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Abstract: Urban stormwater runoff from a medium-density residential development in southeast
Queensland has been monitored in the field since November 2013. A treatment train installed on
the site includes rainwater tanks collecting roofwater, 200-micron mesh baskets installed in grated
gully pits, and two 850-mm-high media filtration cartridges installed in an underground 4-m3 vault.
The site has been monitored over a 4.5-year period. Removal efficiencies were observed at this
site for the regulated pollutants; the corresponding values for total suspended solids (TSS), total
phosphorus (TP), and total nitrogen (TN) for the pit baskets were 61%, 28%, and 45%, respectively.
The cartridge filters removed 78% of TSS, 59% of TP, 42% of TN, 40% of total copper, and 51% of total
zinc. As the measured influent TSS and TP concentrations to the cartridge filters were low when
compared to industry guidelines, the U.S. field dataset was truncated to anticipated guideline levels,
confirming results at 90% for TSS and 76% for TP. The total gross pollutant generation rate from the
medium-density residential catchment was observed to be 0.24 m®/Ha/year, with a corresponding
air-dried mass of 142.5 kg/Ha/year. Less than 2% of the gross pollutant mass was anthropogenic.
This paper concludes that the treatment train, and in particular the media filter, provides good
removal of total copper and total zinc as well as TSS, TP, and TN from urban stormwater runoff,
with higher inlet concentrations producing better performance. Field test data from 58 months of
operation and standard maintenance suggests that breakthrough of TSS and TP has not occurred yet.

Keywords: stormwater; monitoring; gross pollutant generation rates; suspended solids; nitrogen;
phosphorus; heavy metals

1. Introduction

Sustainable urban drainage system (SuDS) national standards and statutory approval bodies
(SABs) were mandated in the United Kingdom by the Flood and Water Act in 2010 [1]. Planning
policies in Australia since 2000 have sought to implement similar treatment systems, termed water
sensitive urban design (WSUD), to achieve typical annual pollutant load reductions of 80% for
total suspended solids (TSS), 60% for total phosphorus (TP), and 45% for total nitrogen (TN) [2,3].
The E.U. Water Framework Directive (2000/60/EC) requires that all emissions to water be identified,
quantified, and managed [4]. Removal of sediment, nutrients, and heavy metals from runoff originating
from urban areas, roads, and roof surfaces to achieve these objectives is often required since they
contribute to the eutrophication of receiving waterways. Leaves, organic matter, coarse sediment,
and anthropogenic litter found in urban runoff are typically defined as gross pollutants. Anthropogenic
litter can consist of 20% to 80% of the overall volume of gross pollutants. Whilst many options exist for
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providing treatment to urban runoff from manufactured devices to green assets, scientific investigation
of manufactured systems in the field appears limited [5-10].

A manufactured stormwater treatment train was implemented within a medium-density urban
residential development in Ormiston, Southeast Queensland. A series of field-based tests were
performed on the system, including flow-weighted water quality sampling, measurement of annual
gross pollutant loads, and nutrient content analysis of captured pollutants. Data from over 4.5 years
of field monitoring have been collated. The treatment train incorporates rainwater tanks, pit basket
inserts, and media filters inside a detention tank. However, monitoring has focused on the performance
of the pit basket inserts and the media filters. Initially investigating the reduction of TSS, TP, and TN,
the monitored parameters were expanded during the study to include heavy metals for the media
filters and gross pollutants captured in both devices. A suite of metals including arsenic, cadmium,
chromium, copper, nickel, lead, zinc, and mercury was tested. Copper and zinc were the most readily
observed metals in stormwater runoff from this site.

2. Site Details

A stormwater treatment train was monitored over a 4.5-year period at a townhouse complex
at Ormiston, about 28 km east of Brisbane, the capital city of Queensland. The site is within 1 km
of Moreton Bay, a regionally sensitive waterbody. The monitored site has a total area of 2028 m?,
with approximately 1140 m? of roof area (56%), 500 m? of concrete driveway (25%), and the remaining
388 m? (19%) of landscaped area. An aerial photograph of the site is presented in Figure 1. This is a
typical land use for the monitored treatment train, highly influenced by atmospheric fallout onto the
roof and hardstand, runoff from landscaping, and small traffic levels.

Figure 1. Aerial photograph of the monitored site (Source: Nearmap).

