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Abstract. In traditional wet ponds for stormwater management, the dissolved and colloidal bound pollutants are as a
general rule only poorly removed. However, it is these fractions that are most mobile in the aquatic environment and
which are most easily bio-accumulated. In the context of this project, different technologies for reducing dissolved
pollutants and pollutants associated with fine particles and colloids were tested in full scale. For this purpose, 3
treatment facilities were constructed managing between 8.8 and 25.8 reduced ha. All facilities contained a wet
detention pond and sand filters. In one facility the water from the sand filters was led through fixed media sorption
filters. In another facility the pond bottom was enriched with iron salts. In the last facility aluminum was added to the
incoming stormwater.

The treatment train consisting of wet detention pond, sand filter and sorption filter was efficient in reducing nutrients,
heavy metals and PAHSs. Accidentally, the facility equipped with this treatment train received extremely high
concentrations of copper and other heavy metals, which were consistently reduced to very low levels, proving an
efficient safeguard against those pollutants. The treatment train consisting of wet detention pond with iron enriched
bottom sediments followed by a sand filter and the treatment train consisting of aluminum addition to the stormwater
entering the wet pond and followed by a sand filter, proved to be efficient in reducing suspended algae of the wet
detention pond. Compared to the fixed media filters, the treatment trains were, however, less efficient with respect to
removing heavy metals.

Introduction

Deterioration of receiving water bodies due to human development is a substantial environmental
problem in many Nordic countries. The wish for improved aquatic environments has driven wastewater
treatment towards low discharge concentrations and loads. Disregarding these efforts, many receiving
waters continue to be of poor ecological quality. The reasons are many, but urban and highway
stormwater discharges are often a significant part of the problem.

The need for treating stormwater runoff has therefore become widespread and various technologies for
stormwater runoff treatment have been developed. A technology that in this context has proven itself
effective and affordable is the concept of the wet detention pond, where a permanently wet pool is
combined with a stormwater detention volume. A wet stormwater pond is intended for detention of the
runoff water for sufficient time to allow treatment processes to proceed, and worldwide experiences have
shown that well-designed wet detention ponds yield very good and stable pollutant reduction (Semadeni-
Davies, 2006; Vollertsen et al., 2007).

The main treatment process in wet detention ponds is the removal of particles by sedimentation. The
treatment concept is based on the fact that for many pollutants associated with stormwater runoff, most of
the pollutant mass is associated with the particulate fraction. Other treatment processes, e.g. sorption and
bioaccumulation, do also play a role. However, they are of minor importance in terms of pollutant mass
removed.

When it comes to reduction of pollutants bound to colloidal or truly dissolved matter, wet detention ponds
have rather limited effect. It is the dissolved and colloidal matter that is most mobile in the environment
and which is most easily taken up by aquatic flora and fauna. It is therefore also this pollutant fraction
that exhibits the most toxicity and potentially contributes most to the deterioration of the aquatic
environment (Tuccillo, 2006). As a consequence hereof, wet detention ponds do only marginally reduce
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stormwater toxicity and therefore do little to protect the aquatic environment towards stormwater toxicity
(Marsalek et al., 1999; Wium-Andersen, in press).

A number of technologies to reduce the amount of dissolved and colloidal pollutants in stormwater have
been assessed in the laboratory. However, full scale tests are few, and mostly poorly documented. In
recognition hereof, 3 Danish municipalities and 2 Danish universities — financially supported by the
European Commission and the Danish Environmental Protection Agency — have conducted a project
where advanced stormwater treatment technologies for the reduction of dissolved and colloidal pollutants
were tested in full scale. Three different technologies for advanced stormwater treatment were tested in
this context: Sorption of dissolved pollutants in fixed-media sorption filters; Enrichment of pond bottom
sediments with iron salts; Addition of aluminum salts to the incoming stormwater.

It is the objective of this paper to describe the technologies tested and the results obtained. Experiences
with the operation of the technologies and the treatment effect towards a broad spectrum of pollutants is
presented and discussed. Based on the obtained results, design criterions for different unit operations are
discussed.

