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The Performance Analysis of Two Relatively Small Capacity
Urban Retrofit Stormwater Controls

James J. Houle, Thomas P. Ballestero and Timothy A. Puls

University of New Hampshire, Durham, New Hampshire.

Abstract

This paper details field investigations that were conducted on the performance of small capacity urban retrofit stormwater control
measures. The objective of the two year study (2013-2015) was to provide performance data on stormwater retrofits that could
not be fully sized according to conventional standards due to space constraints. In many states performance credits are not grant-
ed to stormwater management controls that are not designed to manage regionally derived water quality volumes. In retrofit
applications there may exist numerous limitations to conventionally sized systems such as limited rights of way, setback distances
or existing utilities. The larger scale objective of green infrastructure implementation is to improve receiving water quality and
therefore even undersized systems, to some extent, meet this objective.

This study introduces data on two systems: an innovative bioretention design with a water treatment residual amended filter
media and an internal storage reservoir; and an undersized linear subsurface gravel wetland sized to optimize both phosphorus
and nitrogen removal. The systems were retrofitted into existing developed areas and were sized at less than the water quality
volume due to limited space at each location. The bioretention system (IBSC) was constructed in a commercial area in the town of
Durham, NH in summer 2011 and the subsurface gravel wetland system (SGWSC) was constructed in a narrow drainage right of
way in a residential neighbourhood of Durham, NH in the fall of 2013.

Sediment and metal removals for both undersized systems were high with median removal efficiencies in the SGW of 75% for both
total suspended solids (TSS) and total zinc (TZn). The Durham IBSC recorded median removal efficiency (RE) of 86% for TSS and
TZn. Total phosphorus (TP) REs were higher than conventional bioretention systems with the subsurface gravel wetland system
achieving a median RE of 53% and the Durham IBSC achieving a median RE of 40% for TP. Both systems reduced total nitrogen (TN)
by approximately 20% (23% for SGWSC and 21% for Durham IBSC) with median effluent concentrations of 1.4 mg/L. This project
was funded by the U.S. Environmental Protection Agency Region 1, Regional Applied Research Effort (RARE) Program. Additional
information can be found in the full project report Performance Analysis of Two Relatively Small Capacity Urban Retrofit Stormwater
Controls (Houle et al. 2015).

1 Introduction areas. Results of these investigations consistently reveal that even
relatively small amounts of untreated impervious surfaces in
Stormwater runoff is a leading contributor to water quality tributary drainage areas are a significant causative factor to aqua-
and aquatic life habitat impairments in New England surface tic life impairments and nonattainment of water quality standards
waters (NHDES 2014). Stormwater associated pollutants, such (Klein 1979; Schueler 1994; Booth and Jackson 1997; Schueler et
as sediment, nutrients (nitrogen and phosphorus), pathogens, al. 2009; Weiskel et al. 2009; Armstrong et al. 2011).
trace metals, and petroleum hydrocarbons that accumulate on Stormwater management in developed watersheds, often
impervious surfaces, readily wash off during rain events and referred to as retrofits, presents a unique challenge of achieving
pollute nearby receiving waters. Increase in impervious sur- compliance with evolving permit requirements while maximizing
faces continues to be a threat to the quality of receiving waters. the use of limited financial resources and limited space. To that
Numerous scientific investigations have explored the relationship end, stormwater managers need to be able to optimize a mix of
between the biological or ecosystem health of streams and the controls, and choose from a menu of control practices and vary-
amount of impervious surface in associated tributary watershed ing design capacities that have credible performance information

Houle, James J., Thomas P. Ballestero and Timothy A. Puls. 2017. The Performance Analysis of Two Relatively Small Capacity Urban Retrofit Stormwater
Controls. Journal of Water Management Modeling 25:C417.  https://doi.org/10.14796/JWMM.C417 © CHI2017. www.chijournal.org ISSN 2292-6062.



and may be implemented across the development environment
for a variety of site conditions and space constraints.