Roofwater is initially captured by rainwater tanks which supply water for internal and external
townhouse use, with overflows plumbed into the underground drainage upstream of the filter vault,
entering the system beneath the pit baskets. Grated inlets (catch basins) capture surface runoff from the
site, carrying it to an underground vault containing the medjia filter cartridges after passage through
inlet pit basket inserts via the same underground drainage system receiving rainwater tank overflows.
The concrete filter vault also provides a detention function prior to release of treated stormwater to
Council drainage. The cartridge filters utilise a perlite, zeolite, and activated alumina media to provide
treatment of stormwater pollutants. The site, monitoring setup, and protocol have been described in
earlier publications [11]. A schematic cross-section of the monitoring installation is shown in Figure 2,
and a schematic of the site and stormwater network is shown in Figure 3.
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Figure 2. Schematic cross section of the field monitoring system and detention vault (not to scale).
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Figure 3. Schematic of the flowpaths at Ormiston. Red arrows indicate surface runoff entering the pit
baskets. Blue arrows represent the stormwater drainage. The monitoring locations are shown by the
red dots.

3. Methodology

Several international standards were consulted to formulate a protocol to deliver a robust,
scientifically defensible outcome [12-14]. The protocol was collaboratively formulated with research
partners Queensland University of Technology (QUT) and Griffith University (GU). It is in alignment
with Stormwater Australia’s draft Stormwater Quality Improvement Device Evaluation Protocol
(SQIDEP) [15].

Composited, flow-weighted water sampling from the inlet and outlet points of the treatment
devices provided event mean concentrations (EMCs) for each location. Samples were independently
collected and analysed in National Association of Testing Authorities (NATA) registered laboratories.
To provide an annual estimate of gross pollutant and coarse sediment loads generated on the site,
quarterly maintenance of the pit baskets was deferred for a 12-month period in 2014. Gross pollutant
and sediment samples from the pit baskets and filter vault were collected after 12 months of operation
for weighing and nutrient analyses by the GU. Samples were air-dried and sieved, and anthropogenic
materials were manually separated. A sub-sample of the solids from both the pit basket and vault
were then analysed by the laboratory for TN and TP. Reports on the findings were prepared by the
respective universities [16,17]. The average concentration removal efficiency (Av. CRE) and efficiency
ratio (ER) of the analysed pollutants in runoff samples are discussed in this paper.

Average concentration removal efficiency (CRE) is calculated from Equation (1):

EMCin
no. of events

{EMCinfEMCout}}

)

Avg. CRE = [

Efficiency ratio (ER) is calculated from Equation (2):

Mean EMCout
ER=1- Mean EMCin @)
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4. Results

Following more than 4.5 years of monitoring, 22 events qualifying with the protocol have been
tested for the pit basket insert, and 15 events for the media filter. As is typical of environmental
monitoring, the difference between the qualifying events for the two technologies is a result of flow
volume, compliance with the testing protocol (e.g., aliquot numbers), and occasional equipment error.

Table 1 summarises the water quality data for the pit basket [18]. The results indicate that the pit
basket has efficiency ratios of 61% of TSS, 28% of TP and 45% of TN. Both metrics for the pit basket
converge to within 2%, indicating that the dataset is not unduly influenced by anomalous outliers.

Table 1. Pit basket water quality results [13].

Pollutant TSS TP TN
LOD (mg/L) 5 0.01 0.1
In Out In Out In Out
Event mg) mgL)  RE mgD  mgy KE gD  mgrn  CRE
16 August 2014 122 40 67% 0.13 0.10 23% 0.90 0.40 56%
18 August 2014 12 252 79% 0.05 0.05 0% 0.20 0.20 0%
25 September 2014 346 253 27% 0.58 0.36 38% 240 1.90 21%
9 December 2014 202 186 8% 0.40 0.10 75% 3.85 2.20 43%
20 February 2015 34 6 82% 0.09 0.02 78% 0.70 0.30 57%
30 April 2015 90 58 36% 0.13 0.07 46% 0.90 0.50 44%
23 July 2015 62 30 52% 0.11 0.08 27% 1.20 0.90 25%
18 September 2015 158 14 91% 0.18 0.09 50% 1.40 0.60 57%
25 December 2015 543 33 94% 0.21 0.14 33% 1.80 1.00 44%
1 March 2016 30 6 80% 0.10 0.08 20% 1.40 0.50 64%
30 March 2016 82 27 67% 0.15 0.13 13% 1.70 1.20 29%
14 April 2016 83 22 73% 245 1.92 22% 2.20 1.20 45%
25 December 2016 31 18 42% 0.18 0.25 -39% 250 1.20 52%
26 December 2016 15 252 83% 0.12 0.10 17% 1.30 0.60 54%
6 January 2017 20 9 55% 0.38 0.26 32% 0.90 0.70 22%
5 March 2017 47 26 45% 0.69 0.59 14% 2.40 1.30 46%
15 March 2017 24 9 63% 0.38 0.28 26% 1.10 0.60 45%
18 March 2017 38 16 58% 0.26 0.16 38% 2.00 0.90 55%
20 March 2017 32 10 69% 0.06 0.04 33% 1.40 0.60 57%
5 April 2017 35 14 60% 0.46 0.38 17% 1.30 0.80 38%
8 May 2017 10 2.5 75% 0.06 0.04 33% 1.00 0.60 40%
10 June 2017 37 12 68% 0.26 0.11 58% 2.40 1.10 54%
Average 93.3 36.2 0.34 0.24 1.59 0.88
ER 61% 28% 45%
Average CRE 62% 30% 43%