Methods

Three full-scale facilities were constructed to test and demonstrate the technologies for advanced
treatment of stormwater runoff. One facility was constructed for each technology (Figure 1). All designs
were based on traditional wet detention ponds as the first treatment step, and all designs contained sand
filters to treat the outlet water. Three different sand filter layouts were tested: One horizontal sand filter,
one sloping filter and one vertical filter. Details on the sand filter construction are presented in Vollertsen
et al. (2009a) and characteristics of the 3 facilities are presented in Table 1.
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Figure 1 The principle layout of the 3 facilities for advanced stdfhwater treatment

The facility for testing fixed-media sorption (Odense) was taken into operation in February 2008. It
consisted of a main filter filled with 55 m® of Oyta Shells (Oytaco Ltd, Denmark), a natural product
obtained from large deposits of fossil oyster shells in the shallow waters of the North Sea. The
composition of the material was 96% CaCO; and MgCO; with a calcium content of 38%. The water
drained through the sand filters and through the sorption filter by gravitation. In addition to the main
filter, the facility was equipped with 3 test filters fed by intermittent pumping. One held 2.5 m® of Oyta
Shells, another held 2.5 m® of granulated olivine (Filtersil 2749 from North Cape Minerals, Norway). The
last filter was constructed as a sandwich of 0.5 m® of Oyta Shells as the bottom layer on top of which was
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0.5 m® of iron oxide coated olivine (Filtersil TOC from North Cape Minerals, Norway) and 1.5 m® of
Oyta Shells. The facility in Odense was planted with a mix of larger and smaller littoral helophytes on the
banks and with Phragmites australis (common reed) on the sand filters.

Table 1 Characteristics of the 3 facilities for advanced stormwater treatment

Advanced treatment technology ~ Fixed-media sorption  Iron enrichment ~ Aluminum addition

Location Odense Arhus Silkeborg
Type of catchment Light industry Residential Residential (detached
(blocks of flats)  houses) and highway
Annual precipitation 657 mmy* 661 mmy* 719 mmy*
Total catchment area 27.4 ha 57.4 ha 21.5 ha
Impervious catchment area 11.4 ha 25.8 ha 8.8 ha
Permanent wet volume 1,990 m® 6,900 m 2,680 m?
Retention volume 1,300 m® 1,400 m® 3,230 m’®
Permanent water depth, max 1.45 1.25 1.0
Area of horizontal sand filter 100 m? 400 m? 180 m?
Length of sloping sand filter* 30m 65 m 30m
Length of vertical sand filter? 6.3m 126 m 6.3m

1) The slope of the sand filter was 1:5 and stretched to the maximum water level of the retention volume
2) The height sand filter was to the maximum water level of the retention volume

The facility for testing iron enrichment of bottom sediments (Arhus) was taken into operation in January
2008. On April 2, 2009, a total of 3,000 kg of iron chloride/sulfate solution (P1X 118 from Kemira Water
Danmark A/S) was added to the pond. The product contained 116 g Fe** kg™ in an acidic solution. The
product was mixed with pond water and distributed on the water surface. For this purpose, water was
pumped from the pond and mixed with product pumped from the product container. The mixture was then
delivered to a pipe floating on the pond surface and repeatedly dragged across the surface. Hereby a fairly
uniform distribution of the iron salt into the pond water and subsequently on the pond bottom was
achieved. The banks of the facility in Arhus were left unplanted but the sandfilter was planted with
Phragmites australis (common reed). Three high grounds (polders) planted with Schoenoplectus lacustris
(Common Club-rush) were established in the pond to make the pond resemble the neighboring Lake
Brabrand.

The facility for testing addition of aluminum to the stormwater (Silkeborg) was taken into operation in
June 2008. The addition was achieved by flowproportional dosing of aluminum hydroxides/oxides to the
incoming water (alumin_10 from Remondis Production GmbH). The product contained 155 g AI** kg™ in
an alkaline solution. For every 10 m® of inflow, a preset amount of the product was added to the inlet pipe
of the pond. The addition of aluminum started on April 23, 2009 and varying amounts were added in the
following period. During the first month of addition, a rather high concentration was added to the
inflowing stormwater, namely a total of 17 kg Al to a total of 370 m® of stormwater —i.e. ina
concentration of 46 g Al m™. This dose was then reduced to 5.2 g Al m™ which was added from May 15
to September 21, during which the total inflow was 6,820 m*. The pond was subdivided into 3
compartments by earthen barriers in level with the permanent water surface. The banks of the facility
were planted with a mix of larger and smaller littoral helophytes and the sand filters and the barriers with
Phragmites australis (common reed).