2 System Design

2.1 Hybrid System Components

Pollutant removal mechanisms in stormwater control measures
(SCMs) vary depending on the pollutant of concern. Phosphorus
is most effectively removed by filtration and sorption in unsatur-
ated soil media whereas nitrogen is most effectively removed by
denitrification in saturated, anaerobic zones. Media amendments
have recently been used to increase the phosphorus scavenging
capacity in media filters. The ability of natural wetlands to remove
nitrogen from the lithosphere and hydrosphere has been mim-
icked in constructed SCMs, such as subsurface gravel wetland
systems, to include internal storage reservoirs that maintain satur-
ated, anaerobic conditions to increase denitrification. Drainage
area characteristics and a comparison of conventional design
characteristics versus actual monitored system design character-
istics for the two systems considered in this paper are presented
in Table 1.

Table1 System design and drainage area characteristics.

SGWSC 1BSC
Land use type Residential Commercial
Drainage Area acres (ha) 6.01(2.43 0.39(0.16)
Impervious Area acres (ha) 1.98 (0.8) 0.38(0.15)
Conventional WQV ft* (m?) 7577 (214.6) 1336(37.8)
BMP Storage Capacity ft* (m®) 720 (20.4) 310(8.8)
Percent of Conventional Design 10% 23%
Depth of Runoff Treated in (mm) 0.1(2.5) 0.23(5.8)
Hydraulic Loading Ratio 180:1 nrza
Hydraulic Loading Rate in/d (cm/d) 720 (1829) 26 (66.5)
Sizing Method Static Dynamic

Further explanation of characteristics includes:

the depth of runoff treated from impervious area is
another metric to compare various SCMs particu-
larly where there are variable volumetric design
approaches such as dynamic, static and retrofit
scenarios;

the hydraulic loading ratio, computed as the water-
shed area divided by the filter area, is more descrip-
tive of the volumetric loading to a SCM and relates
more to the amount of relative work and mainten-
ance burden a system will encounter;

the use of hydraulic loading ratio is a borrowed term
from water and wastewater engineering and is not
as useful in stormwater application as systems are
generally not designed by flow rate but rather a de-
sign volume generated from a selected rainfall depth
also known as water quality volume (WQV); hydraul-
ic loading rate here is computed as the WQV divided

by the product of the filter area and the drain-down
time for the WQV; and

each monitored system was designed with a differ-
ent sizing method: the static design method sizes

the SCM to hold the full depth of runoff treated at
any one time within the basin or cross-section of the
system; dynamic design includes the capacity in the
system geometry as well as the infiltration rate of the
native soils and effluent flow rate through an outlet
control.

2.2 Water Treatment Residuals

The bioretention soil mix (BSM) in this study utilized a media
amendment, water treatment residuals (WTR) to enhance phos-
phorus scavenging. Many drinking water treatment plants use
polyaluminum chloride (PACI) as a coagulant for drinking water
treatment. The sludge that settles after the coagulation-floccu-
lation process contains amorphous aluminum and iron (hydr-)
oxides, which are highly reactive with dissolved phosphorus
and have a large surface area for adsorption (Lucas and Green-
way 2011b; Makris et al. 2004). According to Makris et al. (2004),
WTRs contain internal micropores in which diffusion occurs. An
elevated activation energy of desorption within the micropores
immobilizes sorbed phosphorus, thereby increasing its stability.

Critical to the use of WTR is processing to reduce the water
content of the sludge material which is typically generated at the
water treatment plant in the range of 90% to 99%. Freezing the
WTR sludge is a common strategy to decrease water content in
WTR. Since 2012 UNHSC researchers have been generating WTR
through a wintering process that decreases water content to
the range 50% to 60% and results in a granular material with the
consistency of coffee grounds that can be readily blended with
bioretention soil mixes at roughly 3% to 5% by volume.