Results reported as below limit of detection (LOD) were substituted with 50% of the LOD concentration in statistical
analysis. TSS: total suspended solids; TP: total phosphorus; TN: total nitrogen; CRE: concentration removal
efficiency; ER: efficiency ratio.

Filter cartridge results are summarised in Table 2. The data indicates that the filters are receiving
relatively low inflow concentrations of TSS, TP, and TN in comparison with industry guidelines [19].
Even so, ERs of 79%, 58% and 42% for TSS, TP, and TN, respectively, are observed from the qualifying
events. ERs for total Cu and total Zn are 42% and 52%, respectively. CRE and ER metrics for the media
filters are within 13% of each other. Results for arsenic, cadmium, chromium, nickel, lead, and mercury
were mostly at or below detection limits in the inflow.
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Table 2. Media filter cartridge TSS, TP, TN, Cu and Zn results.

Pollutant TSS TP TN Total Cu Total Zn
LOD (mg/L) 5 0.01 0.1 0.001 0.005
Event In Out CRE In Out CRE In Out CRE In Out CRE In Out CRE
16 August 2014 22 251 89% 004 002 50% 04 03 25%

18 August 2014 26 251 90% 006 004 33% 04 02 50%
25 September 2014 66 251 9% 007 002 71% 07 03 57%
9 December 2014 25 15 40% 0.03 0.02 33% 04 02 50%
20 February 2015 20 251 88% 001 001 0% 04 04 0%

30 April 2015 66 251 9% 003 001 67% 03 01 67%
30 March 2016 23 251 89% 0.03 002 33% 1 05 50% 0.017 0.006 65% 0.072 0.014 81%
3 October 2016 13 6 54% 0.04 0.02 50% 13 02 85% 0.016 0.005 69% 0.072 0.012 83%
12 October 2016 18 8 56% 0.06 0.03 50% 15 08 47% 0.012 0.005 58% 0.062 0.021 66%
26 December 2016 17 251 8% 003 001 67% 08 04 50% 0.022 0006 73% 0.044 0.027 39%

5 March 2017 14 7 50% 0.06 005 17% 0.6 1.1 -83% 0.015 0.013 13% 0.052 0.029 44%
18 March 2017 58 20 66% 0.08 0.03 63% 13 06 54% 0.019 0.013 32% 0.072 0.029 60%
20 March 2017 8 251 69% 0.005 0.005 0% 0.6 04 33% 0.007 0.005 29% 0.041 0.018 56%
19 May 2017 19 9 53% 038 016 58% 09 04 56% 0015 0.014 7% 0.057 0.067 -18%
10 June 2017 30 6 80% 021 0.03 86% 1.1 09 18% 0.015 0.006 60% 0.065 0.023 65%
Average 28 6 0.08 0.03 0.78 0.45 0.015 0.008 0.060 0.027
ER 79% 58% 42% 47% 55%
Average CRE 73% 45% 37% 45% 53%

Results reported as < LOD were substituted with 50% of the LOD concentration in statistical analysis.

Events were sampled across all seasons during the monitoring period to incorporate varying
rainfall patterns and seasonal processes. The rainfall amount for each event, and the peak rainfall
intensity (recorded as millimetres over a 30 min period) are presented in Table 3. The average annual
rainfall across the monitoring period was 1536 mm/year.

Table 3. Event characteristics.

