2007)133:5(485). 

32. Erickson, A.J., Weiss, P.T., Gulliver, J.S. (2013). Impacts and Composition of 

Urban Stormwater. In: Optimizing Stormwater Treatment Practices. Springer, 

New York, NY, doi.org/10.1007/978-1-4614-4624-8_2. 

https://www.epa.gov/polluted-runoff-nonpoint-sourcepollution/monitoring-and-evaluating-nonpoint-source-watershed
https://www.epa.gov/polluted-runoff-nonpoint-sourcepollution/monitoring-and-evaluating-nonpoint-source-watershed
https://www.epa.gov/polluted-runoff-nonpoint-sourcepollution/monitoring-and-evaluating-nonpoint-source-watershed


19 

33. Fay, L., & Shi, X. (2012). Environmental Impacts of Chemicals for Snow and Ice 

Control: State of the Knowledge. Water, Air, & Soil Pollution, 233, 2751-2770, 

doi.org/10.1007/s11270-011-1064-6. 

34. Ficker, H., Luger, M., Pamminger-Lahnsteiner, B., Achleitner, D., Jagsch, A., 

Gassner, H. (2019). Diluting a salty soup: Impact of long-lasting salt pollution on 

a deep Alpine lake (Traunsee, Austria) and the downside of recent recovery from 

salinization. Aquatic Sciences, 81(7), doi.org/10.1007/s00027-017-0602-3. 

35. Fissore, C., Baker, L.A., Hobbie, S.E., King, J.Y, McFadden, J.P., & Nelson, J. 

(2011). Carbon, nitrogen, and phosphorus fluxes in household ecosystems in the 

Minneapolis-Saint Paul, Minnesota urban region. Ecological Applications, 21(3), 

619-639, doi.org/10.1890/10-0386.1. 

36. Ghane, E., Ranaivoson, A., Feyereisen, G., Rosen, C., & Moncrief, J. (2016). 

Comparison of Contaminant Transport in Agricultural Drainage Water and Urban 

Stormwater Runoff. Plos One, https://doi.org/10.1371/journal.pone.0167834. 

37. Guinée, J. B., Heijungs, R., Huppes, G., Zamangi, A., Masoni, P., Buonamici, R., 

Ekvall, T., & Rydberg, T. (2011). Life cycle assessment: past, present, and future. 

Environmental Science and Technology, 45(1), 90-96, doi.org/10.1021/es101316v. 

38. Hamisi, R., Renman, A., Renman, G., Worman, A., & Thunvik, R. (2022). Long-

term phosphorus sorption and leaching in sand filters for onsite treatment systems. 

Science of the Total Environment, 833, 155254, 

doi.org/10.1016/j.scitotev.2011.155254. 

39. Hatch, L., Reuter, J., & Goldman, C. (2011). Relative importance of stream-borne 

particulate and dissolved phosphorus fractions to Lake Tahoe phytoplankton. 

Canadian Journal of Fisheries and Aquatic Sciences. 56(12): 2331-2339, 

doi.org/10.1139/f99-166. 

40. Hintz., W., Fay, L., & Relyea, R. (2022). Road salts, human safety, and the rising 

salinity of our fresh waters. Frontiers in Ecology and the Environment, 20(1), 22-

30, doi.org/10.1002/fee.2433. 

41. Holtan, H., Kamp-Nielsen, L., & Stuanes, A. (1988). Phosphorus in soil, water 

and sediment: an overview. Hydrobiologia, 170, 19-34, doi.org/10.1007/978-94-

009-3109-1_3. 

42. Hou, X., Feng, L., Dai, Y., Hu, C., Gibson, L., Tang, J., Lee, Z., Wang, Y., Cai, X., 

Liu, J., Zheng, Y., & Zheng, C. (2022). Global mapping reveals increase in 

lacustrine algal blooms over the past decade. Nature Geoscience, 15, 130-134, 

doi.org/10.1038/s41561-021-00887-x. 

43. Hunt, R., Franklin, W., & Hunt, R.G. (1996). LCA – How it came about. The 

International Journal of Life Cycle Assessment. 1, 4-7, 

doi.org/10.1007/BF02978624. 



20 

44. Indris, S.N., Rudolph, D.L., Glass, B.K., & Van Cappellen, P. (2020). Evaluating 

phosphorus from vehicular emissions as a potential source of contamination to 

ground and surface water. Cogent Environmental Science, 1794702, 

doi.org/10.1080/23311843.2020.1794702. 

45. Ippolito, J.A., Barbarick, K.A., & Elliott, H.A. (2011). Drinking Water Treatment 

Residuals: A Review of Recent Uses. Journal of Environmental Quality, 40(1), 

doi.org/10.2134/jeq2010.0242. 

46. Kandasamy, J., Beecham, S., Dunphy, A. (2008). Stormwater sand filters in water-

sensitive urban design. Water Management. WM2, 55-64, 

doi.org/10.1680/wama.2008.161.2.55. 

47. Kaspryzk, M., Czerwionka, K., Gajewska, M. (2020). Waste materials assessment 

for phosphorus adsorption toward sustainable application in circular economy. 

Resources, Conservation & Recycling, doi.org/10.1016/j.resconrec.2020.105335. 

48. Kopáček, J., Borovec, J., Hejzlar, J., Ulrich, K-U., Norton, S.A., & Amirbahman, 

A. (2005). Aluminum Control of Phosphorus Sorption by Lake Sediments. 

Environmental Science & Technology, 39(22), 8784-8789, 

doi.org/10.1021/es050916b. 

49. Krasa, J., Dostal, T., Jachymova, B., Bauer, M., & Devaty, J. (2019). Soil erosion 

as a source of sediment and phosphorus in rivers and reservoirs – Watershed 

analyses using WaTEM/SEDEM. Environmental Research, 171, 470-483, 

doi.org/10.1016/j.envres.2019.01.044. 

50. Lake Champlain Basin Program (LCBP). (Accessed 2024). Phosphorus Sources. 

Accessed at https://www.lcbp.org/our-goals/clean-water/nutrients-and-

cyanobacteria/phosphorus-sources/. Accessed on 4/22/2024. 

51. Leader, J.W., Reddy, K.R., & Wilkie, A.C. (2005). Optimization of low-cost 

phosphorus removal from wastewater using co-treatments with constructed 

wetlands. Water Science & Technology, 51(9), 283-290, 

doi.org/10.2166/wst.2005.0338. 

52. LeFevre, G.H., Paus, K.H., Natarajan, P., Gulliver, J.S., Novak, P.J., & Hozalski, 

R.M. (2014). Review of Dissolved Pollutants in Urban Storm Water and Their 

Removal and Fate in Bioretention Cells. Journal of Environmental Engineering, 

141(1), doi.org/10.1061/(ASCE)EE.1943-7870.0000876. 

53. Lepori, F., & Roberts, J. J. (2017). Effects of internal phosphorus loadings and 

food-web structure on the recovery of a deep lake from eutrophication. Journal of 

Great Lakes Research, 43(2), 255–264, doi:10.1016/j.jglr.2017.01.008. 

54. Li, X.Q., Wang, C.H., & Pei, Y.S. (2018). Granulation of drinking water treatment 

residuals as applicable media for phosphorus removal. Journal of Environmental 

Management, 213, (2018), 36-46, doi.org/10.1016/jenvman.2018.02.056. 

https://www.lcbp.org/our-goals/clean-water/nutrients-and-cyanobacteria/phosphorus-sources/
https://www.lcbp.org/our-goals/clean-water/nutrients-and-cyanobacteria/phosphorus-sources/


21 

55. Makris, K.C., Harris, W.G., O’Conno, G.A., & Obreza, T.A. (2004). Phosphorus 

Immobilization in Micropores of Drinking-Water Treatment Residuals: 

Implications for Long-Term Stability. Environmental Science & Technology, 

38(24), 6590-6596, doi.org/10.1021/es049161j. 

56. Macintosh, K.A., Mayer, B.K., McDowell, R.W., Powers, S.M., Baker, L.A., 

Boyer, T.H., & Rittmann, B.E. (2018). Managing Diffuse Phosphorus at the 

Source versus at the Sink. Environmental Science & Technology, 52, 11995-

12009, doi.org/10.1021/acs.est.8b01143. 

57. Marsalek, J. (2003). Overview of Urban Stormwater Impacts on Receiving 

Waters. In: Arsov, R., Marsalek, J., Watt, E., Zeman, E. (eds) Urban Water 

Management: Science Technology and Service Delivery. NATO Science Series, 

vol 25. Springer, Dordrecht, doi.org/10.1007/978-94-010-0057-4_1. 

58. Meals, D. (2001). Water quality response to riparian restoration in an agricultural 

watershed in Vermont, USA. Water Science and Technology, 43(5), 175-182, 

doi.org/10.2166/wst.2001.0280. 

59. Meals, D., & Hopkins, R. (2002). Phosphorus reductions following riparian 

restoration in two agricultural watersheds in Vermont, USA. Water Science and 

Technology, 45(9), 51-60, doi.org/10.2166/wst.2002.0203. 

60. Moore, J., Fanelli, R., & Sekellick, A.J. (2019). High-Frequency Data Reveal 

Deicing Salts Drive Elevated Specific Conductance and Chloride along with 

Pervasive and Frequent Exceedances of the U.S. Environmental Protection 

Agency Life Criteria for Chloride in Urban Streams. Environmental Science and 

Technology, 54(2), 778-789, doi.org/10.1021/acs.est.9b04316. 

61. Morgane, L.E., Chantal, G-O., Alain, M., Yves, S., Claire, É., Alix, L., Florentina, 

M., Alexandrine, P., Phillipe, S., Alain, L., & Gilles, P. (2019). Eutrophication: A 

new wine in an old bottle? Science of the Total Environment, 651(1), 1-11, 

doi.org/10.1016/j.scitotenv.2018.09.139. 

62. Moura, N.C.B., Pellegrino, P.R.M., & Martins, J.R.S. (2016). Best management 

practices as an alternative for flood and urban storm water control in a changing 

climate. Journal of Flood Risk Management, 9(3), 243-254, 

doi.org/epdf/10.1111/jfr3.12194. 

63. Muralikrishna, I.V. & Manickam, V. (2017) Chapter 5 – Life Cycle Assessment. 

Environmental Management, 57-75. 

64. National Research Council (NRC). (2008). Urban Stormwater Management in the 

United States. The National Academies Press. 

epa.gov/npdes/pubs/nrc_stormwaterreport.pdf. 

65. Norvell, W., Frink, C., & Hill, D. (1979). Phosphorus in Connecticut lakes 

predicted by land use. Proceedings of the National Academy of Sciences, 76(11), 

5426-5429, doi.org/10.1073/pnas.76.11.5426. 



22 

66. NCDEQ. (2017). C-6. Sand Filter. NCDEQ Stormwater Design Manual. 

https://files.nc.gov/ncdeq/Energy%20Mineral%20and%20Land%20Resources/Sto

rmwater/C-6_Sand_Filter.pdf. 

67. Okochi, N.C, & McMartin, D.W. (2011). Laboratory investigations of stormwater 

remediation via slag: Effects of metals on phosphorus removal. Journal of 

Hazardous Materials, 187, 250-257, doi.org/10.1016/j.jhazmat.2011.01.015. 

68. Overbo, A., heger, S., Kyser, S., Alseson, B., & Gulliver, J. (2019). Chloride 

Concentrations from Water Softeners and Other Domestic, Commercial, 

Industrial, and Agricultural Sources to Minnesota Waters. St. Paul, MN: 

University of Minnesota. Retrieved from https://www.wrc.umn.edu/sites/ 

wrc.umn.edu/files/overbo_finaldraftchloridebudgetreport_jan2019.pdf. Accessed 

3/2/2023. 

69. Pamuru, S.T., Forgione, E., Croft, K., Kjellerup, B.V., & Davis, A.P. (2022). 

Chemical characterization of urban stormwater: Traditional and emerging 

contaminants. Science of the Total Environment, 813, 151877, 

doi.org/10.1016/j.scitotenv.2021.151887. 

70. Paredes, I. Ramírez, F., Aragonés, D., Bravo, M.A., Forero, M.G. & Green, A.J. 

(2021). Ongoing anthropogenic eutrophication of the catchment area threatens the 

Doñana World Heritage Site (South-west Spain). Wetlands Ecology and 

Management, 29, 41-65, doi.org/10.1007/s11273-020-09766-5. 

71. Pieper, K.J., Tang, M., Jones, C.N., Weiss, S., Greene, A., Mohsin, H., Parks, J., & 

Edwards, M.A. (2018). Impact of Road Salt on Drinking Water Quality and 

Infrastructure Corrosion in Private Wells. Environmental Science and Technology, 

52(24), 14078-14087, doi.org/acs.est.8b4709. 

72. Petrone, K. C. (2010). Catchment export of carbon, nitrogen, and phosphorus 

across an agro-urban land use gradient, Swan-Canning River system, 

southwestern Australia, J. Geophys. Res., 115, G01016, 

doi.org/10.1029/2009JG001051. 

73. Prepas, E., & Charette, T. (2003). 9.08 - Worldwide Eutrophication of Water 

Bodies: Causes, Concerns, Controls. Treatise on Geochemistry, 9, 311-331, 

doi.org/10.1016/B0-08-043751-6/09169-6. 

74. Pryshlakivsky, J. & Searcy, C. (2013). Fifteen years of 14040: a review. Journal 

of Cleaner Production, 57, 115-123, doi.org/10.1016/j.jclepro.2013.05.038. 

75. Rahmati, R., Sidhu, V., Nunez, R., Datta, R., & Sarkar, D. (2021). Correlation of 

Phosphorus Adsorption with Chemical Properties of Aluminum-Based Drinking 

Water Treatment Residuals Collected from Various Parts of the United States. 

Molecules, 27, 7194, doi.org/10.3390/molecules27217194. 

https://files.nc.gov/ncdeq/Energy%20Mineral%20and%20Land%20Resources/Stormwater/C-6_Sand_Filter.pdf
https://files.nc.gov/ncdeq/Energy%20Mineral%20and%20Land%20Resources/Stormwater/C-6_Sand_Filter.pdf
https://www.wrc.umn.edu/sites/


23 

76. Rodak, C.M., Jayakaran, A.D., Moore, T.L., David, R., Rhodes, E.R., & Vogel, 

J.R. (2020). Urban stormwater characterization, control, and treatment. Water 

Environment Research, 92(10), 1552-1586, doi.org/10.1002/wer.1403. 

77. Rosenberger, L., Leandro, J., Pauleit, S., & Erlwein, S. (2021). Sustainable 

stormwater management under the impact of climate change and urban 

densification. Journal of Hydrology, 56, 126137, 

doi.org/10.1016/j.jhydrol.2021.126137. 

78. Røyset, O., Vogt, R., Mohr, C., & Parekh, N. (2014). Sampling of dissolved 

inorganic (DIP) and organic phosphorus (DOP) compounds in natural water by 

Diffusive Gradients in Thinfilms (DGT). 

https://www.semanticscholar.org/paper/Sampling-of-dissolved-inorganic-(DIP)-

and-organic-R%C3%B8yset-

Vogt/cc459ba3354d0579daac6debdaa9e46e4f88b4b5#citing-papers. 

79. Rozari, P. (2020). Performance efficiency of sand media amended with biochar 

for phosphorus removal using column filtration. Materials Science and 

Engineering, 83, 1-9, doi.org/10.1088/1757-899-X/823/1/012043. 

80. Masoner, J., Kolpin, D.W., Cozzarelli, I.M., Barber, L.B., Burden, D.S., Foreman, 

W.T., Forshay, K.J., Furlong, E.T., Groves, J.F., Hladik, M., Hopton, M.E., 

Jaeschke, J.B., Keffe, S.H., Krabbenhoft, D.P., Lowrance, R., Romanok, K.M., 

Rus, D.L., Selbig, W.R., Williams, B.H., & Bradley, P.M. (2019). Urban 

stormwater: An Overlooked Pathway of Extensive Mixed Contaminants to 

Surface and Groundwaters in the United States. Environmental Science & 

Technology, 53(17), 10070-10081, doi.org/10.1021/acs.est.9b02867.  

81. Nguyen. D.X., Nairn, R.W., & Knox, R.C. (2021). Sand Filtration Enhanced by 

Various Reactive Materials for Bioretention Cell Design Considerations. Journal 

of Environmental Engineering, 147(11), doi.org/10.10161/(ASCE)EE.1943-

7870.0001916. 

82. Poor, C.J., Conkle, K., MacDonald, A., & Duncan, K. (2019). Water Treatment 

Residuals in Bioretention Planters to Reduce Phosphorus Levels in Stormwater. 

Environmental Engineering Science, 36(3), doi.org/10.1089/ees.2018.0254. 

83. Smeltzer, E. & Quinn, S. (1996). A Phosphorus Budget, Model, and Load 

Reduction Strategy for Lake Champlain. Journal of Lake and Reservoir 

Management, 12(8), 381-398, doi.org/10.1080/07438149609354279. 

84. Smeltzer, E., Shambaugh, A., & Stangel, P. (2012). Environmental change in Lake 

Champlain revealed by long-term monitoring. Journal of Great Lakes Research, 

38, 6-18, doi.org/10.1016/j.jglr.2012.01.002. 

85. Society of Environmental Toxicology (SETAC) and SETAC Foundation for 

Environmental Education. (1991). A Technical Framework for Life-Cycle 

Assessment. Accessed at 



24 

https://cdn.ymaws.com/www.setac.org/resource/resmgr/books/lca_archive/technic

al_framework.pdf.  

86. Scholes, L., Revitt, D. M., & Ellis, J. B. (2008). A systematic approach for the 

comparative assessment of stormwater pollutant removal potentials. Journal of 

Environmental Management, 88(3), 467–478. 

doi:10.1016/j.jenvman.2007.03.003. 

87. Scholz, R.W, Ulrich, A.E., Eilittä, M., & Roy, A. (2013). Sustainable use of 

phosphorus: A finite resource. Science of the Total Environment. 461-461, 799-

803, doi.org/10.1016/j.scitotenv.2013.05.043. 

88. Schröder, J., Smit, A., Cordell, D., & Rosemarin, A. (2011). Improved phosphorus 

use efficiency in agriculture: A key requirement for its sustainable use. 

Chemosphere, 84(6), 822-831, doi.org/10.1016/j.chemosphere.2011.01.065. 

89. Shrestha, P. Faulkner, J.W., Kokkinos, J., & Hurley, S.E. (2020). Ecological 

Engineering, 150, doi.org/10.1016/j.ecoleng.2020.105821. 

90. Singh, R., Chen, Y., Gulliver, J., & Hozalski, R. (2023). Leachability and 

phosphate removal potential of tire derived aggregates in underground stormwater 

chambers. Journal of Cleaner Production, 395(1), 1-9, 

doi.org/10.1016.j.clepro.2023.136428. 

91. Sønderup, M.J., Egemose, S., Hoffmann, C.C., Reitzel, K., & Flindt, M.R. (2014). 

Modeling phosphorus removal in wet ponds with filter zones containing sand or 

crushed concrete. Ecological Engineering, 66, 52-52, 

doi.org/10.1016/j.ecoleng.2013.06.003. 