2.3 Internal Storage Reservoir

The anaerobic zone in the internal storage reservoir (ISR) is
maintained in the subsurface gravel wetland (Figure 1 below)

or a modified bioretention system (Figure 2 below and Figure 3
below) by the installation of an elevated outlet combined with
low permeability of the native soils below the system. Native soil
below the gravel layer is compacted or lined to discourage infil-
tration such that the gravel layer does not drain between storms
and remains saturated.

The dissolved organic carbon in stormwater and that
generated by the vegetation in the system itself enable the ISR
to become anaerobic due to bacterial respiration activity. The
mechanisms for nitrogen retention and removal are typically
slower processes than those which remove other pollutants.
Some of these processes occur between, rather than during,
rain events in a system. Subsurface gravel wetland systems tend
to have large footprints due to the need for an extended travel
path. UNHSC design specifications recommend a minimum hori-
zontal flow path length of 30 ft, 9.1 m (UNHSC 2016). One study



6" HDPE PERFORATED UNDERDRAIN
INFLUENT 8" HDPE CLEANOUTS W/ CAPS
EXISTING 12" INVERT ELEV. 491,08
| HDPE CULVERT
Il ELEV, 494,75

‘ PLAN VIEW

I - EFFLUENT CONTROL
‘ -4 N 1" ORIFICE

33 3032 INVERT ELEV. 493.34
00 0

| "‘. HYDRAULIC INLET SPLASH PAD | /

| - 46" RIPRAP STONE | 6" HDPE—/
0,67 DEPTH (TYP.) WETLAND SOIL BERM INVERT ELEV, 493.09

‘ HYDRAULIC CONTROL

| TOP ELEV. 494.75 | WOVEN GEOTEXTILE FABRIC

. _ MAX. PONDING | /~UNDER STONE INLETS &

| " DEPTHOF 1'

| / CENTER BERM ONLY

| EFFLUENTPIPE

0.17' FREEBOARD

_ HIGHFLOW BYPASS
| ELEV. 494.58

WETLAND SOIL
| [ TOF ELEV. 493.75

|
| | 3/8" PEASTONE
‘ TOP ELEV, 493,09

—0.33

2

NATIVE MATERIALS |
HSG D TYPE SOILS

SECTION VIEW
DO NOT COMPACT

Figure 1 Plan and profile view of monitored SGWSC.
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Figure 2 Plan view of monitored IBSC.

CELL 2 - CROSS SECTION VIEW

PONDING DEPTH—

~ 033
BSM——_ 5 o

3/8" PEA GRAVEL——0.50'

1.3% SURFACE SLOPE —

L

P T 1B 7= =...~
3/4" CRUSHED STONE——— 250" | %+ T o K o BX BT BT )

| \ |
F 10.00" 1 2217 <

—— 2.08'- 3/4" CRUSHED STONE

“~HDPE GEOMEMBRANE @ 1% SLOPE

Figure 3 Profile view of monitored IBSC.



concluded that nitrogen retention is a rate dependent process,
based on a study of outlet controlled bioretention mesocosms,
which removed more than double the nitrogen oxides (NOx) and
total nitrogen than their free flowing counterparts (Lucas and
Greenway 2011a). By combining elements of each of these sys-
tems (filter media from the bioretention system and an internal
storage reservoir from the subsurface gravel wetland), removal of
both nitrogen and phosphorus should be improved over typical
bioretention designs.

3 Methods

3.1 Monitoring

Stormwater samples were collected using ISCO Model 6712 Auto-
mated Samplers with stainless steel strainer, 3/8 in. (19.1 mm)
inside diameter vinyl collection tubing and 24 discrete 1 L

low density polyethylene (LDPE) sample bags. All automated
sampling units were weatherproofed or sheltered to maintain
manufacture operation specifications. All samplers were secured
with locks to maintain sampler and sample integrity. All samplers
were controlled by an internal thermostat to maintain 39 °F (4 °C)
temperatures within the sample storage area. All monitoring
methods throughout the study were governed by a U.S. Environ-
mental Protection Agency (USEPA) approved quality assurance
project protocol (QAPP).