Event Rainfall Amount (mm)  Peak Intensity (mm/30 min)

16 August 2014 20.4 42

18 August 2014 24.8 13.8

25 September 2014 15.8 15.2

9 December 2014 12.8 11.6
20 February 2015 67.6 7.2

30 April 2015 244 12.8
23 July 2015 21.8 2.0

18 September 2015 9.0 22
25 December 2015 5.4 4.0
1 March 2016 19.0 8.4
30 March 2016 12.6 74
14 April 2016 54 3.2

3 October 2016 8.4 44
12 October 2016 13.2 74

25 December 2016 33.0 12.6
26 December 2016 154 10
6 January 2017 5.4 2.0

5 March 2017 5.8 34
15 March 2017 7.2 2.2

18 March 2017 37.6 14.4
20 March 2017 214 6.4

5 April 2017 13.2 5.6

8 May 2017 17.2 2.6

19 May 2017 6.6 0.6

10 June 2017 14.8 7.2

Three 20-L buckets of sediment and gross pollutants were collected from the pit baskets, and two
20-L buckets of pollutants were removed from the filter vault in November 2014. The contents of the
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buckets were homogenised before sub-samples were collected and sent for nutrient analysis. Results of
the gross pollutant and nutrient evaluation are presented in Table 4. Anthropogenic items were those
identified as originating from human interaction onsite. The anthropogenic items measured in the pit
basket are shown in Figure 4.

Table 4. Gross pollutant and nutrient analysis for pit baskets and the filter vault after 12 months
of operation.

Parameter Pit Baskets Filter Vault

Total volume (m?) 3.19 x 1072 1.71 x 1072
% Anthropogenic volume 0.11 0.12
Total mass (kg) 24.59 4.31
% Anthropogenic mass 0.31 1.52
TN (mg/kg) 1070 5960
TP (mg/kg) 104 684

Figure 4. Photograph of anthropogenic items from a pit basket.

Based on the above data, the total gross pollutant and coarse sediment load from this catchment
is estimated to be 0.25 m®/Ha/year, with a corresponding air-dried mass of 142.5 kg/Ha/year. Of this
total, the calculated anthropogenic litter load is 2.65 kg/Ha/year.

5. Discussion

Normality testing (Anderson—Darling) of the water quality datasets confirmed that, except for
total copper at the filter outlet, all follow log-normal distributions. Paired Student’s {-tests were
performed on the log-normal datasets and Wilcoxon rank sign tests were performed on the total copper
datasets to evaluate statistical difference of the datasets. Results in Table 5 confirm that the inflow
and outflow water quality datasets from both treatment devices are statistically significantly different
for all pollutants. The findings of the field research in both the United States and Australia suggest
that the stormwater treatment train holds promise for the removal of total copper, total zinc, TSS, TP,
and TN.
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Table 5. Parametric and non-parametric test results, paired samples, 90% confidence interval.

p-Value (Two-Tailed) t-Test, p-Value (Two-Tailed) Wilcoxon
Treatment Device Log-Transformed Datasets Signed-Rank Test
TSS TN TP Total Zn Total Cu
Pit basket in vs. out <0.001 <0.001 <0.001 - -
Filter cartridge in vs. out ~ <0.001  0.001  <0.001 <0.0001 0.001

Considering more than half of the Ormiston site is roof area, the gross pollutant generation
rate is relatively high in comparison to the 30 kg/Ha/year previously reported for Australian urban
catchments [20]. This is expected to be a function of the fact that previous gross pollutant research
constrained evaluated material to be that greater than 5 millimetres, where the technologies tested
at Ormiston can capture much smaller particles. Of interest, when the nutrient content of the
material from both devices is converted to an annual load, both devices have captured a similar
mass, as presented in Table 6.

Table 6. Estimated annual pollutant loads captured by pit baskets and filters in Ormiston, Queensland.

Treatment Device Annual TN load Annual TP Load Annual Sediment and Litter Load
Units kg/Ha/year kg/Ha/year kg/Ha/year
Pit baskets 0.129 0.0126 121.25
Filter cartridges 0.127 0.0145 21.25

The observed pollutant concentrations entering the treatment train are low in comparison with
those anticipated historically from catchments of similar land use [21]. The observed concentrations
from the surface (Stormsack) are compared with local guideline values in Table 7.

Table 7. Comparison of Ormiston surface water quality results with Brisbane Model for Urban
Stormwater Improvement Conceptualisation (MUSIC) Guidelines for urban residential areas.