Monitoring

All facilities were equipped with inlet flow measurement and measurement of the flow out from the sand
filters. Each sand filter was monitored individually by full-flowing magnetic flow meters (Krohne
Optiflux 2000) of identical size, i.e. 3 outlet flow meters per facility. The inlet flow was measured by 2
full-flowing magnetic flow meters (Krohne Optiflux 2000) of different size and an overflow weir. The
measurement principle is outlined in Figure 2. The smaller magnetic flow meter measured flows down to
1 L s™* while the larger magnetic flow meter measured flows down to 10 L s™'. The measurement by the
small magnetic flow meter was used when the water level was below the overflow to the larger magnetic
flow meter (Figure 2). When the flow passed the overflow weir, the sum of the measurement from the
larger flow meter and the measurement from the overflow weir was used. The flow meters were protected
against silting by a catch basin.
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Figure 2 Inlet flow measurement

Water samples were collected from the inlet flow, the wet pond close to the sand filters, after the sand
filters and — for the facility in Odense — after the fixed-media sorption filter. The inlet was sampled flow
proportionally while the outlet was sampled time proportionally (MaxX TP4-C autosamplers). Originally
it was planned to sample the outlet flow proportionally. However, the capacity of the sand filters was
much lower than originally envisioned and the measurement of the outlet flow through the sand filters
often below the detection level of the outlet flow meters. It was therefore deemed most appropriate to
convert to time proportional sampling.

The samples were analyzed as mixed samples covering 2-3 weeks and analyzed by an accredited
laboratory. Samples were analyzed by standard methods for lead, cadmium, chromium, copper, mercury,
nickel, zinc, iron, aluminum, PAH after USEPA (16PAH), chlorophyll, total suspended solids (TSS),
volatile suspended solids (VSS), total N, total P, orthophosphate (ortho-P), oil and fat, chloride, alkalinity
and chemical oxygen demand (COD). Not all samples were analyzed for all parameters. Chlorophyll was
measured on grab samples from the ponds. Total Coliform bacteria and E. Coli were determined on grab
samples from the inlet to the facility in Arhus.

The ponds were equipped with on-line sensors for pH (WTW SensoLyt 700 1Q), turbidity (WTW
VisoTurb 700 1Q), dissolved oxygen (WTW FDO 700 1Q), temperature (via pH meter) and water level
(Klay Hydrobar). Data from the sensors were stored every minute.

Results

The inflow to the 3 facilities differed significantly in quality (Table 2). In general terms, the runoff
entering the facility in Silkeborg was the least polluted, followed by the runoff in Arhus and Odense. At
the facility in Odense, large amounts of dissolved heavy metals were present in the runoff. Especially
copper, zinc and lead were found in high concentrations, most likely due to an illicit industrial discharge.
The highest concentration of copper, zinc and lead in the runoff was 3,300 mg m™, 2,100 mg m™ and 110
mg m’®, respectively. The maximum concentration of copper was more than 100 times higher than the
maximum concentrations of the runoff water from the catchments in Silkeborg and Arhus. Zinc and lead
were about 10 times higher.

The runoff from the catchment in Arhus was sporadically contaminated by wastewater containing fecal
matter. At the inlet, wastewater odor could at times be found and grab samples from the inlet pipe showed
up till 35,000 Total Coliform bacteria per 100 ml and 3.300 E. Coli per 100 ml. At other times the
bacteria counts were zero.

Wet ponds

The pollutant removal by the ponds themselves is shown in Table 3 and was within the range typically
reported for such facilities (e.g. Hvitved-Jacobsen et al, 1994; Vollertsen et al., 2007; Hvitved-Jacobsen et
al., 2010). However, some anomalies were seen. The pond in Odense had comparatively poor treatment
efficiency towards copper and zinc. The main part of these metals is typically associated with fine
stormwater particles that settle out in wet ponds. However, in this case the metals were probably illicitly
discharged to the stormwater system as dissolved or colloidal bound metals in rather high concentrations,
resulting in poor removal efficiency. Another anomaly was seen in the pond in Arhus, which consistently
produced high concentrations of nickel while other metals were efficiently reduced. The reason is not
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known, however, it seems likely that the nickel has been present in the natural soil minerals of the pond
and slowly released to the bulk water. The facility in Silkeborg did also show a slight anomaly in terms of
rather poor removal of zinc. The reason for this is not known but it could be the same as for nickel release
at the facility in Arhus.