The objective of this study was to evaluate the effective-
ness of small capacity stormwater retrofit systems, including the
implementation of a subsurface gravel wetland system control
(SGWSC) and an innovative bioretention system control (IBSC).
The overall assessment of project effectiveness was conducted
through influent and effluent water quality sampling in each
system. Pollutant event mean concentrations (EMCs) were
evaluated at the influent and effluent to each system for each
monitored storm event. Pollutant removal efficiency, represented
as a percentage, was developed for each system and refers to the
overall pollutant reduction from the inflow to the outflow of each
system. EMCs are a parameter used to represent the flow propor-
tional average concentration of a given water quality parameter
for a storm event. It is defined as the total constituent mass divid-
ed by the total runoff volume. The EMC data collected during this
study were based upon direct measurement from flow weighted
composite samples.

3.2 Data Evaluation
Data analyses cover a range of approaches including:

evaluation of storm characteristics;
evaluation of event mean concentrations; and
normalized performance efficiencies.

Storm characteristics such as total depth of rainfall, peak
intensity, total storm volume and antecedent dry period, among
others, were collected for each storm event. Results for all storms
sampled are presented in Figure 4 (Oyster River Road SGWSC)
and Figure 5 (Durham IBSC). Due to the variability of precipitation

events and resultant runoff conditions, the sample trigger con-
ditions and flow weighted sample pacing were variable and
adjusted on a storm by storm basis according to the most up-to-
date precipitation forecasts.

Pollutant Statistic _Influent Effluent Pollutant Statistic Influent Effluent

n 15 15 n 9 9
mean 107 17 mean 0.03 0.01
DL 1 1 DL 0.01 0.01
ER 84% ER 76%
TSS(mall) | \vGRre s4% |12MMIL)| \vGRe 54%
Median RE 75% Median RE 75%
SD 197 17 SD 0.03 0.01
Cv 1.84 0.99 Cv 0.91 0.75
n 15 15 n 15 15
mean 2.1 1.5 mean 0.27 0.11
DL 0.5 0.5 DL 0.01 0.01
ER 29% ER 58%
TN(malL) | AvGRre 25% | 10 ML) | AvGRe 52%
Median RE 23% Median RE 53%
SD 0.47 0.40 SD 0.12 0.07
Cv 0.23 0.27 Cv 0.43 0.61

Note: n = number of storms; DL = detection limit; ER = efficiency ratio; AVG RE = average
removal efficiency; SD = standard deviation; Cv = coefficient of variation

Figure 4 Simple statistics summarizing monitoring results
for Oyster River Road SGWSC.

Pollutant Statistic _Influent Effluent Pollutant Statistic Influent Effluent
n 19 19 n 19 19
mean 106 21 mean 0.11 0.02
DL 1 1 DL 0.01 0.01
ER 80% ER 84%
TSS(mall) | pvGRe 73% |2 ML G Re 83%
Median RE 86% Median RE 86%
SD 91 28 sSD 0.05 0.02
Cv 0.85 1.31 Cv 0.48 1.06
n 19 19 n 18 18
mean 1.9 14 mean 0.14 0.07
DL 0.5 0.5 DL 0.01 0.01
ER 29% ER 52%
TNmalL) | avGRre 199 | TP Ay Re 32%
Median RE 21% Median RE 40%
SD 0.83 0.53 sD 0.07 0.06
Cv 043 0.38 Cv 0.49 0.85
Note: n = number of storms; DL = detection limit; ER = efficiency ratio; AVG RE = average
removal efficiency; SD = standard deviation; Cv = coefficient of variation

Figure 5 Simple statistics summarizing monitoring results
for Durham IBSC.

EMCs are compared for each pollutant parameter using
simple statistics. The data provides a basis to evaluate the pri-
mary study question: to discern whether the SCM has produced
observable (and perhaps statistically significant) improvement in
water quality.