92. Stantec Consulting Services Inc. (Stantec). (2021). Pollutant Removal and 

Maintenance Assessment of Underground Sand Filters. Accessed at 

https://conservancy.umn.edu/server/api/core/bitstreams/fbba67f2-3b7a-4962-

b6aa-2ca1bd65399b/content. 

93. Szöcs, E., Coring, E., Bäthe, J., & Schäfer, R. (2013). Effects of anthropogenic 

salinization on biological traits and community composition of stream 

macroinvertebrates. Science of the Total Environment, 468-469, 943-949, 

doi.org/10.1016/j.scitotenv.2013.08.058. 

94. Tao, B., Li, W., Xie, L., Yu, J., & He, F. (2020). Performance analysis of 

demolition waste bricks for phosphorus removal from stormwater runoff. Urban 

Water Journal, 17(2), 144-153, doi.org/10.1080/1573062X/2020.1748209. 

95. Tharp, R., & Allen, D. (2020). Assessment of deicing salt storage and distribution 

as a salinization point source: the influence of permitting standards on water 

quality. Environmental Systems Research, 9(21), doi.org/10.1186/s40068-020-

00185-2. 



25 

96. Thomson-Bulldis, A., & Karl, D. (2003). Application of a novel method for 

phosphorus determinations in the oligotrophic North Pacific Ocean. Limnology 

and Oceanography, 43(7), 1565-1577, doi.org/10.4319/lo.1998.43.7.1565. 

97. Trowbridge, P.R., Kahl, J.S., Sassan, D.A., Heath, D.L., & Walsh, E.M. (2010). 

Relating Road Salt to Exceedances of the Water Quality Standard for Chloride in 

New Hampshire Streams. Environmental Science & Technology, 44, 4903-4909, 

doi.org/10.1021/est100326j. 

98. US EPA. (2011). Stormwater Best Management Practice: Sand and Organic 

Filters. EPA-832-F-21-031. Accessed at 

https://www.epa.gov/system/files/documents/2021-11/bmp-sand-and-organic-

filters.pdf.  

99. Uusitalo, R., Turtola, E., Puustinen, M., Paasonen-Kivekäs, M., & Uusi-Kämppä, 

J. (2003). Contribution of Particulate Phosphorus to Runoff Phosphorus 

Bioavailability. Ecosystem Restoration, 32(6), doi.org/10.2134/jeq2003.200. 

100. Vitousek, P.M., Porder, S., Houlton, B.Z. and Chadwick, O.A. (2010), Terrestrial 

phosphorus limitation: mechanisms, implications, and nitrogen–phosphorus 

interactions. Ecological Applications, 20, 5-15, doi.org/10.1890/08-0127.1. 

101. Wada, K., Simpson, R., Kishimoto, N., & Takei, N. (2020). Motor Vehicle Wash-

off Water as a Source of Phosphorus in Roadway Runoff. Journal of Water and 

Environment Technology, 18(1), 9-16, doi.org/10.2965/jwet.19-047. 

102. Wang, M., Bai, S., & Wang, X. (2021). Enhanced removal of heavy metals and 

phosphate in stormwater filtration systems amended with drinking water treatment 

residual-based granules. Journal of Environmental Management. 280, 111645, 

doi.org/10.1016/j.jenvman.2020.111645. 

103. Walsh C.J., Fletcher T.D., & Burns M.J. (2012) Urban Stormwater Runoff: A New 

Class of Environmental Flow Problem. PLoS ONE 7(9): e45814, 

doi.org/10.1371/journal.pone.0045814. 

104. Willmert, H.M., Osso Jr., J.D., Twiss, M.R, & Langen, T.A. (2018). Winter road 

management effects on roadside soil and vegetation along a mountain pass in the 

Adirondack Park, New York. Journal of Environmental Management, 225, 215-

223, doi.org/10.1016/j.jenvman.2018.07.085. 

105. Withers, P., van Dijk, K., Neset, T., Nesme, T., Oenema, O., Rubæk, G., 

Schoumans, O., Smit, B., & Pellerin, S. (2015). Stewardship to tackle global 

phosphorus inefficiency: The case of Europe. AMBIO, 44(suppl 2), 193-206, 

doi.org/10.1007/s13280-014-0614-8. 

106. Wolf, D., & Klaiber, H.A. (2017). Bloom and bust: Toxic algae’s impact on 

nearby property values. Ecological Economics, 135, 209-221, 

doi.org/10.1016/j.ecolecon.2016.12.007. 

https://www.epa.gov/system/files/documents/2021-11/bmp-sand-and-organic-filters.pdf
https://www.epa.gov/system/files/documents/2021-11/bmp-sand-and-organic-filters.pdf


26 

107. Xu, D., Lee, L. Y., Lim, F. Y., Lyu, Z., Zhu, H., Ong, S.L., & Hu, J. (2020). Water 

treatment residual: A critical review of its applications on pollutant removal from 

stormwater runoff and future perspectives. Journal of Environmental Management, 

259, 109649, doi.org/10.1016/j.envman.2019.109649. 

108. Yan, Z., Han, W., Peñuelas, J., Sardans, J., Elser, J., Du, E., Reich, P., & Fang, J. 

(2016). Phosphorus accumulates faster than nitrogen globally in freshwater 

ecosystems under anthropogenic impacts. Ecology Letters, 19(1), 1237-1246, 

doi.org/10.1111/ele.12658. 

109. Yao, L., Wei, W., & Chen, L. (2016). How does imperviousness impact the urban 

rainfall-runoff process under various storm cases? Ecological Indicators, 60, 893-

905, doi.org/10.1016/k.ecolind.2015.08.041. 

110. Yang, Y-Y. & Lusk, M.G. (2018) Nutrients in Urban Stormwater Runoff: Current 

State of the Science and Potential Mitigation Options. Current Pollution Reports, 

4, 112-127, doi.org/10.1007/s40726-018-0087-7. 

111. Yang, Y-Y., & Toor, G.S. (2018). Stormwater runoff driven phosphorus transport 

in an urban residential catchment: Implications for protecting water quality in 

urban watersheds. Scientific Reports, 8, 11681, doi.org/10.1038/s41598-018-

29857-x. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



27 

CHAPTER 2: EVALUATING THE PERFORMANCE OF TWO STORMWATER 

SAND FILTERS ENHANCED WITH ALUMINUM-BASED DRINKING WATER 

TREATMENT RESIDUALS (Al-DWTRs) FOR TREATING PHOSPHORUS IN 

URBAN RUNOFF 

Abstract 

Stormwater runoff from urban areas is a major contributor to phosphorus (P) loads 

into sensitive freshwater ecosystems. Removing both particulate and dissolved P from 

stormwater is challenging, because both physical and chemical removal mechanisms are 

required. Sand filters are one type of stormwater control measure that relies on 

sedimentation and gravity-based filtration processes to remove particle-bound P in runoff. 

However, the sand substrate typically fails to adsorb dissolved P, which is the form of P 

that is most bioavailable to aquatic organisms downstream. Amending the substrate of sand 

filters with drinking water treatment residuals (DWTRs) has the potential to address the 

challenge of removing dissolved P from stormwater runoff. DWTRs are a widely available 

waste produced from the coagulation/flocculation stage at drinking water treatment plants, 

and they are generally comprised of metal hydroxide(s), natural organic matter, and fine 

sediment. In this study, two sand filters (“A” and “B”) enhanced with DWTRs were 

monitored to observe P-reduction capabilities. Sand filter “A” was a smaller structure in a 

cul-de-sac with a substrate composed of 97% sand and 3% DWTR by volume, and “B” 

was a larger filter adjacent to a highly traveled interstate road in commercial area with a 

substrate ratio of 95% sand: 5% DWTR by volume. 30 precipitation events were monitored 

at A, and 17 were monitored at B. The runoff composition of the two sites was substantially 

different: runoff into sand filter A was dominated by dissolved P (84% of total P load), and 

sand filter B received runoff dominated by particulate P (91% of total P). Site A removed 
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65% of the cumulative P load, and site B removed 78% of the cumulative total P influent 

load. Similarly, 78% and 32% of the study period’s cumulative total dissolved P load was 

removed from sand filter A and B, respectively. For singular storm events, up to 94% of 

the dissolved P load was observed as removed and is likely attributed to coupled physical 

and chemical sorption processes introduced by the added DWTRs.  

2.1 Introduction 

 An important focus in stormwater management is the mitigation of phosphorus 

(P) loading into aquatic ecosystems, which can negatively impact water quality and is 

rapidly cycled in urban environments (Reddy et al. 1999; Khan et al. 2021). One type of 

stormwater control measure used in urban areas is a sand filter, which filters out particles 

and particulate-bound nutrients and contaminants. Zarezadeh et al. (2018) found that an 

urban stormwater sand filter removed 94% of total suspended solids but exhibited a 

negligible removal of orthophosphate ions. This limitation has long been observed in 

stormwater sand filtration studies (Tofflemire & Chen 1977; Ament et al. 2021; Bolster 

2021). Therefore, researchers have investigated potential use of various amendments with 

high P sorption capacity in sand filter media (Erickson et al. 2007; Fairbairn & Trojan 

2023; Wang et al. 2021). Among the most promising of these amendments is drinking 

water treatment residuals (DWTRs), particularly aluminum-based materials. DWTRs are 

byproducts of the drinking water treatment process. They generally have greater surface 

areas than alternative P sorbing materials, allowing for greater P sorption capacity (Wang 

et al. 2021; Chiang et al. 2012). DWTRs are widely available, economical, and provide 

comparable P removal to other sorbents (Lin et al. 2014; Shen et al. 2019). For example, 
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a study by Adhikari et al. (2016) found that alum sludge removed the greatest percentage 

of TP (99%) from a synthetic stormwater study when compared to other P-sorbing 

materials such as clay (~20%), fly ash (~15%), mulch (~15%), and dolomite (~25%).  

It is estimated that 40% of DWTRs are trucked to a landfill in the United States, 

the most typical method for disposal (Turner et al. 2019). Additionally, DWTRs are often 

generated in urban areas (Pikaar et al. 2022; Turner et al. 2019), proximal to urban 

stormwater BMPs such as sand filters. Thus, the use of DWTRs in engineered stormwater 

BMPs introduces opportunities for a circular economy within the water treatment sector to 

minimize impacts on the environment (Li et al. 2018). 

However, DWTR performance can be variable due to material heterogeneity 

(Belzile & Chen 2024). This variability is driven by the nature of water sources, the 

coagulant added at the water treatment plant, storage and dewatering methods, and any 

additional processing (Li et al. 2019a; Ren et al. 2020; Wang et al. 2021; Li et al. 2022). 

For use in stormwater treatment applications, it is recommended to obtain samples from 

multiple sources and examine their compatibility for P retention through laboratory batch 

tests and column experiments (Rahmati et al. 2022; Ament et al. 2021; Kubow 2022). 

Performance variability for DWTRs is evident across existing studies. For example, the 

DWTRs used in a column study by Kaspryzk et al. (2020) had a 50% PO4-P adsorption 

efficiency, which is lower in comparison to Wang et al. (2021) who reported over 85% 

removal of PO4-P. Similarly, Leader et al. (2008) studied twelve different DWTR sources 

and reported average P sorption rates from 66 to 990 mg P kg-1. Both aluminum-based 

DWTRs (Al-DWTRs) and iron-based DWTRs (Fe-DWTRs) have promising kinetic 
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performance for P removal, however, DWTRs derived from aluminum-based coagulants 

tend to perform better. In Makris et al. (2004), Al-DWTRs exhibited sorption rates of 7,700 

mg P kg-1, which was nearly four times greater than iron-based DWTRs (Fe-DWTRs). 

Similarly, Ippolito et al. (2011) reported total P sorption by Al-DWTRs as 2,157 mg P kg-1 

compared to Fe-DWTR’s 710 mg P kg-1.  

This thesis chapter builds on prior research at the University of Vermont (UVM) 

that examined DWTR characteristics and P sorption performance in both the lab and field 

(Ament et al. 2021; Ament et al. 2022; Kubow 2022). In Ament et al. (2021), column tests 

containing DWTRs were conducted to determine the impacts of layering media on P 

sorption. It was found that inclusion of DWTRs as a solid layer negatively impacts 

hydraulic conductivity, restricting water flow, whereas DWTRs that are mixed uniformly 

throughout the media do not impede flow and had nearly 100% P removal. Then, in Ament 

et al. (2022), this uniformly mixed design was applied to a bioretention study, where it was 

observed that 77-93% of the cumulative dissolved P load was removed from influent 

runoff. These researchers also noted that methods used to estimate P sorption capacity of 

DWTRs can also influence results (Ament et al. 2021). Along these lines, in a study of 

eleven Al-DWTRs sourced from drinking water treatment facilities in US EPA Region 1, 

Kubow (2022) observed mean P sorption capacities ranging from 1,347 to 18,160 mg P kg-

1 and 421 to 9,576 mg P kg-1 for batch isotherms and low P/high flow column experiments, 

respectively. The latter method (low P/high flow columns) was designed to approximate 

field conditions (1 mg P L-1, ~3 min contact time) and is therefore more likely to yield 

results appropriate for estimating field performance. Furthermore, Kubow (2022) found 
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that DWTRs characterized by lower bulk density (<1.0 g cm-3, especially <0.6 g cm-3) 

and greater oxalate-extractable Al+Fe (>3,000 mmol kg-1) tended to provide the greatest 

P sorption capacity in low P/high flow column experiments.  

To date, no other published field studies on stormwater P reduction by sand filters 

enhanced with Al-DWTRs have been identified. Studies with Al-DWTR-enhanced sand 

filtration have not advanced from laboratory modeling (Erickson et al. 2007; Vu and Wu 

2019; Codling and Isensee 2005) to field studies with inherently less predictable 

stormwater runoff characteristics and environmental conditions. Existing sand filter field 

studies include a conventional sand filter (Urbonas 1999), and those that contain different 

amendments such as iron filings (Erickson et al. 2017; Fairbairn and Trojan 2023), lime 

(Kuster et al. 2022), or bentonite (Wang et al. 2021).  

Thus, the main research objective of this study is to characterize the real field 

performance of two stormwater sand filters amended with Al-DWTRs. The following 

research questions are posed: 

1) What are the physical and chemical properties of the DWTRs used in the study? 

2) What is the total phosphorus removal exhibited by each sand filter?  

3) What is the total dissolved phosphorus removal exhibited by these sand filters? 

4) What factors influence P removal? 

5) What recommendations can be made for incorporating DWTRs into sand filter 

media in future projects? 
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2.2 Materials and Methods 

2.2.1 Site Description  

This study was conducted with two newly constructed stormwater sand filter BMPs 

in Chittenden County, Vermont (VT), USA (Table 1). Sand filter A (44.487676, -

73.090748) is in a residential cul-de-sac with a drainage area of 7,309 m2. Sand filter B 

(44.458293, -73.135370) is along a heavily traveled four lane road adjacent to 

industrial/commercial businesses with a drainage area of 18,251 m2.  

 

Table 2. Sand Filter Site Characteristics 

Sand 

Filter 
Location 

Site Area 

(ac) 

Pervious 

Area (ac) 

Impervious 

Area (%) 

Dominant 

Hydrological Soil 

Group 

A Essex Junction, VT 1.806 1.102 39 A 

B South Burlington, VT 4.510 2.770 39 D 

 

For sand filter A, water that passes through the system is conveyed to a plunge pool 

and disperses into a small stream, and water from site B is conveyed to a grass channel 

before being discharged into a larger brook. Both have a sedimentation basin that precedes 

filtration and an impermeable bottom that does not allow for infiltration into soil (Fig. 6). 

The structure of sand filter A measures 3.66 m x 1.83 m x 1.40 m (12’ L x 6’ W x 4.6’ D) 

with its sand layer (0.3 m D) including 3% by volume Al-DWTRs mixed within the sand 

layer. The structure of sand filter B is larger at 16.15 m x 4.27 m x 3.05 m (53’ L x 14’ W 

x 10’ D) with its sand layer including 5% by volume Al-DWTRs mixed within the sand 

layer. The construction of sand filters A and B by independent contractors was completed 
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in Fall 2022 and 2023, respectively, under the jurisdiction of the Vermont Agency of 

Transportation. For additional site-specific information, refer to Appendix A. 

 

Figure 6. Sampling schematics of Sand Filters A and B show the design and equipment 

used for stormwater monitoring. 
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2.2.2 DWTR Characterization 

DWTRs used in the field study were obtained from Champlain Water District 

(CWD), a regional water treatment plant (WTP) that supplies drinking water to twelve 

municipal water systems in Northern Vermont (Champlain Water District 2016). A 5-gallon 

bucket of DWTRs was collected during this study to re-examine key characteristics 

deemed most indicative of P sorption capacity (Kubow 2022, Bai et al. 2014): bulk density, 

porosity, oxalate-extractable Al, Fe, and P, and bulk chemistry (Al, Fe, and Ca). A triplicate 

sample of the material (~750g each) was dried in an oven at 80oC for over 12 hours, cooled, 

weighed, and returned to the oven until masses were within 1% of the previous weight. 

Then, bulk density was determined by calculating the dry weight to bulk volume ratio of 

the media (Drizo et al. 1999). Porosity was measured gravimetrically as the amount of 

water needed to saturate the mass of media used to determine bulk density (Brix et al. 

2001).  

The bulk chemical composition of the DWTRs collected from the visit to CWD 

was obtained through acid digestion, lithium borate fusion, and ICP-MS analysis by an 

external laboratory (ALS Geochemistry, Reno, NV). Amorphous aluminum and iron 

oxides were determined at the University of Vermont on 0.40g of sieved and ground DWTR 

using 0.2 M acid ammonium oxalate (1:100 solid:solution extraction ratio) followed by 

ICP-AES analysis in triplicate (AETL, Burlington, VT) (Dayton and Basta 2005). The P 

Saturation Ratio (PSR) was then calculated as [Pox/(0.5 x Alox + Feox))) x 100] with Pox, 

Alox, and Feox expressed in mmol/kg (Nair and Harris 2004; Ament et al. 2021). 
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2.2.3 Stormwater Sampling 

Stormwater runoff was monitored at inflow and outflow points with two separate 

autosamplers (Teledyne ISCO 6712, Lincoln, NE) at each sand filter. A 90o V-Notch 

compound weir (Thel-Mar, LLC, Lima, OH) was installed into the outflow pipe (which 

discharges the treated effluent from the sand filters) at both sites, in addition to a flow 

module (Teledyne 730 Bubbler, Lincoln NE), which was used to determine the stage height 

and therefore volume for nutrient load estimates. The weir for sand filter A was 38.1cm 

(15”) in diameter and the weir for sand filter B was a 38.1cm (15”) weir adapted to 61cm 

(24”), maintaining its V-notch shape. An additional two pressure transducers (Onset, 

HOBO U20L, Bourne, MA) were submerged at the outflow to gather information about 

ambient pressure and stage height for 24-hour flow monitoring. At sand filter A, untreated 

runoff entering an overflow pipe also discharges where treated effluent samples were 

collected. Therefore, results from site A may underestimate the performance of the sand 

filter media as the effluent could have been diluted with untreated water in higher flow 

events. To address this issue, a camera (SpyPoint, FORCE-20, Québec, CA) was installed 

on the inside of the manhole cover above the overflow pipe to visually identify events 

during which runoff bypasses the filter media and may affect the filter’s estimated 

performance (events where bypass likely occurred are marked with an asterisk in Table 

S3). These results were not removed from the study. At sand filter B, the design allows 

some runoff to be discharged directly into a grass channel instead of flowing into the sand 

filter structure. This is due to the pipe into the sand filter being slightly higher in elevation 

than the pipe diverting water directly to the grass channel. Based on visual inspection, there 
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was a constant flow of water conveyed directly to the grass channel in both wet and dry 

periods. This effluent not treated by the sand filter was not monitored during this study.  