Table 2 Concentrations of pollutants in the inlet to the facilities.

Facility in Odense Facility in Arhus Facility in Silkeborg

N  Average St.Dev.] N Average StDev.| N Average St.Dev.
Lead [mg m™] 21 24.2 28.7| 24 4.8 28] 11 45 2.7
Cadmium [mg m™] 21 0.11 0.07| 24 0.07 0.06| 11 0.1 0.1
Chromium [mg m~] 21 5.6 37| 24 4.4 26| 11 2.2 15
Copper [mg m™] 21 469 770| 24 20 10 11 15 5
Mercury [mg m™] 21 0.09 0.19| 24 0.22 0.83| 11 0.08 0.12
Nickel [mg m™] 21 29 40| 24 7 5| 11 9 3
Zinc [mg m] 21 450 493| 24 186 74| 11 117 22
Iron [mg m™] 4 1608 730| 21 1802 1031| 2 870 325
Aluminum [mg m3] 3 950 550| 3 1213 602| 9 539 204
16PAH [mg m™] 15 0.45 051| 14 0.43 041 3 0.13 0.22
TSS [gm?) 21 49 43| 21 55 37| 12 31 22
VSS [g m*] 4 37% 5%| 5 52% 19% - -
Total N [g m™] 21 3.29 1.68| 21 2.35 1.08| 12 2.47 3.05
Total P [g m?] 21 0.319 0221 21 0.277 0.164| 12 0.222 0.375
Ortho-P [g m™] 21 0.131 0.157| 21 0.122 0.121| 12 0.105 0.281
Oil and fat [g m™] 20 1.75 1.37| 21 1.05 086 1 <0.1 -
Chloride [g m™] 4 100 126| 5 147 105| - - -
Alkalinity [mole m™] 4 1.28 050| 5 4.66 249 - - -
COD [gm™] 4 42 6] 5 101 50| - - -

Sand filters

The concentration of most of the pollutants was efficiently reduced by the sand filters (Table 4). The sand
filters were especially efficient for reduction of the rather high concentrations of copper, lead and zinc at
the facility in Odense. However, phosphorous was not reduced by the sand filters. At the facility in Arhus,
the sand filters actually increased the phosphorous concentration in terms of both total phosphorous and
orthophosphate. Similarly did the concentration of nickel at the facility in Silkeborg increase dramatically
by passing the sand filters. At the facility in Arhus and Odense, the sand filters furthermore released
significant amounts of iron oxides, causing about 2 and 7 g m™ iron in the outlet from the sand filters,
respectively. At the facility in Arhus the iron release from the sand filters was monitored closely and a
clear decrease in iron release was observed over time. This observation indicates that the sand filters over
a year or two probably will have washed clean of dissolvable compounds.

Table 3 Average pollutant reduction by the wet ponds. For The facility in Arhus and Silkeborg, only data up
till start of iron/aluminum addition are included

Facility in Odense Facility in Arhus Facility in Silkeborg

Inlet  Outlet Reduction |Inlet  Outlet Reduction |Inlet  Outlet Reduction
Lead [mg m™] 24.2 6.7 2% 47 0.5 90% 31 2.2 29%
Cadmium [mg m™] 0.11 0.06 47%| 0.08 <0.05 - 0.07 <0.05 -
Chromium [mg m™] 5.6 1.2 78% 4.0 0.6 86% 1.7 0.5 69%
Copper [mg m™] 469 200 57% 19 3 86% 14 8 40%
Mercury [mg m™] 0.09 0.06 37%| 0.30 <0.05 -| 010 <0.05 -
Nickel [mg m™] 29 12 59% 8 21 -152% 10 2 80%
Zinc [mg m] 450 272 39% 208 47 77% 125 104 17%
16PAH [mg m3] 0.45 0.13 72%| 0.49 0.04 92% - 0.05 -
TSS [gm?] 49 18 65% 48 6 88% 19 3 82%
Total N [g m™] 3.29 222 32%| 2.11 0.85 60%| 3.39 2.33 31%
Total P [g m?] 0.319 0.152 52%/| 0.268 0.068 74%| 0.293  0.026 91%
Ortho-P [g m™] 0.131 0.046 65% /| 0.113 0.014 88%| 0.176 <0.005 -
Oil and fat [g m™] 1.7 0.3 82% 1.0 11 -18% - 0.7 -
COD [gm?¥] 42 22 47% 101 57 44% - 45 -