The statistical analyses presented in this paper reveal a
range of performance trends. Efficiency ratio (ER) analysis was
performed on the final dataset. For many performance datasets
for stormwater treatment systems, the ER is a stable estimation of
overall treatment performance as it minimizes the impact of low
concentration values, or relatively clean storms with low influent
EMCs. Whereas removal efficiencies (REs) reflect treatment unit
performance on a storm by storm basis, ERs weight all storms
equally and reflect overall influent and effluent averages across
the entire data set. RE is presented as both an average and medi-
an of aggregate storm values. In general aggregate median RE
values are more reliable in highly variable, non-normally distrib-
uted datasets such as those experienced in stormwater treatment
unit performance studies.



A review of REs on a per event basis, ERs for the entire
period of monitoring, and EMCs per event will reveal the meas-
ured performance variations attributable to season, flow, pollut-
ant concentration, and other factors.

4 Results

Figure 4 and Figure 5 (above) summarize each parameter over the
monitoring period using simple statistics to present performance
outcomes. Statistics include:

n = number of storms evaluated for each parameter;

mean = arithmetic average EMC of all monitored

events;

DL = detection limit;

ER = efficiency ratio, the percentage difference be-

tween the influent and effluent mean EMC values;

AVG RE = arithmetic average removal efficiency of all

monitored events;

Median RE = median removal efficiency of all mon-

itored events;

SD = standard deviation of EMC values; and

Cv = coefficient of variation which is the ratio of EMC

SD to mean EMG; this gives the level of variability in

the data set: the lower the Cv the more consistent

the values in the data set.

The cumulative distribution of all rainfall depths is shown in

relation to overall design storm for each system in Figures 6 and 7.
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Figure 6 Oyster River Road SGWSC cumulative distribution
frequency plot with rainfall design depth of 2.5 mm (0.1
in.) for reference.
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Figure 7 Durham IBSC rainfall camulative distribution
frequency plot with rainfall design depth of 5.8 mm
(0.23 in.) for reference.

Removal efficiencies for total suspended solids (TSS), total
nitrogen (TN), and total phosphorus (TP) are presented in Figure
8 alongside those for conventionally sized systems studied previ-
ously.
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Figure 8 Comparative removal efficiencies for common
pollutants for conventionally sized systems studied
previously and for undersized systems in this study.

5 Conclusions

Many modelling and regulatory approaches only credit system
pollutant removal efficiencies and subsequent pollutant load
reduction for full sized systems. This assumption insinuates that
if fully sized systems are impractical for a variety of site specific
reasons then there is no value in an undersized strategy. This
study underscores the benefits of opportunistic implementation
of SCMs. In other words, the data indicate that the benefits from
opportunistic sizing of SGWSC or IBSC exceed linearly scaled per-
formance expectations of appropriately sized SCMs. Appropriate
sizing assumes that we understand the hydraulic routing and unit
operations and processes responsible for pollutant load reduc-
tions. This study indicates that conventional sizing, modelling,
and design criteria are conservative especially with respect to
TSS, TP, and TZn removal and do not accurately represent the hy-
draulic routing or the long term performance of innovative SCMs.
Larger capacity SCMs or additional system modifications will still
be needed to minimize the delivery of TN.

This has very important planning and economic implica-
tions as many systems are modelled with routine assumptions
with respect to performance and never verified or calibrated by
real time flow data. These monitoring data highlight the cumula-
tive benefits provided by smaller capacity systems (undersized) in
regions like New England where the vast majority of rain events
are small in size. It is necessary to account for all rain events and
especially the more numerous, smaller sized events that are
capable of washing off significant amounts of pollutants from
impervious surfaces in order to most effectively address the long
term cumulative impacts of stormwater runoff.



An important aspect of the design and selection of green
infrastructure is to recognize that the ultimate intent is to im-
prove receiving water quality as well as to address impairments.
Therefore, green infrastructure systems should be selected with
the receiving water characteristics and impairments in mind.
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