Inflow volumes to the sand filters were assumed to be equal to the outflow amounts 

because there is no opportunity for infiltration through the concrete base. At the discharge 

pipe, the flow modules measured the height at 1-minute intervals and were adjusted to 

determine the height above the V-notch. These stage height measurements were converted 

to flow rates using the following equation (Teledyne 2016): 

Q(t) = L/s = 1380 H 2.50      (Equation 1) 

Time-based sampling was used to monitor inflow and outflow stormwater quality 

simultaneously for precipitation events greater than 2 mm. Samples were collected in 

standard 1-L PE bottles. Each bottle represented 1 hour of sampling with 3-100 mL samples 

taken in 20-minute intervals. At the end of the event, samples were composited into three 

inflow and three outflow samples and prepped for analysis within 24 hours of the first 

sample taken. If the event was longer than 24 hours (n=3 events at Site A, n = 0 events at 

Site B), samples were retrieved and prepped for analysis, and the sampling program was 

restarted for an additional set of six samples. Rainfall amounts were recorded from 

Burlington International Airport retroactively, which is within a 5 km radius of both sites. 

2.2.4 Water Quality Analysis 

All water samples were transferred immediately from the field sites to the Aiken 

Forestry Lab at UVM within 24 hours of the start of the first sample collected. Samples 

were analyzed for total phosphorus (TP), total dissolved phosphorus (TDP), and soluble 

reactive phosphorus (SRP). TP and TDP samples were stored in a closed box at room 
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temperature until analyzed at the Agricultural and Environmental Laboratory (AETL) at 

UVM by a persulfate digestion using the autoclave method (APHA Method 4500-P). 

Samples for TDP and SRP analyses were filtered using a 0.45-μm filter prior to storage. 

The samples designated for SRP analysis were frozen for storage and thawed before being 

analyzed in house at the Aiken Forestry Lab using a malachite green method on a standard 

curve running from 0.01 to 1 mg PO4-P L-1 (D’Angelo et al. 2001; Ruhatomo et al. 2019). 

Dissolved organic phosphorus (DOP) was calculated as the difference between TDP and 

SRP. Similarly, particulate P (PP) was calculated as the difference between TP and TDP. 

Small measurement errors may produce negative DOP or PP values. TP values were 

replaced with TDP values when TP < TDP and TDP values were replaced with SRP values 

when TDP < SRP (Ament et al. 2022).  

2.2.5 Hydrologic and Water Quality Calculations 

The total volume of water (Vtot) that passed through the system during each 

precipitation event was calculated piecewise by multiplying the average flow rate (Q(t) 

(L/s)) (Equation 1) by the associated time t (sec) corresponding to the range of discharge 

from the system (Equation 2) for each of the three composite outflow samples.  

Vtot = ∑ (Q(t) ∆t)1 + ∑ (Q(t) ∆t)2 + ∑ (Q(t) ∆t)3      (Equation 2) 

Similarly, the total mass of P (Mtot) that passed through the system for each precipitation 

event was calculated as a sum of the three inflow composite samples’ P load, which is the 

product of the sample’s P concentration (mg/L) and volume of water that passed through 

the system (L). The inflow volumes (V) of each composite sample were assumed to be 
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equal to their corresponding outflow sample’s volume. Thus, the mass of P discharged from 

the outflow was determined similarly to the total volume (Equation 3). 

Mtot = ∑ C1V1 + C2V2 + C3V3       (Equation 3) 

The event mean concentration (EMC) was then calculated by dividing the total P influent 

mass load by the total flow volume for each event using the following calculation: 

 EMC = Mtot/V     (Equation 4) 

The P removal efficiency was then determined by using the equation: 

Removal efficiency (%) = [(Minfluent-Meffluent)/(Minfluent)] x 100   (Equation 5) 

2.2.6 Statistical Methods 

Statistical analyses were performed to assess the differences in water quality 

between the paired influent and effluent data within each site. The paired data failed 

parametric tests for normality, thus the nonparametric test, Wilcoxon Signed Rank test, was 

used to evaluate the differences between influent and effluent concentrations and loads. 

Because there are significant differences in sand filter design, sites A and B are not 

compared statistically; rather influents and effluents for multiple storms are compared 

within the individual sites. 

2.3 Results & Discussion 

2.3.1 DWTR Physical and Chemical Properties 

The bulk density and porosity of the DWTR material was found to be 0.99 g/cm3 

and 0.52, respectively (Table 2). The oxalate-extractable Al, Fe, and P were 1892±117, 
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41±3, and 28±2 mmol kg-1, yielding a phosphorus saturation ratio of 2.9%. This indicates 

substantial available P sorption sites as only 2.9% of the DWTR sorption sites are occupied 

(Table 3). See Table S2 for metal concentrations in the DWTR sample. 

 

Table 3. Summary of Select Physical and Chemical Properties of Al-DWTRs from CWD.  

Physical Properties 

porosity (cm3 water cm-3 DWTR) a 

      

bulk density (g cm-3) a       

0.99 ± 0.01 0.52 ± 0.02    

Chemical Properties     oxalate-extractable (mmol kg-1) a Phosphorus 

Saturation 

% b Al2O3 (%) Fe2O3 (%) CaO (%) MgO (%) Alox  Feox Pox  

14.90 3.51 1.28 0.68 1892±117 41±3 28±2 2.9 
a Values are reported as means with ±1 standard deviation (n=3). 
b Calculated as [(Pox/(0.5 × (Alox + Feox))) × 100] 

 

2.3.2 Monitored Precipitation Events 

There were 30 monitored precipitation events at Site A (Acorn Circle) from 

November 30, 2022 to October 22, 2023 having cumulative estimated rainfall of ~620 

mm corresponding to 864,056 L of stormwater. At Site A, the filter performance 

determined here is reflective only of the duration of sampling and includes events where 

some runoff bypassed the sand filter and mixed with treated water prior to sample 

collection at the effluent. There were 15 precipitation events and two (2) large snowmelt 

events monitored at Site B (Williston) from October 30, 2023 to April 28, 2024 having a 

cumulative estimated rainfall of ~270 mm corresponding to 1,346,698 L of treated 

stormwater fully monitored. At Site B, the filter performance determined here is 

reflective only of the duration of sampling and does not include water that bypassed the 

sand filter or persistent low flow through the sand filter between rain/snowmelt events. 

For event-specific details, see Table S3. 
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2.3.3 Stormwater P Composition 

The concentration and load of P species in the influent water received by the 

systems differed markedly between the two sites as shown in Table 4. The cumulative 

influent TP loads were comprised of 16% PP, 79% SRP, and 5% DOP at the smaller, more 

residential sand filter (A), and 91% PP, 8% SRP, and 1% DOP at the larger, industrial and 

commercial area sand filter (B) (Fig. 6).  The composition of the influent water received at 

both sites differed from what is generally expected in urban runoff, as half of TP present in 

stormwater runoff is typically found in its dissolved forms (45-65%) (Pamuru et al. 2022; 

Wei et al. 2011; Maestre and Pitt 2005; Erickson et al. 2012). However, studies by Yang 

and Toor (2018) that found SRP concentrations that dominated nearly all the storms they 

sampled in an urban residual area, and Erickson et al. (2007) found TDP concentrations 

comprising up to 90% of TP. Zhou et al. (2013) observed the reverse scenario, where 

dissolved P comprised only 10-30% of TP loads. 

 It is hypothesized that the majority of P was found in dissolved forms at site A 

where there is minimal vehicle traffic, and instead, P is received from abundant sources of 

organic matter, such as leaf litter, mown grass clippings, compost in home gardens, animal 

waste, and as lawn fertilizer (Yang and Poor 2018; Finlay et al. 2017; Riemersma et al. 

2006). Conversely, the dominance of particulates received by sand filter B is likely due to 

the ongoing road work, traffic activities, and land-disturbing construction activity (Kim et 

al. 2008) upstream of the structure in addition to the influence of seasonality, since this site 

was sampled exclusively during colder months, which are associated with lower 

concentrations of dissolved inorganic P since there is less biological activity (Porter 2022).  
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Table 4. Summary of total P removed by sand filters A (n = 30 events) and B (n = 17 

events) during the study. 

  Parameter  

Sand Filter Performance Metrica,b TP TDP PP SRP DOP  

A  

(smaller, 

residential) 

Total Influent Load (kg) 0.20 0.17 0.03 0.16 0.01 
 

Total Effluent Load (kg) 0.07 0.04 0.03 0.03 0.01 
 

Total Influent Conc. (mg/L) 0.24 0.20 0.04 0.19 0.01 
 

Total Effluent Conc. (mg/L) 0.08 0.04 0.04 0.04 0.01 
 

Removal Efficiency (%) 65 78 0 80 34 
 

B  

(larger, 

commercial) 

Total Influent Load (kg) 0.26 0.02 0.24 0.02 0.00 
 

Total Effluent Load (kg) 0.06 0.02 0.04 0.02 0.00 
 

Total Influent Conc. (mg/L) 0.19 0.02 0.18 0.02 0.00 
 

Total Effluent Conc. (mg/L) 0.04 0.01 0.03 0.01 0.00 
 

Removal Efficiency (%) 78 32 83 29 61 
 

a Total Influent Load (kg) and Total Effluent Load (kg) are reported as the sum of all events’ P load. 
b Total Influent and Total Effluent Concentrations (mg/L) are reported as the ratio of the total influent and 

effluent P loads and volumes that passed through the system during the sampling period (ΣM1+M2+…Mn/ 

ΣV1+V2+…Vn). For event mean concentration information (EMC), see Fig. 8. 

* Removal efficiency (%) was calculated prior to rounding as (total influent mass (kg) – total effluent mass 

(kg) / total influent mass (kg)) x 100. 

* TP = Total Phosphorus; TDP = Total Dissolved Phosphorus; PP = Particulate Phosphorus; SRP = Soluble 

Reactive Phosphorus; DOP = Dissolved Organic Phosphorus 

 

 

Figure 7. Fraction of the Total Mass of P (kg) in Influent Runoff Received at Sites A (n = 

30 events) and B (n = 17 events). Each unit represents 1% of the site’s respective total 

influent load (kg) and is further classified into particulate phosphorus (PP), soluble 

reactive phosphorus (SRP), and dissolved organic phosphorus (DOP). 



42 

2.3.4 P Removal Performance 

2.3.4.1 Captured P Concentrations 

At sand filter A, the flow-weighted EMC of TP in the influent ranged from 0.05 mg 

P/L to 0.65 mg P/L, with a median value of 0.12 mg P/L (Fig. 8). The maximum flow-

weighted EMC of PP and TDP were 0.15 mg P/L and 0.63 mg P/L respectively in the 

influent at sand filter A (Fig. 8). Conversely, the flow-weighted EMC of TP entering sand 

filter B ranged from 0.02 mg P/L to 0.41 mg P/L with a median value at 0.13 mg P/L at site 

B (Fig. 8). The maximum flow-weighted EMC of PP and TDP were 0.39 mg P/L and 0.04 

mg/L respectively in the influent at site B (Fig. 8). The median flow-weighted effluent TP 

concentrations at sand filters A and B were 0.07 mg P/L and 0.03 mg P/L, respectively 

(Fig. 8). The treated effluent concentration results are in line with the recommendation by 

Perry et al. (2009), which suggests that a high P-sorbing material (e.g. alum-based media) 

should be considered in BMP design to achieve effluent a TP concentration of 0.10 mg/L 

or lower. Research suggests total P effluent concentrations below a limit of 0.10 mg/L can 

help control eutrophication in critical regions (Litke 1999; WRF 2019).  

The median influent TP EMCs of both sand filters (0.12 and 0.13 mg P/L for A and 

B, respectively) were on the lower end compared to the median urban/residential TP 

concentration recorded in previous review papers and databases. An analysis by Pamuru et 

al. (2022) found that between the International Stormwater Best Management Practices 

Database (Clary et al. 2020) and the National Stormwater Quality Database (Pitt et al. 

2018), the median TP concentration was 0.21 mg P/L for over decades of stormwater data 
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in the United States. Additionally, Drapper et al. (2022) found median TP concentration of 

0.50 mg P/L from 143 international studies. 

 
Figure 8. Phosphorus (P) event mean concentrations (EMC) for sand filters A and B. The 

box and whisker plots represent the distribution of EMC of inflow and outflow data for 

n=30 events (A) and n=17 events (B) for total phosphorus (TP), particulate phosphorus 

(PP), total dissolved phosphorus (TDP), soluble reactive phosphorus (SRP), and 

dissolved organic phosphorus (DOP). Asterisks (*) between the boxes indicate significant 

differences (α = 0.05, Wilcoxon Signed Rank Test) between inflow and outflow EMCs. 

Note that the y-axes may differ between P species. For p-values, see Appendix B. 
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Site B stormwater influent was dominated by particulate forms of P, where less than 

50% of total P was in a dissolved form for all events (Fig. 7, Fig. S5). Given the fact that 

the area around sand filter B is far more traveled and industrial than sand filter A, it is likely 

that PP will continue to dominate the influent composition. However, the sampling at sand 

filter B was limited to early winter and spring, which does not capture year-long seasonal 

variability. Thus, it is possible that the ratio of PP:TP may change from what was observed 

in future warmer months. In the spring, it is likely that seeds, blossoms, and pollen could 

contribute to increased dissolved P loads (Selbig 2016; Dorney 1986). Fall is characterized 

by greater amounts of leaf litter, grass clippings, and decomposing natural organic matter, 

which can serve as significant contributors of dissolved P to urban stormwater (Selbig 

2016; Yang and Toor 2018).  

2.3.4.2 P Load Removal 

At sand filter A, the total P load removed varied greatly between events monitored, 

with a minimum, maximum, and median of -60%, 82%, and 45% of TP removed on a per 

storm basis. A cumulative 65% of the influent TP load was removed during the 30 studied 

events at site A (Table 4). Generally, TP removal increased as the ratio of TDP:TP 

increased, however, some deviations occurred when influent TP concentrations were lower 

than 0.1 mg P/L or when untreated influent water discharged from the overflow pipe mixed 

with the treated effluent, as evidenced by trail camera imaging. The event with -60% TP 

removal was an anomaly in the dataset and was characterized by untreated overflow mixing 

with sand filter effluent prior to sample collection, which obscures the effects of the sand 

filter.  
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At sand filter B, the total P load removed varied greatly between storms, with a 

minimum of 26% TP removed. The maximum TP load removed was 94%, with a median 

73% TP removed on a per event basis. A cumulative 78% of the influent TP load was 

removed during the monitored events (Table 4).  

 

 

Figure 9. Cumulative phosphorus (P) inflow and outflow mass loads (kg) for each sand 

filter and P species during monitored storm events. The bars represent the total mass of 

each P species for n=30 events (sand filter A) and n=17 events (sand filter B) for 

particulate phosphorus (PP), soluble reactive phosphorus (SRP), and dissolved organic 

phosphorus (DOP). Masses are reported in Table 4. 

 

2.3.5 Influent Concentration as a Driver for P Removal  

For both sites, the percentage of TP removed generally increased with increasing 

influent TP EMC (Fig. 10). Higher concentrations of P correspond to greater potential for 

the systems to adsorb dissolved P and filter out greater amounts of material, thus yielding 

greater EMC reduction and P mass retention (Penn et al. 2017). In layman’s terms, a semi-
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dirty plate with only a few crumbs versus one that is very dirty will have a smaller percent 

reduction of food comparatively if they are cleaned to the same level of cleanliness.  

 
Figure 10. TP Load Removal % versus Influent TP EMC (mg/L) on an event-by-event 

basis for both sites. Blue points are indicative of removals observed by sand filter A (r2 = 

0.312), and red points are indicative of sand filter B (r2 = 0.47) (individual regression 

lines not pictured).  The equation y = 114x + 30.4, r2 = 0.233, and p = 0.001 correspond 

to the fully combined data set of both sand filters. 

 

2.3.6 Rainfall Impact on P Removal 

Rainfall amount (mm) estimated from the Burington International Airport (< 5 km 

away from either site) did not have any significant impact on event-specific percent load 

removals observed (Fig. S7). Performance was variable with no significant difference 

between storm sizes. This was also observed for the DWTR bioretention cells studied by 

Ament (2021). TP removal was especially variable < 20 mm precipitation in this study 

(Fig. S7). Instead, the greatest influence on P removal was influent concentration as 

observed in Fig. 10. Other hydrological factors that could affect P removal include the 

duration and intensity of the storm (Munn et al. 1973; Ahn et al. 2017; Sønderup et al. 

2018).  
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2.3.7 Chloride Monitoring Results 

To protect aquatic biota, the Vermont Water Quality Standards include chronic 

and acute exposure limits of 0.230 g Cl-/L and 0.860 g Cl-/L, respectively. By design, 

sand filters are not expected to remove chloride from runoff. However, as chloride is a 

concern in aquatic systems, this study gathered information about chloride content of 

stormwater entering the systems from the drainage areas (captured in influent samples), 

as well as the chloride discharged from each sand filter (captured in effluent samples). 

At sand filter A, influent chloride EMC exceeded the chronic and acute exposure 

limits for 7 and 5 events, respectively, out of 30 total monitored storm events (range = 

0.002 to 9.082 g Cl-/L) (Fig. 11). The median concentration of chloride in the effluent 

samples was 0.018 g Cl-/L with a maximum of 0.766 g Cl-/L. 

At sand filter B, influent chloride EMC exceeded the chronic and acute exposure 

limits for 16 and 3 events, respectively, out of 17 total monitored storm events (range = 

0.049 to 2.082 g Cl-/L) (Fig. 11). The median chloride concentration in the effluent 

samples was 0.648 g Cl-/L with a maximum of 1.898 g Cl-/L observed. As mentioned 

previously, all events monitored at site B were during cold weather periods which is 

likely why greater median chloride concentrations were observed in site B samples 

compared to site A, where events were mostly monitored during warmer months. 

Lax et al. (2017) posits that during winter months, runoff from urban land use can 

experience a 20-fold increase in chloride concentration. Sonzogni et al. (1983) estimates 

that residential and commercial streets range in chloride from snow melt from 0.15 g/L to 
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8.51 g/L and 0.00 to 15.27 g/L, respectively. A study by Wilson et al. (2018) observed 

chloride concentrations from snowmelt events up to 26.33 g/L in a cold region. 

 

Figure 11. Chloride Event Mean Concentrations (EMC) of inflow and outflow water 

samples at sand filters A and B. The lighter red line (0.230 g Cl-/L) is the VTWQS 

chronic exposure limit, and the darker red line (0.860 g Cl-/L) is the acute exposure limit 

for chloride exposure to aquatic biota. 