The hydraulic capacity of the sand filters was significantly lower than had been envisioned during design.
When designing the filters, it was assumed that the comparatively large wet pond would cause less
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clogging of the filters compared to traditional infiltration basins and the filters were sized accordingly. It
was furthermore assumed that the vertical filters would show little or no clogging, followed by the
sloping filters and the horizontal filters clogging most. However, it turned out that all filters clogged more
or less to the same extent and to a much higher degree than envisioned.

Table 4 Average pollutant reduction by the sand filters. For The facility in Arhus and Silkeborg, only data
up till start of iron/aluminum addition are included

Odense Arhus Silkeborg
Pond  After Reduct- [Pond  After Reduct- |Pond After Reduct-
sandfilter ion sandfilter ion sandfilter ion
Lead [mg m7] 6.7 0.4 94% 0.5 0.3 39% 2.2 0.6 72%
Cadmium [mg m™] 0.06 0.05 16%| <0.05 <0.05 -] <0.05 <0.05 -
Chromium [mg m~] 1.2 <0.5 - 0.6 <0.5 - 0.5 11 -112%
Copper [mg m™] 200 25 87% 3 2 33% 8 5 38%
Mercury [mg m™] 0.06 0.06 -3%| <0.05 0.10 -] <0.05 <0.05 -
Nickel [mg m] 12 6 53% 21 10 53% 2 81 -4009%
zinc [mg m?] 272 28 90% 47 20 57% 104 20 81%
16PAH [mg m™] 0.13 0.01 89%| 0.04 0.01 64% 0.05 <0.01 -
TSS [gm™] 18 14 18% 6 6 -6% 3 3 18%
Total N [g m™] 2.22 1.30 41%| 0.85 0.65 23% 2.33 0.58 75%
Total P [gm™?] 0.152 0.175 -15%/| 0.068 0.171  -150%| 0.026 0.019 28%
Ortho-P [g m™] 0.046 0.038 18%| 0.014 0.019 -41%| <0.005 <0.005 -
Oil and fat [g m™] 0.3 0.2 48% 1.1 0.2 84% 0.7 0.2 77%
COD [g m™] 22 15 33% 57 26 54% 45 9 80%

The hydraulic capacity of the vertical sand filter and the sloping sand filter were most of the time below
the detection limits of the flow meters. However, the outflow from the horizontal sand filter was
measurable and was proportional to the water pressure on the filter surface (Figure 3). Even at still lower
water levels than shown in Figure 3, the outflow continued to be proportional to the water pressure (data
not shown). Assuming that the resistance to the flow lies in a thin clogging layer in the upper part of the
sand filter, the flow out of the filter can be described by a simplified version of Darcy’s law (Equation 1)
(Rauch and Stegner, 1994).
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Figure 3 The relative water pressure on the horizontal sand filter and the corresponding outflow at the
facility in Arhus

Q=L-A-h

Eq. 1

Where Q is the flow through the clogging layer [m? s™], L is a leakage constant [s], A is the surface area
and h is the water pressure at the clogging layer [m water column].
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Analyzing the data shown in Figure 3 by means of Equation 1 yields a leakage factor, L, of 8.6 10° s
Applying this parameter in Equation 1 allows determination of the outflow at varying water depths and
sand filter areas. E.g. for the sand filter of the facility in Arhus from where the data originate, a water
depth of 5 cm will give rise to 1.7 L s™* of outflow, whereas a water depth of 50 cm will cause 17 L s™ of
outflow.

Sorption filters

The sorption filters effectively reduced the concentrations of copper, zinc, phosphorous and total solids
(Table 5). The filters furthermore ensured that the extremely high concentrations of copper due to the
illicit discharges came well below the water quality criterion for Danish fresh waters. In addition to polish
the water quality of the stormwater runoff, the filters turned out to be an effective protection against
pollutants which would otherwise have caused immediate toxic effects on the aquatic environment
(Wium-Andersen et al., in press).