MUSIC Guideline Values (Lumped Ormiston Surface Influent
Parameter Urban Residential Catchment) ! (Pit Basket Inflow)
—1SD Mean +1SD —1SD Mean +1SD
TSS (mg/L) 61.7 151 372 0 64.7 174.1
TP (mg/L) 0.162 0.339 0.708 0 0.27 0.697
TN (mg/L) 1.07 1.82 3.09 0 1.72 2.494

Note: ! Reference: [19].

Principal component analysis (PCA) was performed on the inlet TSS, TP and TN concentrations to
investigate possible correlations to event characteristics. Confirming the findings of previous research,
PCA evaluation has concluded a significant, positive relationship between rainfall intensity and
influent TSS concentration, with a weak, positive relationship to rainfall amount [21]. The PCA biplot
is presented in Figure 5. Influent concentrations of TP and TN did not display significant relationships
to either rainfall depth or intensity. Regression analysis confirms that 22% of the CRE variability for TSS
and 16% for TP is explained by the inflow concentrations, as presented in Figure 6 (90% confidence).
Further correlation tests were performed to evaluate potential relationships between CRE and rainfall
depth or peak intensity. The analyses concluded that there was no significant correlation to rainfall
depth. Peak rainfall intensity was observed to explain between 5% and 11% of CRE variability but was
not statistically significant.
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Figure 5. Principal component analysis (PCA) biplot for observed event data for rainfall depth, intensity

and TSS event mean concentrations (EMCs).

In the context of the relatively low influent concentrations observed at this site, and the
identified trends between inlet concentration and CRE, the media filter dataset from U.S. field testing,
with slightly higher influent concentrations, was truncated to comply with the upper limit of the
SQIDEP concentrations [15,22]. Truncated U.S. results are summarised in Table 8, confirming that
higher influent concentrations produce higher performance reduction metrics. Since similar testing
and collection methods were used at both monitoring sites, as allowed by international and national
protocols, the combined datasets produce removal results of 89% for TSS and 71% for TP [13,15].

Regression of C R E by Inflow TSS Conc (R?=0.223)

14 T

12 +
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Figure 6. Regression analysis of TSS and TP inflow concentration against CRE demonstrates a

significant relationship between performance and inlet concentration.

Monitoring has continued at the Ormiston site to provide an indication of the long-term operation
of the filter cartridges and to potentially identify whether pollutant breakthrough occurs, thereby
indicating the triggering of cartridge replacement. Annual maintenance has included vacuum removal
of captured sediments and litter from the vault. Observations to date suggest that the filter cartridges
have remained functional ~58 months after they were installed. Further monitoring is continuing to

determine whether a breakthrough occurs.
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Table 8. U.S. field results for media cartridges, truncated to comply with Stormwater Quality
Improvement Device Evaluation Protocol (SQIDEP) maximum concentrations.

Pollutant TSS TP
LOD (mg/L) 5 0.01
n 18 11
Statistics In (mg/L)  Out (mg/L) In (mg/L) Out (mg/L)
Minimum 7.3 2.5 0.14 0.021
Maximum 279 25 0.47 0.14
Average 74.5 7.5 0.24 0.06
ER 90% 76%
Average CRE 80% 76%

6. Conclusions

After more than 4.5-years of Australian field monitoring, 22 qualifying events for a pit basket
insert and 15 qualifying events for media filters were evaluated. The pit basket had removal efficiencies
of 61% for TSS, 28% for TP, and 45% for TN. The media filters had removal efficiencies of 79% for
TSS, 58% for TP, 42% for TN, 47% for total Cu, and 55% for total Zn. International field data with
higher influent concentrations truncated to satisfy local guidelines confirmed the media filters had
removal efficiencies of 90% and 76% for TSS and TP, respectively, and 89% for TSS and 71% for TP
when combined with the Australian dataset. These results conclude that the stormwater treatment
train holds considerable promise for removing Cu and Zn, as well as the regulated pollutants of
TSS, TP, and TN, and higher influent concentrations will produce better removal efficiency from the
treatment train.

The total gross pollutant and coarse sediment load from the study site was estimated to be
0.24 m3/Ha/year with a corresponding air-dried mass of 142.5 kg/Ha/year. These values are higher
than in prior literature, potentially due to the treatment measures capturing pollutants >200 microns
compared to the previous 5-mm definition of gross pollutants. Further research into gross pollutant
generation rates on small catchments is recommended.

Monitoring over the 58-month duration has not shown a defined breakthrough of TSS or TP at this
point. Further monitoring will continue to evaluate any potential breakthrough indicating cartridge
replacement is required.
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