 

2.3.8 Implications and Recommendations of DWTRs in Filter Media 

As engineers consider maximizing the potential of stormwater infrastructure, 

stormwater control measures, and best management practices, it is imperative to target 

both dissolved and particulate species of P (Clary et al. 2020) and avoid tradeoffs 

between the two (Roy et al. 2023). Even in cases where stormwater runoff is dominated 

by PP (e.g. site B), the particulate P that is retained in stormwater control measures can 

release dissolved P during decomposition of organic particles or desorption of P from the 

trapped sediment under anaerobic conditions that develop in the media (Duan et al. 
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2016). Similarly, it has been shown that dissolved P can adsorb to the surface area of 

particles and then rapidly desorb during stormflow in some cases (River & Richardson 

2018; Wang et al. 2021; Al-Kanani and MacKenzie 1991). P can also desorb from 

DWTRs, reported to be generally <10% of P adsorbed by Wang et al. (2021) and Kubow 

(2022), but with appropriate percentages of DWTRs by volume, it may be possible for 

that P to re-adsorb elsewhere in the DWTR-enhanced filter media, limiting export. 

DWTR P sorption lifetime could surpass the lifetime of a sand filter (approx. 20 yrs 

according to EPA) depending on the properties of the material and influent P loads 

(Makris et al. 2004; Ament et al. 2021; Kubow 2022).  

 DWTRs are an attractive amendment to enhance the chemical P removal 

mechanism (i.e., P sorption) in the substrate of sand filters. Other studies have also seen 

good results with use of DWTRs, such as Ament et al. (2021) with 77-97% load removal 

over 2 years and Kuster et al. (2022) observing a total 75% dissolved P load removal 

across 5-year study. While there have been concerns about DWTRs containing high 

concentrations of heavy metals, studies have found metal effluent concentrations like 

untreated stormwater or natural soil levels (Kuster et al. 2022; Kubow 2022; Ament et al. 

2021). For example, arsenic (As) was detected at 17.3 ppm in the DWTR material 

sourced for this study, while natural levels of arsenic typically range from 1 to 40 ppm in 

soils in the US (USDHHS 2007a). Similarly, chromium (Cr) was reported below 0.5 

ppm, which is lower than natural soil concentrations (1 to 2000 ppm, 37 ppm on average) 

(USDHHS 2007b) (Table S2). Ament et al. (2022) and Kubow (2022) found no evidence 

of concerning levels of heavy metal leaching in their respective DWTR studies. 
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2.4 Conclusion 

The addition of DWTRs to traditional stormwater sand filters can have a positive 

impact on observed TP and TDP removal. A traditional sand filter is limited in its ability to 

remove dissolved P, as it relies largely on physical removal mechanisms (i.e., gravity in the 

sedimentation chamber and filtration by the sand media). The addition of DWTRs to sand 

thus provides particle surfaces with a high affinity for phosphate ions. In this study, two 

DWTR-enhanced sand filters with different roadside placement, drainage area 

characteristics, filter size, percent DWTR by volume in the filter media, and runoff 

composition were evaluated for P removal efficiency. The residential, smaller watershed 

sand filter (Site A) had 65% TP removal efficiency, of which >99% of the cumulative P 

monitored during storm events removed was dissolved P. Similarly, 78% TP removal 

efficiency was observed at the larger, industrial/commercial watershed sand filter (Site B), 

where 4% of the cumulative influent TP load was in dissolved forms. Therefore, the 

addition of DWTRs to stormwater sand filter media can enhance P retention to help meet 

P load reduction goals and protect aquatic ecosystems.  
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CHAPTER 3: THE PHOSPHORUS FOOTPRINT AND ENVIRONMENTAL 

PAYBACK PERIOD OF ENHANCED STORMWATER SAND FILTERS 

 

Abstract 

Many stormwater best management practices (BMPs) are designed to limit runoff 

of phosphorus (P) from runoff from developed watersheds into aquatic ecosystems. While 

the use of these practices may demonstrate local benefits to water quality (e.g. reduced P 

in streams), the overall environmental benefit or burden of a specific BMP can and should 

be assessed on a global scale with respect to its lifetime. The life cycle of a BMP includes 

five stages: acquiring raw materials, transporting the materials, construction activity, 

maintenance, and end-of-life treatment (e.g., disposal). In some cases, the lifetime 

stormwater P removal achieved by the BMP might not exceed the embodied P emissions 

to the aquatic environment associated with these life cycle stages. In this study, I examine 

the P footprints for two stormwater sand filters with sand media enhanced with 3-5% by 

volume drinking water treatment residuals (DWTRs), designed to increase P removal from 

runoff in urban areas relative to their hypothetical counterpart of sand filters without the 

addition of DWTRs. Life cycle assessment (LCA) was conducted using openLCA, the 

ecoinvent v3.10 database, and ReCiPe 2016 Midpoint (H) impact assessment method. The 

embodied freshwater eutrophication potential (FEP) and global warming potential (GWP) 

for the five stages of the BMP’s life cycles were estimated using Monte Carlo simulation 

(n=10,000 runs) to account for uncertainty. Results indicate the addition of DWTRs to sand 

filters can play a significant role in decreasing the environmental payback period on a P 

loading basis, with variation depending on runoff composition. Estimated payback periods 
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(i.e., the time needed for on-site P load reductions to fully compensate for embodied P 

emissions) ranged from 11-12.5 years for DWTR-enhanced sand filters and >16 years for 

sand-only filters. 

3.1 Introduction and Literature Review 

Stormwater runoff from urban and residential landscapes is a major threat to aquatic 

ecosystems (Walsh et al. 2018). It has detrimental physical, chemical, and biological 

impacts, including reduced groundwater recharge, erosion and sediment 

transport/deposition, nutrient enrichment and eutrophication, and other water quality 

impairments (Marsalek 2003). Development decreases the perviousness of a watershed, 

which ultimately leads to an increase in stormwater runoff volume, flow rates, and 

degradation of water quality (Erickson et al. 2013; Yao et al. 2016; Bell et al. 2020). This 

contaminated runoff discharged into waterways can affect both aquatic and terrestrial 

organisms, and potentially pose a risk to human health (Masoner et al. 2019). 

BMPs have been documented to provide a local benefit of improving water quality, 

flood resilience, and/or protecting channels from erosion. Common BMPs include, but are 

not limited to, bioretention systems, porous pavement, grass swales, tree filters, retention 

and detention ponds, and sand filters (Shafique and Kim 2017). However, there is often a 

lack of understanding of the global environmental impacts associated with a given BMP 

beyond its local performance, neglecting the potential environmental impacts of material 

acquisition, maintenance, transportation, construction, operation, and disposal beyond its 

monetary cost.  
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Life cycle assessment (LCA), also known as life cycle analysis, is a method to 

estimate the environmental impacts of a particular practice, product, or process. With a 

defined set of parameters, practitioners estimate direct and indirect impacts on the planet 

and gain perspective of how their studied system may benefit or burden the environment. 

These benefits and burdens are weighed when considering the concept of an environmental 

payback period; which can be defined as the time required for the local environmental 

benefits (i.e., “foreground reductions”) to compensate for the embodied global 

environmental burdens associated with the life cycle (i.e., “background emissions”) 

(Phillips et al. 2018).  Among the earliest life cycle assessments included studies on 

beverage packaging (Miettinen and Hämäläinen 1997). LCAs are now most prevalent in 

the construction sector, as interest grows in using sustainable materials and practices (Singh 

et al. 2010; Buyle et al. 2013). Other emerging areas of LCA study include considerations 

for municipal wastewater treatment and sizing (Corominas et al. 2020; Lundin et al. 1999), 

agricultural practices (Caffrey and Veal 2013), and alternative transportation fuels (Liu et 

al. 2023). 

In the last decade, a growing number of urban stormwater LCAs have explored the 

environmental tradeoffs associated with green stormwater infrastructure (Brudler et al. 

2016; dos Santos et al. 2021; Hengen et al. 2016; Peterson et al. 2022; O’Sullivan et al. 

2015; Bixler et al. 2019). According to Wang et al. (2023), the annual growth rate of life 

cycle research in green infrastructure literature has been 19% on average annually since 

1995. Previous stormwater infrastructure LCAs have revealed variable findings. 

Stormwater BMPs are often constructed to target the removal of a particular set of nutrients 
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or pollutants. However, applying a life cycle lens to the structures can reveal them as net 

exporters of those contaminants of concern. For example, Bixler et al. (2019) estimated 

that among equally sized bioretention systems, porous pavement, gravel wetlands, and sand 

filters, only sand filters were projected to be net sinks of phosphorus (P) over a 30-year life 

span, while the other structures are net P exporters (i.e., their local P load reductions do not 

compensate for global P emissions across the system life cycle). Andrew and Veseley 

(2008) also performed an LCA focusing on global warming potential between a sand filter 

and rain garden which were sized to treat the same volume of water. They found that despite 

sand filter structures being built with concrete, a material associated with some of greatest 

global warming impacts (Pushkar 2019), the rain garden’s CO2-equivalent burdens were 

larger for a system sized to treat runoff from the same drainage area because the substrates 

for the raingarden were transported from significantly further distances. Moore and Hunt 

(2013) broadened this research on greenhouse gas impacts from green stormwater 

infrastructure to include green roofs, permeable pavement, stormwater wetlands, and 

grassed swales. Furthermore, Bixler et al. (2019) estimated life cycle costs for seven 

stormwater BMPs at their full size and alternative 25%, 50%, and 75% sizing from their 

baseline, finding that the size of the BMP can have significant impact on both nutrient 

reduction capacity as well as construction and maintenance impacts. Studies such as these 

help engineers and landscape design professionals alike make strategic decisions about 

implementing stormwater infrastructure to improve environmental quality. 

The goal of LCA is to evaluate the sustainability of a product or process from cradle 

to grave, yet the exploration of “nutrient footprinting” is still in its infancy, where the flow 
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of nutrients such as P are estimated throughout a particular life cycle (Grönman et al. 2016). 

The carbon footprint of a product’s life cycle is an established concept, now used by both 

researchers and practitioners who are exploring ways to mitigate climate change (Clausen 

et al. 2024; Goglio et al. 2020). A less studied concept, however, is the phosphorus footprint 

(Metson et al. 2020), which considers life cycle benefits, burdens, and stewardship of P 

(Čuček et al. 2014; Matuštík & Kočí 2021). 

In this study, I used LCA to estimate the environmental payback period of two sand 

filters located in Chittenden County, Vermont, USA. The filters were evaluated on a P basis 

for freshwater eutrophication (P-Equivalents, or P-Eq), while weighing climate change 

impacts (CO2-equivalents, or CO2-Eq) to consider climate tradeoffs. The sand filters 

studied were enhanced with drinking water treatment residuals (DWTRs) to enhance P 

removal, and lifetime estimates were compared against hypothetical modeled sand filter 

systems without DWTRs.  

In this chapter, I sought to answer the following questions:  

1) What are the estimated embodied carbon and phosphorus impacts of the two 

sand filters monitored in Chapter 2 across their estimated lifetimes? 

2) What life cycle stages contribute greatest to these overall carbon and 

phosphorus emissions? 

3) What suggestions can be made to designers and engineers when it pertains to 

considering stormwater BMPs with an environmental life cycle lens? 
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3.2 Materials & Methods 

All stages of this LCA adhere to guidelines provided by International Standards 

14040:2006 Environmental Management Life Cycle Assessment Principles and 

Framework and 14044:2006 Life Cycle Assessment Requirement and Guidelines (ISO 

2006a; ISO 2006b) which serve as current frameworks for conducting LCA. While ISO 

provides a global framework to follow, assumptions, methods, and decisions are at the 

discretion of the user (Guinée et al. 1993). Researchers and developers are actively 

improving transparency in LCA modeling for consistency and accuracy (Hauschild et al. 

2012). As defined by ISO 14040 and 14044, a life cycle assessment must include four 

phases, including: 

1) a goal and scope, where the background and objectives are clearly defined, 

2) an inventory analysis, where all material inputs and emissions are defined and 

quantified, 

3) an impact assessment, where the inventory analysis is translated into environmental 

impacts at a midpoint or endpoint level, and 

4) an interpretation, which relates the impact assessment results to the initial goal and 

scope. 

 

This LCA was conducted in the following steps:  

1) Estimate the annual P load reductions (“foreground reductions”) of two sand filters 

using data from the Chapter 2 field study and project P removal to a hypothesized 

20-year lifetime (Section 3.3.2).  



65 

2) Determine the embodied environmental emissions (“background emissions”) 

associated with each of the two sand filters. This is done using openLCA and Monte 

Carlo simulation with focus on freshwater eutrophication (P-equivalents) and 

climate change (CO2-equivalents) (Section 3.3.3). 

3) Estimate the environmental payback period, where foreground P reductions 

outweigh background P emissions (Section 3.3.4) (Fig. 12); and comment on the 

tradeoffs between P load reductions and CO2-Eq emissions (Section 3.3.5). 

 

Figure 12. Life Cycle Assessment Model. The five background processes inherently emit 

P to the environment, while the sand filter removes P from the environment. If the 

lifetime removal of P by the sand filter is greater than the background processes, there is 

a net (+) P reduction. Alternatively, if the P removed by the system does not outweigh the 

background emissions, it is a net exporter with (-) P reduction. 
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A consequential LCA (CLCA) approach was used in this study to consider how the 

analysis of a novel sand filter systems’ global environmental impacts is affected by the 

inclusion of the consequences of other products’ life cycles, future human and energy 

activity, and supply and demand of materials. CLCAs seek to capture the change in 

environmental exchanges that occur because of added or removed human activities 

(Weidema 2003; Heimersson et al. 2019). Several other stormwater BMP studies have also 

used a consequential lens to forecast environmental impacts of BMPs (Petit-Boix et al. 

2017; Wang et al. 2013; Devkota et al. 2015). 

3.2.1 Goal, Scope, Functional Unit, & Boundaries 

The primary objective of this LCA was to evaluate the lifetime performance of two 

DWTR-enhanced subsurface stormwater sand filters (A and B) from cradle-to-grave, 

where cradle-to-grave refers to the chain of actions starting at the supply of raw materials 

through the disposal of the filter media (Bhatt et al. 2019). 

The scope of this study includes quantifying embodied emissions of P- and CO2- 

Eq for five life cycle stages, including 1) the raw production and acquisition of materials, 

2) transportation, 3) construction and earthwork, 4) maintenance, and 5) disposal. These 

five phases were adapted from previous construction and stormwater LCAs, including 

Junnila et al. (2006) and Brudler et al. (2016).  

 A functional unit of 1m3 of sand filter media with a 20-year treatment capacity 

serves as a point of reference for comparison between systems. The systems were initially 

modeled to include all materials used, expected maintenance, construction, transportation, 

and disposal that would likely occur during a 20-year period, and then impacts were scaled 
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by the volume of each sand filter’s media bed size to compare impacts between the systems 

on a 1m3 filter media basis.  

An LCA must be bound by a system boundary, which is delineated by the 

practitioner to define specific scenarios (Suh et al. 2004). Fig. 11 shows the boundaries of 

both systems studied here. Notably, the production and storage of DWTRs from the water 

treatment plant is omitted. For the DWTRs, only the associated mass of material and 

vehicle used to transport the material were considered, since they are a reused waste 

product. This study did not include the impacts associated with the production of the 

coagulant material (alum) or materials used to build the freeze-thaw storage area, since this 

process is business as usual for treating drinking water and storing the residual materials.   

 

Figure 13. DWTR-sand filter life cycle system boundaries. The 3x multiplier on the 

arrow coming from maintenance indicates three larger maintenance events, where the top 

2” of filter material is subject to replacement at 5, 10, and 15 years. The 4x multiplier 

from the sand filter BMP to partial end-of-life disposal consists of the 2” filter media 

landfilled from the three maintenance events in addition to the full filter disposal at 20 

years. WTP = Water Treatment Plant. DWTRs = Drinking Water Treatment Residuals. 
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3.2.2 Foreground P Removal Using Field Data 

The foreground data used for this assessment was obtained from Chapter 2 

evaluating the P removal performance of the two sand filters amended with DWTRs located 

in Chittenden County, Vermont, USA. For each site, the estimated annual P removal (Pa) 

was determined with Equation 6, where the total precipitation monitored during the study 

(Rs) and P removal observed for that corresponding precipitation amount (Ps) was scaled 

to the annual average precipitation amount (Ra) of its respective geographic area. 

𝑃𝑎(𝑘𝑔) = (
𝑃𝑠 (𝑘𝑔)∗𝑅𝑎 (𝑚𝑚)

𝑅𝑠 (𝑚𝑚)
)   (Equation 6) 

This calculation is dependent on three important assumptions: 

1) The composition of runoff received by the sand filters is representative of the 

water that will be received by the system during the 20-year period.  

2) The average annual precipitation amount is expected to not change significantly 

over the 20-year study period; and there are no periods of significant drought. 

3) The mass of P removed annually each year will be comparable to the first year of 

the study if similar runoff composition and rainfall is experienced and routine 

maintenance occurs. 

Two linear models of cumulative P removal by year were generated for each sand 

filter over 20 years: the observed DWTR-enhanced sand filter and a hypothetical filter 

only containing sand. For the DWTR-enhanced sand filter, I generated twenty base 

values and increased the y value by the annual TP removal mass (kg) observed by the 

systems (Pa). For the hypothetical sand-only filter, the proportion of TDP (kg) removed 
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from the systems was omitted, as sand filters with sand-only substrates are known to have 

limited P sorption capacity, and do not remove dissolved forms of P well. Thus, 

accounting only for particulate P removal (kg) (Equation 7). 

Psand = PTP – PTDP = PPP    (Equation 7) 

The model is iterative, and the y-axis shows the cumulative P removal. Thus, the 

value at twenty years indicates the total P (Ptot) removed by the system without 

considering any background emissions. To account for uncertainty, the linear models 

were fitted with a 95% confidence interval (α = 0.05).  Each y-value was multiplied by ± 

20% variability. 

3.2.3 Background Emissions Derived from Life Cycle Inventory 

The modeling of background emissions was conducted using OpenLCA 2.1, an 

opensource life cycle software developed by GreenDelta. Previous versions of OpenLCA 

have been used for stormwater LCAs (Vineyard et al. 2015; Ghimire 2014; Cadenazzi, et 

al. 2022). The ecoinvent database, which is a repository of quality datasets spanning many 

sectors (e.g. construction, utilities, agriculture), supported the life cycle inventory of this 

LCA study. Ecoinvent is widely used and acknowledged for the transparency and validation 

within its methodology (Corrado et al. 2018; Frischknecht et al. 2005). The study was 

completed using the most current version of ecoinvent v3.10, which added and updated 

many relevant building and construction materials, fuels, wastes, woods, papers, metals, 

and supply chain and demand flows in late 2023.  
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The sand filters were initially modeled to include all materials associated with the 

life cycle stages in a 20-year operation. Then, the background emissions were scaled by 

their respective filter size (m3) to comment on over/under sizing or using additional 

emission-heavy materials for the structure itself despite comparing for the same 1m3 filter 

of DWTR/sand media. 

The life cycle inventory defines all the material flows for the specified boundaries 

in Fig 12. Input material amounts were calculated from various sources, including project 

narratives, filter design sheets provided by the project consultant engineer, and material 

data sheets. For all materials, United States background dataset providers were chosen to 

contextualize the production of the materials from the region they are consumed within 

(ecoinvent 2023), except when not available. In this case, ‘rest of world’ (outside of 

Europe) data providers were preferred over global providers (the entirety of the world). 