Table 5 Average pollutant reduction by the sorption filters at the facility in Odense

After sand filter After sorption filter  Reduction

Lead [mg m~] 0.4 0.6 -42%
Cadmium [mg m?] 0.05 <0.05 -
Chromium [mg m™] <0.5 0.5 -
Copper [mg m™] 25 4 83%
Mercury [mg m™] 0.06 <0.05 -
Nickel [mg m™] 6 5 7%
Zinc [mg m?] 28 4 85%
16PAH [mg m™] 0.01 0.01 -3%
TSS [gm?) 14 4 72%
Total N [g m™] 1.30 1.08 17%
Total P [gm™?] 0.175 0.025 86%
Ortho-P [g m™] 0.038 0.006 84%
Oil and fat [g m™] 0.2 0.1 21%
COD [g m™] 15 10 30%
Iron addition

The addition of the 3,000 kg of iron product to the wet pond in Arhus took about 8 hours for 3 persons,
i.e. it was rather labor-intensive. The added product was strongly acidic and caused the pH to drop below
4 for a few hours. However, some 10 hours after completion of the addition, the pH was up at 6.8 and
after 2 weeks the pH was back at the same level as before the addition (between 8 and 9). During the
addition the water became rust-red. However, the color disappeared within hours as the iron flocculated
and precipitated. The addition caused algae and other particulates to flocculate and precipitate with the
iron, and the water became visibly clearer.

The iron enrichment of the bottom sediments did not cause any measurable reduction in chemical water
quality parameters. Actually, for a number of heavy metals the pond water concentrations increased
compared to the time before the addition and the treatment efficiency of the pond itself deteriorated
correspondingly. The product used for iron enrichment of the bottom sediments could, however, not have
been the direct cause of the reduced treatment efficiency, as the product contained much less of the
problematic metals than could be accounted for by the increased concentrations in the pond water. After
the iron addition, nickel concentration in the pond doubled to 54 mg m?, i.e. around 8 times the inlet
concentration. Other metals stayed consistently below the inlet concentrations. In principle, the addition
could have caused the solution of bound heavy metals as the pH decreased. However, the conditions were
only acidic for a few hours, and it seems therefore unlikely that the addition was the cause of the
increased concentrations of heavy metals.

The treated water exiting the sand filters had similar heavy metals concentrations before and after the
addition of iron to the pond. I.e. the sand filter reduced the increased concentrations of the pond water to
the same and constant level stated in Table 4, indicating that the additional heavy metals present after the
addition of iron to the pond were associated with suspended particles.

Even though the iron enrichment of the bottom sediments did not result in decreased concentrations of
pollutants, it did counteract growth of algae in the pond (Figure 4). Compared to the pond in Odense, the
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spring algae bloom was delayed and very much shortened and the chlorophyll content was low the rest of
the summer.

Aluminum addition

The addition of aluminum to the stormwater runoff entering the facility in Silkeborg was much less labor
intensive than the iron enrichment of the bottom sediments of the facility in Arhus. The work was
restricted to calibrating the dosing to the desired dosage level. As is seen from Figure 4, the dosing of
aluminum was very effective to hinder algae blooms in the pond — more so than the iron enrichment of
bottom sediments in Arhus. However, when it came to chemical water quality parameters, no reduction
could be seen. Actually, there was a slight increase in most heavy metal concentrations in the pond
compared to before the addition. The difference in heavy metal concentrations from before the addition to
during the addition was, however, not statistically significant. After passing the sand filters the water
concentrations were similar to those before the aluminum addition.

500
——@—— The pond in Odense

—. 400 4| — —& —  Theiron-enriched pond in Arhus
"-’E ——-&—— The aluminum addition in Silkeborg
=300 -

>

=

S 200 A

o

<

O 100 A

—~
0 - A — = — = S

T - T T T T

sep okt nov dec jan feb mar apr maj jun jul aug sep okt

Figure 4 Chlorophyll in the three facilities. The bottom sediments of the pond in Arhus were iron-enriched
April 2, 2009. The aluminum addition to the stormwater entering the facility of Silkeborg was initialized April
23, 2009

Experiences and recommendations

The concept of wet stormwater ponds has once again proved to be efficient with respect to managing
pollutants associated with particles, here amongst a significant fraction of heavy metals, phosphorous and
PAHSs (Table 3). A wet detention pond with a permanent water pool of 200-250 m® (impervious ha)™ is
under Danish climatic conditions an appropriate size, allowing good and efficient pollutant removal. The
size of the retention volume has previously been shown to be of less importance for the pollutant removal
and should be chosen based on the hydraulic capacity of the receiving waters (Vollertsen et al., 2009b).