Each life cycle stage was separately calculated, which allows for an easy change in LCI 

data if information changes (e.g., changing maintenance scenarios or method of disposal) 

(Frischknecht 2005). A description of the five life cycle stage inputs is provided in the 

subsequent sections. 

3.2.3.1 Raw Materials Acquisition 

This stage includes the embodied impacts of producing the materials required to 

construct the sand filter systems. The two systems were comprised of similar materials, 

including concrete, sand, DWTRs, stone, gravel, geotextile, steel manhole covers, and 

pipes. Sand filter B required a greater amount of these materials in addition to several 

aluminum hatches for access to the system. The masses of rebar and copper tracer wire 
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were unknown for either system and therefore excluded from analysis, despite likely 

having negative environmental contributions. Within OpenLCA, the default provider for 

each acquired material was selected ‘to production’ instead of ‘to global market,’ because 

the transportation distances were known and could be separately determined in its own 

phase (Sacchi 2018).  

Table 5. Comparison of input materials between sand filters A and B 

 

3.2.3.2 Transportation 

The second phase, transportation, considers both the distance and type of vehicle 

used to transport raw materials from a quarry, retailer, or distributor to the Sites. The source 

of nearly all materials were identified by conferring with the Vermont Agency of 

Transportation, who had been involved in each sand filter project since its onset and were 

Material  Sand Filter A Sand Filter B 

Sand (kg) 1627.94 21718.06 

Concrete (m3)   
27 MPa (m3) 2.67 - 

30 MPa (m3) - 51.72 

Gravel (tonne) 0.86 14.67 

Reservoir Stone (kg) 3024 105840 

Cast-Iron, Manhole Cover 453.59 204.57 

Aluminum Access Hatch (kg) - 55.96 

    Silicon Gasket (kg) - 12.87 

Mill finish (m2) - 0.07 

Steel, Hinges (g) - 2.01 

Pipes   
CPEP, 15" Pipe (m) 24.38 - 

    PVC, 24" Outlet Pipe (kg) - 338.20 

    PVC, 8" Carrier Pipe (kg) - 576.97 

    PVC, 6 underdrain Pipes (kg) - 174.83 

Sealant #1 (kg) 15.69 303.37 

Sealant #2 (kg) 15.69 303.37 

Polyethylene, Culvert Protector (kg) 5.44 - 

Geotextile (kg) 2.30 51.74 

Steel Trash Rack (kg) - 45.36 

Steel Ladders (kg) - 39.46 

DWTRs (kg) 50.35 1143.05 
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familiar with where contractors sourced materials. The distances traveled from the material 

sources to the construction sites were assumed to be the most fuel-efficient, non-toll route 

as determined by Google Maps.  In the case of multiple distributor locations existing but 

the source unknown, the distances for possible source locations were averaged. Similarly, 

the distance for general landscaping materials was determined to be the average of the three 

closest hardware stores. These were approximated to be 6.5 km away from the construction 

sites on average, while the furthest material was the cast-iron manhole covers estimated to 

be sourced from 965 km away. 

Transportation in ecoinvent is calculated as mass*distance, where mass and 

distance have equal weighting. Therefore, a 2 kg item transported 1000 km will have the 

same impact as a 50 kg item transported 40 km (Weidema et al. 2013). Sources of 

transportation are available for air, rail, road, and water transportation (Frischknecht 2005). 

In this study, only road transportation was assumed by freight and commercial vehicles 

unless other forms were inherently present within the supply chain. All transportation of 

heavy materials was assumed to be completed by EURO6 vehicles, which contains the 

most up to date transportation information from 2015. The impacts of transportation during 

the maintenance and disposal phases were delineated in their respective phases.  

3.2.3.3 Construction and Earthwork 

The construction stage encompassed estimated usage time of heavy machinery, 

such as an excavator, dump truck, and crane. It also included additional earthwork activity, 

such as seeding and fertilizing the immediate pervious area. The amounts of grass seed and 

fertilizer were itemized on the construction design sheets provided by the consulting firm 



73 

engineer. This construction stage did not consider additional project activity related to 

paving and curbing driveways, business entryways, and roads, although additional impacts 

could be measured here. Topsoil was not included as a material as it was assumed that it 

would be reused from the site; instead, hydraulic digging time is estimated (O’Sullivan 

2015). 

3.2.3.4 Maintenance 

Maintenance calculations consisted of the use of a vacuum truck to drain the water 

in the sedimentation basin and remove settled particles and waste. Sediment trapped in the 

upper cm of filter can clog it over time, thus requiring maintenance (Egemose 2018). 

Maintenance is expected to include replacing the top 2” layer of the sand filters every 5 

years – a recommendation for low sediment application (MSM 2022). This is appropriate 

for sand filter A as it has a low sediment loading; however, sand filter B may be subject to 

more frequent maintenance as it is dominated by PP. Other LCA studies include ‘operation’ 

as a component of this phase which increases greenhouse gas emissions (Antunes et al. 

2020), however, these systems filter stormwater passively and do not require use of 

electricity or a pump.  

3.2.3.5 Partial End of Life 

The final stage was modeled as a partial end-of-life disposal. Only the disposal of 

the sand filter substrate with DWTRs was considered. It was assumed that a vacuum truck 

removed the media, and a dump truck transported it to the nearest landfill that accepts 

industrial waste (15 and 30 km for sand filters B and A roundtrip, respectively). This stage 

did not consider alternative end-of-life scenarios, such as the disposal of other construction 
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materials beyond the sand and DWTR media, or their reuse, which has potential to offset 

initial material investment to some degree. 

3.2.4 Environmental Payback Period 

The ReCiPe 2016 Midpoint (H) impact assessment method with global average 

characterization factors were used to obtain two midpoint indicators: freshwater 

eutrophication potential (reported as P-Eq) and global warming potential (reported as CO2-

Eq). Estimates for sixteen additional environmental indicators are reported in Appendix C. 

Results are recorded in kg-Eq from Monte Carlo (MC) simulation, where n = 10,000 runs. 

The MC simulation analyzed the uncertainty associated with life cycle inventory and was 

informed by the uncertainty of the datasets in ecoinvent, characterization factors, and 

impact assessment method (ReCipe 2018 Midpoint H) (Hung, M-L. and Ma 2009; 

Hauskrecht and Singliar 2012). Each life cycle stage produced a histogram from a log-

normal range of values for P-Eq and CO2-Eq, to which the median, mean, and upper lower 

thresholds of a 95% confidence interval were recorded. The total P-Eq and CO2-Eq 

emissions (Etot) associated with each system was then calculated by summing each 

respective phase’s contribution (Ma = materials, T = transportation, C = construction, Me 

= maintenance, D = disposal) for each of the three scenarios: 5%, 95%, and median 

(Equation 8). 

Etot(P-,CO2-Eq) = ∑Ma(P-,CO2-Eq) + ∑T(P-,CO2-Eq)  + ∑C(P-,CO2-Eq)  + ∑Me(P-,CO2-Eq) + ∑D(P-,CO2-Eq)  (Equation 8) 

 

 The lower threshold of the 95% confidence interval and median total emissions are 

valid for estimating the environmental impacts of the systems, however, I chose to use the 
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upper threshold of the 95% confidence interval to consider the worst-case scenario burden 

for estimating the payback period. The payback period is defined by Equation 9 for both 

the DWTR-enhanced sand filters and the hypothetical sand-only filters. 

Tpayback = PMC(P-Eq, Upper 95% CI) / Pa   (Equation 9) 

where Tpayback = payback period (yr), PMC = total mass of P-Eq burden (kg) determined by 

Monte Carlo results for the upper threshold of the 95% confidence interval over 20 years, 

and Pa = annual mass of P removed (kg/yr). Note that using the upper threshold of the 

95% confidence interval means that Tpayback here is a worst-case scenario and will likely 

be lower in practice.    

For example, if this payback period (Tpayback) was estimated to be 8.5 years, then 

there would be 11.5 years (Equation 10) (Tnet) in which the system would have a net 

positive reduction in P loading to freshwater ecosystems under the 20-year functional unit. 

The net mass of P (Pnet) that would be removed during Tnet is reported as the difference 

between the total foreground P removed by the system across 20 years (Ptot) and the 

embodied background P (PMC(95%, P-Eq)) in Equation 11.  

Tnet = 20 years – Tpayback    (Equation 10) 

       Pnet = Ptot – PMC(Upper 95% CI, P-Eq)    (Equation 11) 

Ultimately a net (+) reduction in P (Pnet) loading to freshwater ecosystems is desired 

by a stormwater treatment system, where the lifetime reduction is greater than 

environmental burden. However, the maximization of Pnet should respect or consider other 

environmental tradeoffs, such as CO2 emissions. 
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3.3.5 Climate Impact Per Net Reduction in P Loading to Freshwater Ecosystems 

The embodied CO2-Eq associated with the lifetime of constructing a stormwater 

BMP can be significant and increase with more labor-intensive extraction of materials, 

longer distances of transportation, and heavy machinery use in construction. Thus, it is 

proposed to consider a new metric for assisting with stormwater BMP implementation 

decisions: climate impact (I) estimated as a ratio of total CO2-Eq emitted per net reduction 

in lifetime P loading to freshwater ecosystems (Equation 12). 

I = Ctot / Pnet     (Equation 12) 

where I = the ratio of embodied CO2-Eq to net reduction in P loading to freshwater 

ecosystems, Ctot = total CO2-Eq emitted during the system’s life cycle (Monte Carlo, Upper 

Limit of 95% CI) (kg), and Pnet = net reduction in P loading to freshwater ecosystems during 

the system’s lifetime (kg). While this proposed metric is not a regulatory parameter, there 

is potential for internal due diligence when selecting between BMP designs. 

3.3 Results & Discussion 

3.3.1 Projected Foreground P Removal 

For sand filter A, the estimated annual TP removal (kg) is ~ 0.30 kg P yr-1 for the 

DWTR-enhanced sand filter. The annual removal by the hypothetical sand only filter, 

where the estimated removal of TDP is omitted is only 0.002 kg P yr-1. Thus, assuming 

that similar influent concentrations, annual precipitation averages, and annual load 

removal will be observed year after year, the maximum removal achieved by the DWTR-

enhanced system over 20 years will be 6 kg ± 1.2 kg (± 1 SD). However, the same filter 
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without DWTRs is modeled to have a P removal of 0.04 kg ± 0.001 kg (± 1 SD) due to 

the nature of the site being dominated by dissolved forms of P.  

  Because it has a larger drainage area, estimated lifetime influent P load at Site B 

is much greater than Site A. However, because particulate P comprises a higher 

proportion of the influent at Site B, the amount of P removed by the DWTR-enhanced 

filter is not as significant in to Site A. Assuming the influent composition remains 

consistent over time, the annual DWTR-enhanced sand filter is estimated to remove 1.40 

kg P yr-1 (28 kg ± 5.6 kg (1 SD) over its lifetime), and the hypothetical sand-only filter is 

projected to remove 1.08 kg P yr-1 (21.6 kg ± 4.3 kg over its lifetime). 

Note that the time duration of effective dissolved P removal by DWTRs will vary 

by DWTR source and material properties due to variability in P sorption capacity (Ament 

et al. 2021, Kubow 2022), as well as the nature of influent stormwater (i.e., dissolved P 

concentrations and loads). In some cases where DWTR P sorption capacity is relatively 

low and/or the annual influent dissolved P load is high, the lifetime of effective dissolved 

P removal could be lower than used in this Chapter based on my assumption of constant 

dissolved P removal across years. 

 3.3.2 Embodied Background P-Eq and CO2-Eq  

The embodied background emissions of the full life cycle for sand filter A were 

6305 kg (CO2-Eq) and 1.53 kg (P-Eq), respectively (Table 6). This is determined as the 

median value from Monte Carlo analysis. For the first stage of materials acquisition, CO2-

Eq emissions primarily resulted from the production of polyethylene, cast iron, concrete, 

and limestone quarry operations for sand filter A, with the remainder of materials each 
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contributing < 1% individually. The production of cast iron, polyethylene, and concrete 

accounted for the majority of P-Eq emissions. The remainder of materials (limestone, 

gravel, geotextile, etc.) all comprised less than 1% individually.  

For sand filter B, the total median CO2-eq and P-eq were 36,435 kg and 8.01 kg, 

respectively (Table 6). The contribution of concrete towards CO2-Eq emissions was nearly 

double at Site B, and cast iron played a significantly less role in terms of total emissions 

for raw materials due to the dominance of other materials bearing higher CO2-Eq burdens. 

The P-Eq emissions were similarly dominated by concrete production, sealants, aluminum, 

and cast iron (in order of descending impact).  

Table 6. Embodied (“background”) median CO2-Eq and P-Eq results for five life cycle 

stages of both systems. The un-bolded text corresponds to full system impacts across a 

20-year period. The (bolded numbers in parenthesis) are scaled to 1m3 of filter media.   

 

As seen in Table 6, the maintenance and construction phases of the two sand filters 

are comparable on a 1m3 filter media basis for CO2-Eq and P-Eq. However, the materials 

phase CO2-Eq and P-Eq emissions were about half of that of sand filter A despite having 

greater total emissions for the full system. Over 50% of CO2-Eq and P-Eq emissions were 

associated with acquiring materials as a raw resource for both sand filters A and B, followed 

 Sand Filter A       Sand Filter B 

Life Cycle Stage CO2-Eq P-Eq  CO2-Eq P-Eq 

Materials 3168 (3017) 1.12 (0.82)  23716 (1662) 6.40 (0.45) 

Transportation 2205 (2100) 0.34 (0.25)  5521 (387) 0.95 (0.07) 

Construction 708 (674) 0.05 (0.04)  7522 (527) 0.63 (0.04) 

Maintenance 94 (66) 0.01 (0.00)  196 (14) 0.02 (0.00) 

Disposal 130 (124) 0.01 (0.00)  204 (14) 0.01 (0.00) 

Total 6305 (5891) 1.53 (1.07)  36435 (2614) 8.01 (0.56) 
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by construction and transportation (Fig. 14). Less than 2.5% of emissions (for CO2-Eq or 

P-Eq) were associated with the maintenance or disposal stages. 

My results are comparable to 

past studies. In Bixler et al. (2019), the 

values associated with emissions from 

their sand filter designed to treat 2.54 

cm rainfall over a 4,047 m2 drainage 

area were 20,000 kg CO2-Eq kg and 

2.00 kg P-Eq. O’Sullivan et al. (2015) 

estimated CO2-Eq emissions for their 

sand filter system designed to treat 35 

m3 to be 3,200 kg. Similarly, Andrew 

and Vesely (2008) hypothesized a 

scenario of a similarly sized sand 

filter system to sand filter A but found a larger climate impact of 23,400 kg CO2-Eq, of 

which 69% was attributed to transportation and pump operation. Their material stage also 

contributed about twice the CO2-Eq emissions as sand filter A in this study, which is 

likely attributed to the use of a pump, larger filter dimensions, and different methods used 

for calculating CO2-Eq not consistent with ecoinvent database.  

My observation is that the greatest environmental burdens for both sand filters were 

the initial investment of acquiring raw materials, followed closely by transportation and 

construction, which is consistent with findings from O’Sullivan et al. (2015). O’Sullivan 

Figure 14. Percentage of Life Cycle Stages’ 

Contribution to Emissions 
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et al. (2015) also observed around 50% of the environmental burdens were associated with 

materials for their sand filter. Hengen et al. (2016) found the transportation of materials to 

be the greatest contributor of CO2-Eq for their sweep of green stormwater infrastructure, 

where the longest transported material was sourced at distances 2.5x further the longest 

transported item in my study. Similarly, materials were disposed of at facilities on average 

of 50 km away for a rainwater harvesting system studied by Angrill et al. (2012), which is 

much further distance than a round-trip disposal < 30 km in my study. Overall, it is notable 

that the further down the project path, the less impactful each stage is on the environment. 

In fact, Byrne et al. (2017) found approximately 75% of 256 urban water infrastructure 

LCAs do not include the end-of-life phase as they were deemed negligible by the respective 

researchers.  

3.4.2.1 Considerations for Construction Materials  

Building materials have a significant impact on whether a project has capacity to 

meet international sustainability goals (Omer & Noguchi 2020). De Schepper et al. (2014) 

notes that the construction sector is responsible for acquiring 50% of the Earth’s raw 

materials and producing 50% of its waste. Concrete was among the greatest contributors 

for every environmental midpoint indicator in my study. This has been observed in other 

LCAs, particularly in the building sector, and research has shifted to reducing energy 

consumption for concrete production or instead using eco-friendly materials where 

applicable (Buyle et al. 2013). Collivignarelli et al. (2020) posits that integrating alternative 

waste materials into concrete mix will save natural resources and reduce waste disposal. A 

life cycle assessment by Colangelo et al. (2020) suggests replacing 25% of concrete with 
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recycled aggregates over substitutions 0%, 50%, or 100%. Other candidate materials 

include recycled rice husk (Tayeh et al. 2021), recycled glass, plastic, and rubber (Steyn et 

al. 2021), or reutilized DWTRs (Belzile & Chen 2024).  

 Similarly, plastic materials (PVC and high-density polyethylene pipes) contribute 

great environmental burdens. According to Du et al. (2012), the greatest CO2-Eq burdens 

when producing pipes occur in the production phase, and transportation and installation are 

much lower in proportion. They suggest that the optimal PVC pipe to minimize global 

warming potential is 0.45 – 0.56 m (18-22”) in diameter. Sand filter B, for example, had 

pipes 0.15m, 0.20m, 0.61m (6”, 8”, and 24”) in diameter, all of which are not considered 

optimal. Opportunities for using recycled materials should be explored to decrease the 

environmental burdens associated with the construction of these systems. 

3.3.3 Environmental Footprinting: Net Reduction in P Load to Freshwater Ecosystems 

Utilizing the upper threshold of the 95% confidence value for P-Eq reported by the 

Monte Carlo simulation as the background emission threshold, the most conservative 

payback periods (Tpayback) were estimated for the systems. The hypothetical sand-only filter 

at Site A would have an environmental payback period on a P-Eq basis of  >1500 years, in 

comparison to ~11 years when the sand media is amended with 3% by volume DWTRs 

(Figure 15). The DWTR-enhanced system as currently constructed is projected to remove 

2.7 – 5.2 kg net P loading to freshwater ecosystems using the 95% confidence interval 

burden values, while the hypothetical non-DWTR system is estimated to remove (-3.2) kg 

net P over its 20-year lifetime. 
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In contrast to sand filter A, sand filter B represents a scenario where influent water 

is dominated by particulate forms of P, so the addition of DWTRs did not play nearly as 

significant a role in total P removal as sand filter A, but they are likely to be attributed to 

the removal of an additional 6.4 kg of dissolved P through chemical adsorption over its 20-

year lifetime. Sand filter B is projected to surpass its embodied P-Eq emissions (upper 

threshold of 95% CI) in around 12.5 years, and its hypothetical non-DWTR counterpart 

would shortly after 16 years. The DWTR-enhanced system as currently constructed is 

projected to remove 10.5 – 23.9 kg net P loading to freshwater ecosystems using the bounds 

of the 95% confidence interval as benchmarks, while the non-DWTR system is estimated 

to remove between 4.1 –17.5 kg. 

Notably, with much of the P entering system B in its particulate form, this raises 

the possibility of soluble reactive phosphorus (SRP) releasing from the filtered-out 

sediment on top of the filter since it can desorb over time (He et al. 2009). This model 

does not account for any release of SRP through the system and how that would affect the 

DWTR and non-DWTR filter performance. If SRP is released in a hypothetical sand-only 

filter from the filtered-out sediment, the mass of P retained would be over-estimated, as 

the filter would not be able to capture dissolved P that were to pass through it. 
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Figure 15. Lifetime Payback of DWTR vs Hypothetical Non-DWTR Filters, where A) is 

sand filter A, and B) is sand filter B. The solid blue lines represent the cumulative P 

removed from the sand filter with the DWTRs derived from the field study (Chapter 2). 

The solid black line is the hypothetical P removal of the same system without the addition 

of DWTRs, where the mass of dissolved P is omitted. The dark grey band is a 95% 

confidence interval, and the light grey band shows an additional 20% variability in annual 

load (±1 SD of TP removal efficiency). The shaded yellow region represents the 95% 

confidence interval of estimated background P emissions for the full system with the low, 

median, and high P-Eq emission estimates as benchmarks. Note: the y-axes may not have 

the same range. 

 

3.3.4 Climate Impacts: Carbon Tradeoffs for Net P Removal 

A climate lens is critical to compare sand filters A and B, whose projected total 

CO2-Eq emissions were 6,305 and 36,435 kg, respectively. The embodied CO2-Eq of 

sand filter A is equivalent to consuming 709 gallons of gasoline or burning 6,949 pounds 

of coal (EPA accessed 2024). For sand filter B, this is equivalent to 4,100 gallons of 

gasoline consumed or 40,154 lbs of coal (EPA accessed 2024) during the lifetime of the 

filter structure (20 years).  
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Fig. 15 depicts a net positive P load removal from freshwater ecosystems (where 

foreground removal > embodied background impacts) of 2.7 kg and 10.5 kg of P for the 

most conservative estimate (lower end of expected removal). Thus, climate impact ratios 

(I) of CO2-Eq: Net P Load removed indicates that for every kg of P-Eq removed beyond 

its background burden, 2,335 and 3,470 kg CO2-Eq will be emitted as a climate tradeoff 

for sites A and B. This is equivalent to 263 gal of gasoline per kg of P removed at sand 

filter A versus 390 gal of gasoline burned per kg of net P removed from sand filter B. 

Despite sand filter B having a smaller carbon and phosphorus footprint per cubic meter of 

filter media as per the functional unit (Table 6), sand filter A’s climate impact ratio is 

roughly two-thirds that of sand filter B.  Sand filter B is projected to remove more 

phosphorus during its lifetime, but the high burdened impact of all its materials was not 

more economical from a life cycle perspective with respect to climate impact, I. It has 

been found that the monetary costs associated with constructing sand filters ($/m3) tend 

to decrease with water quality volume treated (Weiss et al. 2007), which may provide an 

incentive for larger systems. However, this proves to be mindful of material selection and 

optimizing filter media potential and size to reduce the background burden and make its 

benefits more fruitful.  

Along with the need to meet regulatory requirements, typically, decisions 

regarding the implementation of stormwater BMPs have resulted from discussion of cost, 

maintenance, space, and resource management (Bell et al. 2018; Cousins 2017). Basing 

decisions on these factors risks undesirable tradeoffs, unintended consequences, and net 

burdens to the environment (Taguchi et al. 2020). Net climate impact and life cycle 
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assessment are factors that are at stake but have been considered less often in benefits 

analysis (Gallo et al. 2022). Thus, it is suggested that engineers design systems that are 

both cost-saving monetarily and environmentally.  

3.3.5 Major Model Limitations 

The model projections discussed have a few major limitations when considering a 20-

year lifetime, including: 

1) limited data, where projections are estimated from only two monitoring periods 

with variable or lacking extents of seasonality; 

2) assumed linear P removal, whereas the performance of the filter media with 

maintenance may instead assume a logarithmic or more complex removal; & 

3) excluded certain factors, including biofouling (where algae can build up and 

restrict flow on underdrain material, pipes, and orifices (Sileshi et al. 2012), thus 

creating additional maintenance costs and transportation emissions for more 

frequent inspections), shorter than projected life expectancy, and recycling or 

disposal of non-filter media materials (e.g. concrete, pipes, etc).  

3.4 Conclusion 

By pairing LCA with field data, I found conservative estimated P payback periods 

for DWTR-enhanced sand filters to be 11-12.5 years, while their hypothetical sand-only 

filters counterparts were estimated to be greater than 16 years. At Site A, the DWTR-

enhanced system is projected to remove 2.7 – 5.2 kg net P (95% confidence interval), and 

at Site B, it will remove 10.5 – 23.9 kg net P (95% confidence interval), which is greater 
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than its hypothetical sand only counterparts (-3.2 kg net P for sand filter A and 4.1 –17.5 

kg net P for sand filter B, respectively). The climate impact ratios of sand filter A (2,335 

kg CO2-Eq) is two-thirds that of sand filter B (3,470 kg CO2-Eq).  

Ultimately, it is in the best interest to decrease background embodied P-Eq and 

CO2-Eq emissions and maximize foreground P removals of stormwater BMPs to achieve 

greater net P loading reductions to freshwater ecosystems. Consideration of net P load 

reductions to the environment and climate impact will yield decisions that have less of a 

burden on the environment and help achieve sustainable stormwater infrastructure.   
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3.6 Glossary 

• background system/impacts: the system or impacts that describe the foreground 

system environmentally with emission factors that can be obtained from databases 

• CO2-Equivalents (CO2-Eq): reference unit for climate change measured in kg, 

considers greenhouse gas emissions and their global warming potential (e.g. 

methane, sulfur hexafluoride, etc.) 

• cradle-to-grave: considers impacts of each stage of a product’s life cycle from 

the time natural resources are extracted from the ground and processed through 

manufacturing, transportation, use, and ultimately disposed of. 

• endpoint indicator: aggregated indicators of midpoint indicators used to assess 

levels of protection towards human health, biodiversity, and resource availability.  

• environmental impacts: logical groupings of life cycle assessment results (e.g. 

freshwater eutrophication, water use, land use, climate change) 

• foreground system: the system that is under study or being modeled 

• hierarchist (H): consensus model often encountered in scientific models; default 

model 

• life cycle assessment: compilation and evaluation of potential environmental 

impacts of a particular product through its life cycle 

• life cycle impact assessment: phase of life cycle assessment that evaluates the 

magnitude of the potential environmental impacts for a product system 

• life cycle inventory: phase of life cycle assessment that collects all inputs and 

outputs 
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• life cycle inventory analysis: phase of life cycle assessment that quantifies the 

life cycle inventory inputs and outputs 

• life cycle interpretation: phase of the life cycle assessment that evaluates results 

from the inventory analysis or impact assessment in relation to the defined scope 

and goal 

• midpoint indicator: measure of a specific environmental impact that reflects 

changes in the natural environment caused by emissions (e.g. freshwater 

eutrophication, land use, marine eutrophication, climate change, particulate 

matter, etc.) 

• P-Equivalents (P-Eq): reference unit for freshwater eutrophication measured in 

kg, considers varying forms of P (e.g. phosphate, phosphoric acid, total 

phosphorus) 

• product system: a collection of materially and energetically connected unit 

processes which perform one or more defined functions 

• ReCiPe: method for life cycle impact assessment that transforms life cycle 

inventory results into 18 midpoint indicators and 3 endpoint indicators. 

• supply chain: system of organizations, people, technology, activities, and 

resources involved in moving a product or service from supplier to consumer 

• system boundary: criteria specifying boundaries for which processes are part of 

the studied product system 

• unit process: smallest element considered in the life cycle inventory analysis  
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CHAPTER 4: CONCLUSION  

The goal of this research was to continue the sequence of work completed at 

UVM previously on the application of drinking water treatment residuals (DWTRs) into 

stormwater infrastructure to reduce urban P loads with enhanced filter media. This 

research then applied an environmental life cycle assessment lens to bring attention to 

global phosphorus and carbon stewardship with respect to stormwater infrastructure (e.g. 

sand filters). Key research findings and next steps are described herein. 

4.1 Key Findings 

4.1.1 Laboratory DWTR Characterization 

Previous UVM student research and other published literature indicates that the 

properties of DWTR media influence P sorption. In this study, laboratory results deviated 

from when it was previously characterized in years prior. If there are significant 

differences in material characteristics from the same source over time, models may 

incorrectly estimate the longevity of the material as a P-sorbing filter enhancement. 

4.1.2 Field Performance of DWTRs in Stormwater Sand Filters 

Despite there being a high potential for DWTRs in sand filter media in lab column 

tests, there can be great discrepancies between lab and field conditions. In the field, there 

is a cocktail of chemicals entering the system that may compete for sorption sites as they 

are governed by competing anion effects. The DWTRs in this study were shown to 

remove a significant amount of soluble reactive phosphorus at one of the two sites at a 

vast range of concentrations, while finding capacity to reduce low concentrations of 
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soluble reactive phosphorus to even less concentrated values. This field study validates 

the justification for using DWTRs in sand filter media to capture dissolved P regardless 

of runoff compositions. Only 3-5% of DWTRs by volume were used in both sand filters; 

however, previous column and bioretention studies at UVM have used up to 10% by 

volume DWTRs successfully. Thus, it is likely that the proportion of media that is DWTR 

can be increased to from 3-5% to higher percentages without seeing hydraulic 

conductivity impeded. 

4.1.3 Life Cycle Assessment 

Life cycle assessment is a necessary step to take when considering the design, 

implementation, and management of stormwater infrastructure. These systems can 

provide immediate local benefits if designed properly, however, the global impact of 

sourcing and transporting materials to create them can be much greater. Much of 

stormwater design and implementation at the municipal level is governed by regards for 

space, cost, maintenance, and permitting, however, it is of recommendation to consider 

life-long environmental impacts in the decision-making process if possible. 

4.2 Future Research 

4.2.1 Laboratory DWTR Characterization 

As DWTR properties have significant implications on their performance, the 

following question is important to the study: How significantly do freeze-thaw cycles 

impact DWTR sorption capacity? Research suggests that freeze-thawed DWTRs tend to 

be more stable than material that has not been freeze-thawed. This raises the question of 
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whether researchers can simulate column tests with material that has faced a different 

number of freeze-thaw events to see if P sorption capacity can be improved with time? 

This will have implications for prioritizing whether freshly produced DWTRs or older 

material should be used in new projects. 

4.2.2 Field Performance of DWTRs in Stormwater Sand Filters 

The application of DWTRs in this study was not shown to have any significant 

impact on hydraulic conductivity given a lack of evidence of clogging. It also indicated 

that for larger-scale operations, DWTRs that were not hand-sieved and processed with 

great precision like in a laboratory column study demonstrated success, indicating their 

potential for continued use in larger construction projects. Long-term monitoring is 

needed to know the true capacity of these systems. It is currently hypothesized that 

certain materials will outlive a typical filter media’s lifespan, though this is variable. 

4.3.3 Life Cycle Assessment 

Future research can include more robust and complicated estimations of 

phosphorus removal by the sand filters using non-linear models to estimate lifelong P 

removal performance informed by long-term monitoring. Similar analysis can easily be 

replicated on other stormwater BMPs (including structures other than sand filters) around 

the county or state using designed P load removals, system schematics, and maintenance 

plans. It is also suggested that a literature review capturing stormwater BMPs designed 

performance vs. observed performance be investigated as we consider uncertainty of 

treatment in modeling. 
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APPENDICES 

Appendix A: DWTR and Site Characteristics 

DWTR Source 

A 5-gallon bucket of the DWTRs was obtained from CWD on February 15th, 2023, using 

a metal shovel from various spots of an accessible storage pile. This collection date was 

in between the construction of the two sites constructed in Fall 2022 and Fall 2023. 

 

Figure S1. DWTR storage pile at CWD. Shows the pile from which a 5-gallon bucket 

sample of DWTRs were acquired from. 

Table S2. DWTR sample metal concentrations (ppm). Results are shown as an average of 

three samples submitted to the laboratory (ALS Geochemistry, Reno, NV).   

Ag As Cd Co Cu Li Mo Ni Pb Tl Zn 

< 0.5 17.3 < 0.5 7 52.7 20 1 25.7 12 < 10 103.7 

Ba Ce Cr Cs Dy Er Eu Ga Gd Hf Ho 

333 33.7 48 1.06 3.3 1.9 0.7 10.4 3.2 10.7 0.7 

La Lu Nb Nd Pr Rb Sc Sm Sn Sr Ta 

16.8 0.3 11.2 16.7 4.4 31.1 7.6 3.5 1.2 107 0.7 

Tb Th Ti Tm U V W Y Yb Zr   

0.5 3.5 0.5 0.3 7.5 57 3.7 18.9 1.9 490  
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Site A 

Site A was built as one of three cul-de-sac retrofits with infiltration systems and 

stabilized outfalls. The existing inlet structure was replaced with the media filter, pre-

treatment chamber, and internal high flow bypass. Activities within the surrounding 

drainage area are largely suburban and residential, with single family detached dwelling 

units. The hydrologic soil groups of the drainage area and neighboring uphill land were 

estimated to be dominated by A (90.1%), B (8.8%), and A/D (1.1%) soils using the USDA’s 

Web Soil Survey (USDA accessed 2024). The Site has a drainage area of 7,309 m2 of which 

39% is designated impervious. It was designed for a 53% P removal efficiency, or an 

estimated 0.55 kg/year P removal. The final structure interior volume measured 9.34 m3 

(330 ft3). Water first enters a sedimentation basin that can hold 1.93 m3 (68.25 ft3). Water 

from the sedimentation basin overtops a weir wall and then flows over and downward 

through the filter substrate. The filter substrate (97% ASTM C-33 Coarse Sand: 3% Al-

DWTR) is 0.30m (1 ft) deep in a 3.4 m2 (~37 ft2) area (volume = 1.02 m3 = 37 ft3), underlain 

by a 7.6 cm (3”) layer of pea gravel and 53.3 cm (1.75’) of drainage aggregate.  
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Figure S2. Site A shows the pre and post development progress of the site. A) Aerial cul-

de-sac view (pre-development) is an arial image of the cul-de-sac branching from the 

neighborhood. B) Front-facing cul-de-sac view (pre-development) is the front-facing 

view to the end of the cul-de-sac before the sand filter was constructed. C) Drainage grate 

to subsurface sand filter shows the point from which runoff exits the landscape and enters 

the treatment system. D) Down-hill discharge point from sand filter shows the point from 

which treated water exits the system. E) Immediate drainage area (post-development) 

shows the immediate drainage area with the entry point in C) visible in the top center of 

the image. This grassed area was not in B). F) Plunge pool and landscape (post-

development) shows the plunge pool and immediate drainage area into a wooded 

landscape. Images A and B were obtained from Google Earth. Images C-F were taken by 

M. Schambura. 
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Site B 

Site B was constructed next to U.S. Route 2 road in South Burlington, VT. The 

road is heavily traveled, and the segment of road adjacent to the site has on average an 

annual daily travel counts of 12,000 – 13,000 cars per day as reported by VTrans’ Data 

Management System at Location D036 (VTrans accessed 2024). The sand filter is one 

component of a larger highway resurfacing project, consisting of the reconstruction, and 

widening of the U.S. Route 2/Industrial Avenue intersection and additional traffic 

signaling. The drainage area is overall flat with gentle slopes, and the surrounding land in 

the watershed has several hills and steeper slopes. The site is dominated by Hydrologic 

Soil Group D (62.9%), followed by A (30%) and C (7.1%) according to Stormwater 

Discharge Permit #3-9015. 

The site was designed to discharge stormwater runoff into the Muddy Brook at 

73°8'8.90" W, 44°27'28.99" N. The sand filter structure was built in tandem with a grass 

channel located at the exit of the filter structure. The underground sand filter is designed to 

store and treat runoff from higher flow events. Water treated from the underground sand 

filter is then secondarily treated by the grass channel upon exiting the structure. 

The final structure has interior dimensions of 16.15m L, 4.27m W, and 2.74m D 

(189 m3 = 6674 ft3). The sand filter section includes substrate (95% ASTM C-33 Coarse 

Sand: 5% Al-DWTR) that is 0.46m (1.5 ft) deep in a 31 m2 (336 ft2) area (volume = 14 m3 

= 504 ft3), underlain by 28 cm (11”) of drainage aggregate. Within the drainage aggregate 

layer, an underdrain system of seven 15cm (6”) diameter pipes collect and convey the 

filtered water to the chamber connected to the outlet pipe, where the treated effluent is 
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discharged into the grass channel. This 18,251 m2 project (grass channel and sand filter 

combined) was designed to achieve a 40% P load reduction, or an estimated 2.42 kg/year. 

Fig S3. Site B shows the pre and post development progress of the site. A) Aerial view of 

STP location (early construction, Nov. 2021) shows the location for the sand filter and 

grass channel after the project began. The Muddy Brook River is shown in the bottom left 

corner. B) Road view of STP location (pre-construction, July 2019) shows the view 

before construction began. C) Sand filter structure (during construction, Aug. 2023) 

shows the frame of the sand filter next to U.S Route 2. D) Grass channel (during 

construction, Aug. 2023) shows the treatment area, pre-seeded. E) Stormwater treatment 

site (post-construction, Oct 2023) shows the finished site with boxes for monitoring 

equipment atop the surface. F) Grass channel and discharge (post-construction, Oct 2023) 

shows the grassed channel filled in from Aug.2023 as well as the two pipes from the 

sedimentation basin. Runoff exclusively treated by the grass channel is conveyed from 

the black pipe (left), and runoff treated by the sand filter during high flows is discharged 

from the blue pipe (right) and conveyed to the grass channel. Images A was obtained 

from Google Earth. Image B was obtained from Google Maps History. Images C-F were 

taken by M. Schambura. 



130 

 

Appendix B: Stormwater Quality Monitoring 

 

Figure S4. Fraction of TP Load by Event at Site A. PP = Particulate Phosphorus, SRP = 

Soluble Reactive Phosphorus, and DOP = Dissolved Organic Phosphorus. 

 

Figure S5. Fraction of TP Load by Event at Site B. PP = Particulate Phosphorus, SRP = 

Soluble Reactive Phosphorus, and DOP = Dissolved Organic Phosphorus. 
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Table S3. Summary of Captured Precipitation Events. Events with evidence of observed 

overflow via trail camera are indicated with an asterisk (*).  

Event Date(s) 
Estimated 

Duration (hr) 

Estimated 

Precipitation (mm) 
Event Type 

Intensity 

Classification 

Antecedent Dry 

Days (d) 

Site A  (7309 m2 drainage area)         

1 11/30/2022 - 12/1/2022 6 hr 30 min 17.8 Rain, Snow Moderate 1 

2 12/3/2022 2 hr 30 min 2.5 Rain Light 2 
3 12/7/2022 17 hr 50 min 17.8 Rain Moderate 9 

4 5/2/2023 14 hr 30 min 7.6 Rain Light 9 

5 5/20/2023 - 5/21/2023 3 hr 10 min 15.2 Rain Heavy 3 
6 5/24/2023 6 hr 10 min 7.6 Rain Light 2 

7 6/6/2024 7 hr  10.2 Rain Light 11 

8 6/13/2024 7 hr 10 min 7.6 Rain Heavy 4 
9* 6/14/2024 7 hr 40 min 22.9 Rain Moderate 0 

10 6/16/2024 7 hr 5 min 12.7 Rain Light 1 

11 6/17/2024 12 hr 30 min 12.7 Rain Light 0 

12* 6/24/2024 8 hr 10 min 63.5 Rain Heavy 6 

13 6/26/2024 7 hr 2.0 Rain Light 0 

14* 6/28/2024 4 hr 40 min 20.3 Rain Light 0 
15 7/1/2024 - 7/2/2024 15 hr 30 min 2.3 Rain Moderate 2 

16 7/7/2024 3 hr 40 min 2.3 Rain Light 4 

17 7/9/2023 - 7/11/2023 38 hr 55 min 58.4 Rain Moderate 1 
18 7/16/2023 14 hr 40 min 50.8 Rain Moderate 1 

19 7/18/2023 2 hr 35 min 3.0 Rain Light 2 

20* 7/21/2023 5 hr 30.5 Rain Moderate 2 
21 7/27/2023 12 hr  30.5 Rain Moderate 2 

22 8/7/2023 - 8/8/2023 24 hr 30 min 36.3 Rain Moderate 0 

23* 8/10/2023 5 hr 30 min 35.6 Rain Moderate 0 
24 8/18/2023 11 hr 50 min 5.1 Rain Moderate 0 

25 8/25/2023 4 hr 40 min 17.8 Rain Light 0 

26* 9/7/2023 2 hr 10 min 5.1 Rain Light 7 
27 9/19/2023 10 hr  10.2 Rain Moderate 4 

28* 10/7/2023 - 10/8/2023 21 hr 20 min 74.9 Rain Heavy 17 

29 10/15/2023 - 10/16/2023 4 hr 30 min 9.1 Rain Light 4 

30* 10/21/2023 - 10/22/2023 26 hr 30 min 21.8 Rain Moderate 5 

Site B (18,251 m2 drainage area)         

1 10/30/2023 12 hr 45 min 7.6 Rain Light 1 

2 11/7/2023 - 11/8/2023 4 hr 20 min 2.5 Rain Light 5 

3 11/9/2023 7 hr 10 min 12.7 Rain, Snow Moderate 1 
4 11/17/2023 - 11/18/2023 9 hr 20 min 22.9 Rain Moderate 2 

5 11/26/2023 - 11/27/2023 9 hr 10 min 53.3 Rain, Snow Heavy 1 

6 12/1/2023 - 12/2/2023 9 hr 40 min 7.6 Rain Light 3 
7 12/10/2023 - 12/11/2023 30 hr 5 min 30.5 Rain Moderate 4 

8 3/6/2024 - 3/7/2024 18 hr 29.2 Rain Light 0 

9 3/9/2024 - 3/10/2024 12 hr 30 min 19.1 Rain Moderate 1 
10 3/14/2024 - 3/15/2024 16 hr 16.5 Rain Moderate 4 

11 3/25/2024 - 3/26/2024 18 hr 16.0 Snow Melt Light 1 
12 4/5/2024 - 4/6/2024 20 hr 30 min 19.5 Snow Melt Light 0 

13 4/10/2024 6 hr 2.0 Rain Light 3 

14 4/12/2024 6 hr 10 min 17.5 Rain Moderate 0 
15 4/18/2024 12 hr 4.3 Rain Light 2 

16 4/24/2024 4 hr 50 min 3.0 Rain Light 5 

17 4/28/2024 5 hr 10 min 6.0 Rain Light 0 
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Table S4. P-Values for P Influent and Effluent event mean concentrations (EMCs). The 

Wilcoxon Signed Rank Test with significance of α = 0.05 was used. Statistically 

significant values are bolded. 

 Form of P 

Sand Filter TP PP TDP SRP DOP 

A 1.82 e-06 0.434 2.06 e-05 3.34 e-06 0.388 

B 3.21 e-04 3.85 e-04 9.21 e-04 5.45 e-04 0.025 

 

 

Figure S6. P removal by Storm Intensity (light, moderate, heavy). Intensities were deter 

using the Manual of Surface Weather Observation Standards, where < 2.5 mm/hr 

(<0.1”/hr) was deemed light, 2.5 to 7.5 mm/hr (0.1” to 0.3”) is moderate, and heavy is 

considered 7.5 mm/hr to 50 mm/hr (0.3” to 2”/hr) on average (MANOBS 2023). 
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At site A, median TP and TDP removals from highest to lowest were in the order 

of heavy storms > moderate storms > light storms. This is likely because in less intense 

storms water may follow preferential flow paths through the sand+DWTR media near the 

baffle instead of utilizing the full media bed (Maiyo et al. 2013). Similarly, less intense 

storms tended to be lower in TP concentration, which makes it more difficult to reduce the 

TP concentration (Wen et al. 2020). 

 

Figure S7. Load Removal Efficiency (%) versus Precipitation Amount (mm). The dashed 

red line is a slope = 1. 
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Figure S8. SRP Load Removal vs. Influent SRP EMC (mg/L) shows the mass removal of 

SRP vs.  influent concentration separated by site.  

 

 

Figure S9. P Load Removal vs. Influent EMC (mg/L) shows the mass removal of TP, 

TDP, and PP vs. influent TP concentration (mg/L) for the combined datasets of each site. 
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Appendix C: Life Cycle Assessment Supplemental Materials 

 

LCA Background 

The choice of an attributional or consequential study is a user-specific judgement and is up 

for debate amongst scholars (Tillman 2010) much like many other attributes of life cycle 

assessment. This distinction can greatly affect the numerical impact assessment results and 

target audience or stakeholder of the life cycle assessment (Heimersson et al. 2019). 

Attributional LCAs (ALCAs) are more commonly used and use average data for a system, 

while consequential LCAs (CLCAs) use marginal data, which represents the effects of a 

change in the output of goods and/or services from a system on the environmental burdens 

of the system (Finnveden and Potting 2024). Researchers regret that ALCAs are limited to 

describing environmental flows within a given temporal window (Buyle et al. 2013) and 

cannot be adapted for changing human activities, rendering them ‘unknowable,’ 

‘uncontrollable,’ and ‘misleading’ for future predictions (Weidema 2003; Plevin et al. 

2013). By contrast, some researchers consider consequential LCAs (CLCAs) superior in 

their ability to estimate environmental flows in response to user decisions and real-world 

changes across a life cycle (Plevin et al. 2013).  

 Impact assessment is the third phase of an LCA, where a product system’s life cycle 

inventory is translated to aggregated impact categories (Hauschild and Hujibregts et al. 

2015). Impact assessment results are available for both single activities and product 

systems (Weidema et al. 2013). The ReCiPe 2016 Midpoint (H) method includes 18 

different environmental indicators, including: fine particulate matter, fossil resource 

scarcity, freshwater ecotoxicity, freshwater eutrophication, global warming, human 



136 

carcinogenic toxicity, human non-carcinogenic toxicity, ionizing radiation, land use, 

marine ecotoxicity, marine eutrophication, mineral resource scarcity, ozone formation – 

human health, ozone formation – terrestrial ecosystems,  stratospheric ozone depletion, 

terrestrial ecotoxicity, and water consumption (Huijbregts et al. 2017). 

 The life cycle interpretation is the fourth stage of the LCA. Ultimately, a 

consequential life cycle assessment for stormwater BMPs is to evaluate the trade-offs 

between water quality improvements and the climate and resource costs it burdens the 

environment (Wang et al. 2013). This stage is comprised of several elements, including 

identification of significant issues present in the results, evaluation of completeness, 

sensitivity analysis, conclusions, limitations, and recommendations (ISO 14044). 

Uncertainty 

Due to the loose framework for conducting a LCA under the guidance of the standardized 

methods, there is undeniable uncertainty attributed to the decisions made by the decision 

maker (Beltran et al. 2015). However, effective communication, standardizing 

methodology across processes, and accepting a degree of uncertainty provides the greatest 

clarity for interpretating the decisions made and results it yields (McManus and Taylor 

2015, Beltran, et al. 2014). The user can model the system to the best of their ability, 

however, there are numerous sources of uncertainty associated with the inherent 

background emissions of midpoint indicators (e.g CO2-eq and P-eq) for each system 

calculated in OpenLCA. 

 LCA repositories have seen great growth recently, adding and updating sweeps of 

data for chemicals, building materials, and new energy mixes (Calvo-Serrano and Guillén-
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Gosálbez 2018). According to Frischknect et al. (2004), all data documentation in 

ecoinvent is based on the EcoSpold data format, which complies with ISO/TS 14048, and 

its methodological approaches are consistently applied across the entire database creating 

a coherent life cycle inventory.  

 First, all input materials modeled as flows have an uncertainty applied at each point 

in their built supply chain based on the providers chosen. Secondly, each material was 

modeled with a lognormal uncertainty distribution (Das, R.E.G. 1992). Finally, each of the 

five life cycle stages were run as system processes through a Monte Carlo simulation (n = 

10,000 runs). Many runs (e.g. 5,000-10,000) are necessary to truncate the confidence 

interval (McMurray et al. 2017; Heijungs 2020). The uncertainty allocation method was 

“as defined in process” with defaults to a lognormal model (Frischknect et al. 2005), where 

uncertainties are modeled using probability density functions (Muller et al. 2017). 



TABLE S4: Summary of Monte Carlo Analysis Results (n = 10,000) for Background Embodied Emissions of sand filter A for the five 

life cycle stages: materials, transportation, construction, maintenance, and disposal for the entire system. 

    
Materials Transportation Construction Maintenance Disposal 

Impact 

category 

Reference 

unit 
5% Mean Median 95% 5% Mean Median 95% 5% Mean Median 95% 5% Mean Median 95% 5% Mean Median 95% 

Acidification: 

terrestrial 

kg SO2-

Eq 7.79 8.932 8.90 10.31 
1.94 3.78 2.73 4.06 1.30 1.45 1.45 1.63 0.15 0.16 0.16 0.18 0.22 0.25 0.25 0.28 

Climate change 
kg CO2-

Eq 2879.00 3.17E+03 3168.00 3487.00 
1677.59 2205.40 1919.62 2294.98 667.47 707.66 705.21 753.97 91.57 94.36 95.56 101.00 123.66 130.18 129.83 137.64 

Ecotoxicity: 

freshwater 

kg 1,4-

DCB-Eq 280.00 3.77E+02 359.50 499.00 
42.28 116.16 80.28 172.19 11.46 16.11 15.39 22.59 1.81 2.37 2.42 3.56 1.60 2.18 2.10 2.95 

Ecotoxicity: 

marine 

kg 1,4-

DCB-Eq 763.50 1.05E+03 995.90 1456.00 
93.06 222.06 165.78 337.50 25.43 35.03 33.73 47.94 3.97 5.30 5.32 7.68 3.90 5.29 5.10 7.21 

Ecotoxicity: 

terrestrial 

kg 1,4-

DCB-Eq 1.95E+05 5.93E+05 4.88E+05 1.35E+06 
3.5E+04 8.5E+04 6.5E+04 1.7E+05 5.4E+03 1.5E+04 1.2E+04 3.2E+04 800.4 2251.6 1873.9 4986.1 911.4 2519.3 2116.8 5412.9 

Energy 

resources: non-

renewable, 

fossil 

kg oil-Eq 

661.50 7.23E+02 724.00 795.90 

511.33 668.48 586.35 701.48 193.96 202.58 202.08 212.53 26.53 27.00 27.42 28.44 36.27 37.87 37.79 39.63 

Eutrophication: 

freshwater 
kg P-Eq 

0.63 1.23E+00 1.12 2.24 
0.14 0.70 0.34 0.88 0.03 0.05 0.05 0.08 0.01 0.01 0.01 0.02 

2.8E-

03 
5.8E-03 

5.1E-

03 
1.0E-02 

Eutrophication: 

marine 
kg N-Eq 

-0.02 1.40E-02 0.03 0.04 
0.02 0.04 0.03 0.05 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 

7.2E-

04 
9.0E-04 

9.0E-

04 
1.1E-03 

Human 

toxicity: 

carcinogenic 

kg 1,4-

DCB-Eq 
2194.00 4.94E+03 4432.00 9414.00 

35.77 452.90 191.05 609.40 -36.80 24.73 20.65 90.52 -4.78 3.87 4.10 16.15 -8.85 2.30 2.09 13.86 

Human 

toxicity: non-

carcinogenic 

kg 1,4-

DCB-Eq 
3579.00 8.35E+03 5225.00 13720.00 

1310.13 3730.50 2525.43 6097.71 206.42 418.94 302.60 621.01 31.67 62.87 47.10 105.99 24.28 46.39 33.03 70.41 

Ionising 
radiation 

kBq Co-
60-Eq -13.89 -6.98 0.23 23.42 

-4.36 193.06 6.44 60.64 0.08 1.47 0.64 6.23 0.17 0.77 0.86 5.63 0.01 0.23 0.11 0.88 

Land use 
m2*a 

crop-Eq 193.50 2.18E+02 213.10 243.40 
38.79 100.54 72.78 143.73 3.24 7.84 7.18 11.08 1.26 1.69 1.88 3.08 1.12 2.43 2.36 3.63 

Material 

resources: 

metals/minerals 

kg Cu-Eq 

69.59 7.76E+01 77.45 86.09 

5.39 9.77 8.40 14.91 4.33 5.23 5.14 6.39 0.40 0.47 0.47 0.56 0.47 0.52 0.52 0.59 

Ozone 

depletion 

kg CFC-

11-Eq 0.00 7.45E-04 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

4.42E-

05 

4.67E-

05 

4.65E-

05 

4.99E-

05 

Particulate 

matter 

formation 

kg 

PM2.5-

Eq 4.78 5.82E+00 5.74 7.27 

1.20 2.37 1.73 2.67 0.66 0.74 0.73 0.83 0.08 0.09 0.09 0.10 0.12 0.14 0.13 0.16 

Photochemical 

oxidant 

formation: 

human health 

kg NOx-

Eq 

11.78 1.43E+01 14.12 17.66 

2.23 3.74 2.99 4.25 2.71 2.92 2.91 3.17 0.30 0.32 0.32 0.35 0.53 0.59 0.58 0.66 

Photochemical 
oxidant 

formation: 

terrestrial 

ecosystems 

kg NOx-

Eq 

12.77 1.58E+01 15.40 20.06 

2.53 4.19 3.39 4.83 2.84 3.08 3.06 3.35 0.31 0.34 0.34 0.38 0.55 0.62 0.61 0.70 

Water use m3 
8.78 1.02E+01 10.29 11.86 

2.25 5.40 3.61 6.02 1.29 1.73 1.71 2.30 0.09 0.10 0.10 0.13 0.07 0.09 0.09 0.12 
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Table S5. Summary of Monte Carlo Analysis Results (n = 10,000) for Background Embodied Emissions of sand filter B for the five 

life cycle stages: materials, transportation, construction, maintenance, and disposal for the entire system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

    
Materials Transportation Construction Maintenance Disposal 

Impact 

category 

Reference 

unit 
5% Mean Median 95% 5% Mean Median 95% 5% Mean Median 95% 5% Mean Median 95% 5% Mean Median 95% 

Acidification: 

terrestrial 

kg SO2-

Eq 
47.20 56.36 55.92 66.91 5.61 8.13 7.81 11.53 18.05 22.02 22.21 27.52 0.31 0.35 0.34 0.39 0.44 0.57 0.57 0.75 

Climate change 
kg CO2-

Eq 
2.1E+04 2.4E+04 2.4E+04 2.7E+04 4789.86 5520.90 5433.66 6492.87 6177.30 6701.13 6797.17 7522.53 187.48 196.62 195.73 207.21 181.46 203.68 204.96 234.85 

Ecotoxicity: 

freshwater 

kg 1,4-

DCB-Eq 
996.38 1397.17 1314.06 2028.85 124.93 260.19 230.29 481.90 144.14 191.36 200.06 303.72 3.86 5.48 5.21 7.76 2.34 3.31 3.37 5.50 

Ecotoxicity: 

marine 

kg 1,4-

DCB-Eq 
2148.67 2985.59 2836.22 4257.64 270.48 527.05 473.54 949.42 314.43 415.93 425.17 621.46 8.39 11.82 11.35 16.52 5.66 8.31 8.18 13.36 

Ecotoxicity: 

terrestrial 

kg 1,4-

DCB-Eq 
4.6E+05 1.4E+06 1.1E+06 3.0E+06 1.0E+05 2.2E+05 1.9E+05 4.7E+05 6.4E+04 1.7E+05 1.5E+05 4.0E+05 1696.9 4795.9 3985.10 10454.7 1395.5 4148.9 3446.41 9476.6 

Energy 

resources: non-
renewable, 

fossil 

kg oil-Eq 5253.69 5774.69 5743.52 6397.09 1455.22 1687.47 1660.83 1991.48 1759.73 1897.73 1928.10 2122.87 54.19 56.23 56.10 58.27 52.75 59.37 59.70 68.54 

Eutrophication: 

freshwater 
kg P-Eq 3.31 7.03 6.40 13.79 0.41 1.14 0.95 2.49 0.39 0.62 0.63 1.17 0.01 0.02 0.02 0.04 

4.6E-

03 

6.0E-

03 
8.7E-03 

1.9E-

02 

Eutrophication: 

marine 
kg N-Eq 0.56 0.70 0.69 0.87 0.06 0.09 0.08 0.13 0.09 0.11 0.12 0.16 0.00 0.00 0.00 0.00 

1.2E-

03 

1.4E-

03 
1.5E-03 

2.06E-

03 

Human 

toxicity: 

carcinogenic 

kg 1,4-

DCB-Eq 
4867.76 9210.39 8118.10 15407.81 108.83 702.16 544.76 1735.34 -432.66 321.60 277.47 1134.20 -9.82 11.33 9.20 35.08 -14.76 3.16 3.41 23.26 

Human 

toxicity: non-

carcinogenic 

kg 1,4-

DCB-Eq 
2.0E+04 4.7E+04 3.1E+04 7.95E+04 3849.27 9195.05 7195.73 17059.4 2664.28 5250.97 4065.26 8146.15 68.47 151.33 102.14 225.75 37.22 42.19 54.55 121.65 

Ionising 

radiation 

kBq Co-

60-Eq 
126.95 1183.26 630.21 4040.40 -8.24 15.62 19.20 179.45 -9.74 -19.23 2.36 53.76 0.38 4.06 1.97 12.44 -0.06 -1.88 0.21 1.84 

Land use 
m2*a 

crop-Eq 
695.99 1318.60 1002.20 1887.77 113.15 226.37 208.24 406.19 69.99 116.77 128.40 188.29 2.94 4.33 4.38 7.27 8.66 13.72 15.23 22.72 

Material 

resources: 

metals/minerals 

kg Cu-Eq 193.44 217.44 216.44 243.03 15.36 25.75 23.82 42.48 57.99 72.66 71.67 91.88 0.84 1.00 0.98 1.20 0.65 0.84 0.81 1.16 

Ozone 

depletion 

kg CFC-

11-Eq 
0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.02 0.00 0.00 0.00 0.00 

6.6E-

05 

7.6E-

05 
7.6E-05 

9.2E-

05 

Particulate 

matter 

formation 

kg 

PM2.5-

Eq 

28.30 33.45 33.18 39.57 3.47 5.16 4.94 7.51 8.87 11.38 11.27 15.72 0.17 0.19 0.19 0.22 0.24 0.32 0.31 0.45 

Photochemical 

oxidant 

formation: 

human health 

kg NOx-

Eq 
68.92 82.47 81.76 97.53 6.52 8.94 8.63 12.21 35.58 45.51 45.02 58.17 0.61 0.67 0.67 0.73 1.06 1.40 1.38 1.87 

Photochemical 

oxidant 

formation: 

terrestrial 

ecosystems 

kg NOx-

Eq 
77.62 94.92 93.63 115.47 7.37 10.14 9.78 13.92 37.24 47.21 46.74 59.88 0.65 0.71 0.71 0.78 1.11 1.46 1.43 1.93 

Water use m3 71.22 90.96 90.43 111.25 6.47 10.87 10.25 16.91 19.24 25.67 26.00 35.74 0.19 0.23 0.22 0.28 0.11 0.14 0.15 0.21 
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Table S6. Life cycle inventory assessment (LCIA) for sand filter A. Includes generic material names, corresponding 

masses/lengths/volumes, and assigned ecoinvent flows and providers. 

Stage Material Flow Category Amount Unit Provider 

M
a
te

ri
a
ls

 

Manhole Covers cast iron C:Manufacturing 1000 lb av cast iron production | cast iron | Consequential, U 

Sand Filter Structure concrete, 25-30MPa C:Manufacturing 35.89 cu ft concrete production, 25-30MPa, with cement, Portland | concrete, 25-30MPa | Consequential, U 

Subbase gravel, crushed B:Mining and quarrying 0.945 t gravel production, crushed | gravel, crushed | Consequential, U 

Stone limestone, unprocessed B:Mining and quarrying 127008 kg limestone quarry operation | limestone, unprocessed | Consequential, U 

Outflow Pipe polyethylene pipe, corrugated, DN 375 C:Manufacturing 80 ft polyethylene pipe production, corrugated, DN 375 | polyethylene pipe, corrugated, DN 375 | Consequential, U 

Plastic Protector polyethylene, high density, granulate C:Manufacturing 12 lb av polyethylene production, high density, granulate | polyethylene, high density, granulate | Consequential, U 

Sealant #1 polysulfide, sealing compound C:Manufacturing 34.6 lb av polysulfide production, sealing compound | polysulfide, sealing compound | Consequential, U 

Substrate sand B:Mining and quarrying 6840 lb av gravel and sand quarry operation | sand | Consequential, U 

Sealant #2 seal, natural rubber based C:Manufacturing 34.6 lb av seal production, natural rubber based | seal, natural rubber based | Consequential, U 

Geotextile textile, nonwoven polypropylene C:Manufacturing 2299.352 g textile production, nonwoven polypropylene, spunbond | textile, nonwoven polypropylene | Consequential, U 
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Sand T_Sand_A 492:Other Land Transport 4656*6.3 lb*mi transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, EURO6 | Consequential, U - RoW 

Gravel T_Gravel_A 492:Other Land Transport 0.04375*6.3 t*mi transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, EURO6 | Consequential, U - RoW 

Concrete T_Concrete_A 492:Other Land Transport 14610*98.9 lb*mi transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, EURO6 | Consequential, U - RoW 

Reservoir Stone T_Stone_A 492:Other Land Transport 127008*10.1389 kg*km transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, EURO6 | Consequential, U - RoW 

Cast-iron Manhole 

Covers 

T_CastIron_A 492:Other Land Transport 1000*600 lb*mi transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, EURO6 | Consequential, U - RoW 

CPEP Pipe T_CPEP_A 492:Other Land Transport 374.4*104.5 lb*mi transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, EURO6 | Consequential, U - RoW 

Sealant #1 T_Sealant_A 492:Other Land Transport 34.6*779 lb*mi transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, EURO6 | Consequential, U - RoW 

Sealant #2 T_Sealant_A 492:Other Land Transport 34.6*197 lb*mi transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, EURO6 | Consequential, U - RoW 

Plastic Culvert 
Protector 

T_CulvertProtector_A 492:Other Land Transport 12*104.5 lb*mi transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, EURO6 | Consequential, U - RoW 

Geotextile T_Geotextile_A 492:Other Land Transport 2.29*6.44 kg*km transport, freight, light commercial vehicle, EURO2 | transport, freight, light commercial vehicle, EURO2 | Consequential, U - 

ZA 

DWTRs T_DWTR_A 492:Other Land Transport 110*9 lb*mi transport, freight, light commercial vehicle, EURO2 | transport, freight, light commercial vehicle, EURO2 | Consequential, U - 

ZA 

Asphalt T_Asphalt 492:Other Land Transport 5*4.3 t*mi transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, EURO6 | Consequential, U - RoW 

Agricural Limestone T_Limestone_A 492:Other Land Transport 0.1*6.43 t*km transport, freight, light commercial vehicle, EURO2 | transport, freight, light commercial vehicle, EURO2 | Consequential, U - 

ZA 

Grass seed T_Grass_A 492:Other Land Transport 8*4 lb*mi transport, freight, light commercial vehicle, EURO2 | transport, freight, light commercial vehicle, EURO2 | Consequential, U - 

ZA 

fertilizer T_Fertilizer_A 492:Other Land Transport 50*4 lb*mi transport, freight, light commercial vehicle, EURO2 | transport, freight, light commercial vehicle, EURO2 | Consequential, U – 

ZA 
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Grass seed grass seed, organic, for sowing F:Construction 104 yd3 excavation, hydraulic digger | excavation, hydraulic digger | Consequential, U 

Fertilizer inorganic phosphorus fertiliser, as P2O5 A:Agriculture, forestry and 

fishing 

8 lb av grass production, organic, intensive | grass, organic | Consequential, U 

Agricultural 

Limestone 

limestone, crushed, washed A:Agriculture, forestry and 

fishing 

50 lb av market for inorganic phosphorus fertiliser, as P2O5 | inorganic phosphorus fertiliser, as P2O5 | Consequential, U 

Excavation excavation, hydraulic digger B:Mining and quarrying 0.1 t limestone production, crushed, washed | limestone, crushed, washed | Consequential, U 

Machine Operation machine operation, diesel, >= 18.64 kW 
and < 74.57 kW, low load factor 

F:Construction 40 h machine operation, diesel, >= 18.64 kW and < 74.57 kW, low load factor | machine operation, diesel, >= 18.64 kW and < 74.57 
kW, low load factor | Consequential, U 
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Vacuum Truck machine operation, diesel, >= 74.57 

kW, low load factor 

F:Construction 3 h machine operation, diesel, >= 74.57 kW, low load factor | machine operation, diesel, >= 74.57 kW, low load factor | 

Consequential, U 

Sand Replacement sand B:Mining and quarrying 3283 kg gravel and sand quarry operation | sand | Consequential, U 

D
is

p
o
sa

l 

Dump Truck machine operation, diesel, >= 18.64 kW 

and < 74.57 kW, low load factor 

F:Construction 4 h market for machine operation, diesel, >= 18.64 kW and < 74.57 kW, low load factor | machine operation, diesel, >= 18.64 kW 

and < 74.57 kW, low load factor | Consequential, U 

Vacuum Truck machine operation, diesel, >= 18.64 kW 

and < 74.57 kW, low load factor 

F:Construction 4 h market for machine operation, diesel, >= 18.64 kW and < 74.57 kW, low load factor | machine operation, diesel, >= 18.64 kW 

and < 74.57 kW, low load factor | Consequential, U 

Sand+DWTR 

Substrate 

process-specific burdens, inert material 

landfill 

E:Water supply; sewerage, waste 

management and remediation 

activities 

10606 lb av process-specific burdens, inert material landfill | process-specific burdens, inert material landfill | Consequential, U 
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Table S7. Life cycle inventory assessment (LCIA) for Site B. Includes generic material names, corresponding 

masses/lengths/volumes, and assigned ecoinvent flows and providers. 

Stage Material Flow Category Amount Unit Provider 

M
a
te

ri
a
ls

 

Sand sand B: Mining and Quarrying 47880 lb av gravel and sand quarry operation | sand | Consequential, U - RoW 

Gravel gravel, crushed B: Mining and Quarrying 16.17 t gravel production, crushed | gravel, crushed | Consequential, U - CA-QC 

Concrete SF concrete, 35 MPa C: Manufacturing 1826.5 ft3 concrete production, 35MPa, for building construction, with cement, CEM III/A | concrete, 35MPa | 

Consequential, U - GLO 

Crushed Stone Subbase limestone, crushed, 

washed 

B: Mining and Quarrying 72400 lb av limestone production, crushed, washed | limestone, crushed, washed | Consequential, U - CA-QC 

Steel Ladders/Steps steel, low-alloyed, hot 

rolled 

C: Manufacturing 2375.04312 g steel production, low-alloyed, hot rolled | steel, low-alloyed, hot rolled | Consequential, U - RoW 

Aluminum Hatches aluminum, cast alloy C: Manufacturing 55.955267 kg aluminium ingot, primary, to aluminium, cast alloy market | aluminium, cast alloy | Consequential, U - GLO 

Steel Hinges for Hatches steel, low-alloyed C: Manufacturing 2005.960988 g steel production, electric, low-alloyed | steel, low-alloyed | Consequential, U - CA-QC 

Silicon Gasket for Hatch silicone product C: Manufacturing 12886.37745 g silicone product production | silicone product | Consequential, U - RoW 

Mill finish on Hatches anodising, aluminium 

sheet 

C: Manufacturing 2700 in2 anodising, aluminium sheet | anodising, aluminium sheet | Consequential, U - CA-QC 

Checkerboard Drain Cover cast iron C: Manufacturing 451 lb cast iron production | cast iron | Consequential, U - RoW 

Underdrain Pipes polyvinylchloride, 

emulsion polymerised 

C: Manufacturing 385.44 lb polyvinylchloride production, emulsion polymerisation | polyvinylchloride, emulsion polymerised | 

Consequential, U - RoW 

24" PVC Pipe polyvinylchloride, 

emulsion polymerised 

C: Manufacturing 745.6 lb polyvinylchloride production, emulsion polymerisation | polyvinylchloride, emulsion polymerised | 

Consequential, U - RoW 

Geotextile textile, nonwoven 

polypropylene 

C: Manufacturing 51735.35813 g textile production, nonwoven polypropylene, spunbond | textile, nonwoven polypropylene | Consequential, U - 

RoW 

8-inch underdrain carrier pipe polyvinylchloride, 

emulsion polymerised 

C: Manufacturing 1272 lb polyvinylchloride production, emulsion polymerisation | polyvinylchloride, emulsion polymerised | 

Consequential, U - RoW 

Stone Pad, Type II limestone, unprocessed B: Mining and Quarrying 105840 kg limestone quarry operation | limestone, unprocessed | Consequential, U - CA-QC 

Trash Rack steel, low-alloyed C: Manufacturing 100 lb steel production, electric, low-alloyed | steel, low-alloyed | Consequential, U - CA-QC 

Sealant #1 seal, natural rubber 

based 

C: Manufacturing 668.818 lb seal production, natural rubber based | seal, natural rubber based | Consequential, U - RoW 

Sealant #2 polysulfide, sealing 

compound 

C: Manufacturing 668.818 lb polysulfide production, sealing compound | polysulfide, sealing compound | Consequential, U - RoW 
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Sand sand 492:Other Land Transport 5.9*47880 lb*mi transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, EURO6 | 

Consequential, U - RoW 

Gravel gravel, crushed 492:Other Land Transport 5.9*16.17 t*mi transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, EURO6 | 

Consequential, U - RoW 

Concrete SF concrete, 35 MPa 492:Other Land Transport 28.5*273975 lb*mi transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, EURO6 | 

Consequential, U - RoW 

Crushed Stone Subbase limestone, crushed, 

washed 

492:Other Land Transport 5.9*72400 lb*mi transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, EURO6 | 

Consequential, U - RoW 

Steel Ladders/Steps steel, low-alloyed, hot 

rolled 

492:Other Land Transport 242*2375.04312 g*mi transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, EURO6 | 

Consequential, U - RoW 

Aluminum Hatches aluminum, cast alloy 492:Other Land Transport 389.461*55.955

267 

kg*km transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, EURO6 | 

Consequential, U - RoW 

Steel Hinges for Hatches steel, low-alloyed 492:Other Land Transport 242*2005.96098

8 

g*mi transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, EURO6 | 

Consequential, U - RoW 

Silicon Gasket for Hatch silicone product 492:Other Land Transport 242*12886.3774

5 

g*mi transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, EURO6 | 

Consequential, U - RoW 

Checkerboard Drain Cover cast iron 492:Other Land Transport 594*451 lb*mi transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, EURO6 | 

Consequential, U - RoW 

Underdrain Pipes polyvinylchloride, 
emulsion polymerised 

492:Other Land Transport 104.5*385.44 lb*mi transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, EURO6 | 
Consequential, U - RoW 

24" PVC Pipe polyvinylchloride, 

emulsion polymerised 

492:Other Land Transport 104.5*745.6 lb*mi transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, EURO6 | 

Consequential, U - RoW 

Geotextile textile, nonwoven 

polypropylene 

492:Other Land Transport  6.43738*51.73 kg*km transport, freight, light commercial vehicle, EURO2 | transport, freight, light commercial vehicle, EURO2 | 

Consequential, U - ZA  
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 8-inch underdrain carrier pipe polyvinylchloride, 

emulsion 

polymerised 

492:Other Land Transport 104.5*1272 lb*mi transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, 

EURO6 | Consequential, U - RoW 

Stone Pad, Type II limestone, 

unprocessed 

492:Other Land Transport 5.9*105840 kg*mi transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, 

EURO6 | Consequential, U - RoW 
Trash Rack steel, low-alloyed 492:Other Land Transport 1038*100 lb*mi transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, 

EURO6 | Consequential, U - RoW 

DWTRs DWTRs 492:Other Land Transport 5.3*2520 lb*mi transport, freight, light commercial vehicle, EURO2 | transport, freight, light commercial vehicle, 

EURO2 | Consequential, U - ZA 

ConSeal Sealant seal, natural rubber 

based 

492:Other Land Transport 795*668.818 lb*mi transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, 

EURO6 | Consequential, U - RoW 

AquaSafe Sealant polysulfide, sealing 

compound 

492:Other Land Transport 198*668.818 lb*mi transport, freight, lorry 3.5-7.5 metric ton, EURO6 | transport, freight, lorry 3.5-7.5 metric ton, 

EURO6 | Consequential, U - RoW 

Grass seed grass seed, organic, 

for sowing 

492:Other Land Transport 4*150 lb*mi transport, freight, light commercial vehicle, EURO2 | transport, freight, light commercial vehicle, 

EURO2 | Consequential, U - ZA 

Fertilizer inorganic 

phosphorus 
fertiliser, as P2O5 

492:Other Land Transport 4*850 lb*mi transport, freight, light commercial vehicle, EURO2 | transport, freight, light commercial vehicle, 

EURO2 | Consequential, U - ZA 

Agricultural Limestone limestone, crushed, 

washed 

492:Other Land Transport 4*5 t*mi transport, freight, light commercial vehicle, EURO2 | transport, freight, light commercial vehicle, 

EURO2 | Consequential, U - ZA 
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Grass seed grass production, 

organic, intensive | 

grass, organic | 

Consequential, U - 

RoW 

F:Construction 150 lb excavation, hydraulic digger | excavation, hydraulic digger | Consequential, U 

Fertilizer market for inorganic 

phosphorus 

fertiliser, as P2O5 | 
inorganic 

phosphorus 

fertiliser, as P2O5 | 

Consequential, U - 

US 

A:Agriculture, forestry and fishing 850 lb grass production, organic, intensive | grass, organic | Consequential, U 

Agricultural Limestone limestone 

production, crushed, 

washed | limestone, 

crushed, washed | 

Consequential, U - 

CA-QC 

A:Agriculture, forestry and fishing 5 t market for inorganic phosphorus fertiliser, as P2O5 | inorganic phosphorus fertiliser, as P2O5 | 

Consequential, U 

Excavation excavation, 
hydraulic digger | 

excavation, 

hydraulic digger | 

Consequential, U - 

RoW 

B:Mining and quarrying 6600 cy limestone production, crushed, washed | limestone, crushed, washed | Consequential, U 

Machine Operation machine operation, 

diesel, >= 18.64 kW 

and < 74.57 kW, 

low load factor 

F:Construction 160 hr machine operation, diesel, >= 18.64 kW and < 74.57 kW, low load factor | machine operation, 

diesel, >= 18.64 kW and < 74.57 kW, low load factor | Consequential, U 
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Top 2" Sand Replaced machine operation, 

diesel, >= 18.64 kW 

and < 74.57 kW, 

low load factor 

F:Construction 15960 h market for machine operation, diesel, >= 18.64 kW and < 74.57 kW, low load factor | machine 

operation, diesel, >= 18.64 kW and < 74.57 kW, low load factor | Consequential, U 

DWTR in sand mix machine operation, 

diesel, >= 18.64 kW 
and < 74.57 kW, 

low load factor 

F:Construction 840 h market for machine operation, diesel, >= 18.64 kW and < 74.57 kW, low load factor | machine 

operation, diesel, >= 18.64 kW and < 74.57 kW, low load factor | Consequential, U 

Vacuum Truck process-specific 

burdens, inert 

material landfill 

E:Water supply; sewerage, waste 

management and remediation 

activities 

6 lb av process-specific burdens, inert material landfill | process-specific burdens, inert material landfill | 

Consequential, U 

D
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p
o
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l 

Dump Truck machine operation, 

diesel, >= 18.64 kW 

and < 74.57 kW, 

low load factor 

F:Construction 2 hr market for machine operation, diesel, >= 18.64 kW and < 74.57 kW, low load factor | machine 

operation, diesel, >= 18.64 kW and < 74.57 kW, low load factor | Consequential, U 

Vacuum Truck machine operation, 

diesel, >= 18.64 kW 
and < 74.57 kW, 

low load factor 

F:Construction 4 hr market for machine operation, diesel, >= 18.64 kW and < 74.57 kW, low load factor | machine 

operation, diesel, >= 18.64 kW and < 74.57 kW, low load factor | Consequential, U 
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Table S8. LCA Boundary Dimensions explicitly defined by the five boundary dimensions 

specified in Tillman et al. (1994). 

Boundary Dimension Study Specific-Boundary 

Technological system and nature 
The life cycle begins with the acquisition and extraction of raw materials from 
nature for all sand filter materials. It does not include the raw acquisition of 

materials used to create construction equipment and transportation. 

Geographical Area 
The study uses United States product providers; Rest-of-World or Global providers 

are used when country-specific information is unavailable 

Time Horizon 
A 20-year LCA is proposed; however, commentary on a longer use is provided in 

the interpretation phase as use may extend beyond this period. 

Production of capital goods 
All materials are assumed to be new supplies except for the DWTRs. No 

consideration of reuse of existing materials are made. 

Life cycle of the studied product and related life cycles 

of other products 

A process tree system is considered, where flows are followed upstream to raw 

material extraction.  

 

 

Figure S10. Environmental indicator results for CO2- and P-equivalents associated with the full 

life cycle of the sand filter systems A and B. 

 

 

 

Figure S11. Environmental indicator results for CO2- and P-equivalents scaled to the functional 

unit of 1m3 filter media for sand filter systems A and B. 
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