Filtering of the water from the wet detention ponds through sand filters gave an added removal of many
pollutants, but had less effect on others (Table 4). Phosphorous concentrations were for example not
affected by the filters. In addition hereto were the sand filters prone to rapid clogging and had a limited
hydraulic capacity — much more limited than was envisioned when designing the filters. How the capacity
of the filters develops over time is not known. It is however most likely that it will decrease further,
although the growth of the planted Phragmites australis may counteract clogging. Another issue was that
the sand filters released iron which was clearly visible as ochre (hydrated iron oxide) flocculating in the
water phase. The cause must have been that Fe(l11) was contained in the sand, and reduced under
anaerobic conditions in the filters. The formed Fe(ll) was then released and subsequently reoxidized to
Fe(111) in the presence of oxygen.

The lesson learned from the sand filters was therefore that these must be significantly larger than those
constructed at the 3 facilities. The sand filters must furthermore not be allowed to become anaerobic, i.e.
the filters must be drained. This means that a sand filter must be hydraulically separated from the wet
pond and having the groundwater table at least 1-1% m below the filter surface. This design approach will
also give the filters a somewhat higher filter velocity as the hydraulic capacity of a drained sand is larger
than that of an undrained sand. Most likely it will also to some extend counteract extensive clogging as
the filters surface dries out between events. For such sand filters a long-term filter velocity of 1-1% cm h
at 5-50 cm ponding depths is likely to be a conservative value, which is also confirmed by
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recommendations for stormwater infiltration ponds made by the US Environmental Protection Agency
(US EPA, 2008). The grain-size distribution and the composition of the sand should also be considered. A
coarser sand with a high uniformity coefficient might have a lower tendency to clog and hereby have a
higher hydraulic capacity, and in a sand with less iron the problems with clogging as a consequence of
precipitation of ochre might be less.

Sorption to fixed media of pollutants not managed by the sand filters was very efficient to further reduce
pollutant concentrations (Table 5). Also for those pollutants that were present in comparatively high
concentrations, the sorption filters consistently ensured low outlet concentrations. The reduction of a
probably illicitly discharge of copper to the facility in Odense illustrates this well (Figure 5). As is seen
from the figure, the treatment train consisting of wet pond, sand filter and sorption filter was an effective
barrier protecting the receiving environment against the very high copper concentrations in the runoff.
Sorption filters are, however, prone to clogging from compounds released from the sand filters — e.g. iron
oxides. It seems therefore prudent to design the filters for a filter velocity similar to the sand filters. Such
design is for example achieved by a sandwich construction of sand and filter media. Which filter media to
apply and layered in which magnitudes is still uncertain, and further studies are needed in this context.
However, the crushed oyster shells and the olivine applied in this study are definitely candidates as they
are both effective and affordable.
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Figure 5 Removal of copper at the facility in Odense. The box shows the 25%, 50% and 75% percentiles,
the error bars show the 10% and 90% percentiles and the full circles show outliers.

The addition of iron and aluminum salts did not cause any measurable reduction in pollutant
concentrations. Certain heavy metals seemed even to have been removed less well after the addition of
these chemicals. Whether this is an experimental artifact or a general issue is not known. However, both
the iron enrichment of the bottom sediments and the aluminum addition to the incoming stormwater were
effective in keeping algae concentrations low. The duration of the experiments did however not allow
determining the optimal dosages. Further experiments are needed in this context.

The practical problems related to iron enrichment of bottom sediments seem prohibitive. Addition of
either iron or aluminum to the incoming stormwater is, on the other hand, a rather simple technique which
can be installed and automated. Whether iron salts or aluminum salts are the better agents and whether for
example a continuous dosing of small amounts to all incoming water is preferable to fewer dosages at
higher concentrations needs to be tested.

Conclusions

The treatment train consisting of a wet retention pond, a sand filter and a fixed media sorption filter was
efficient in reducing dissolved and colloidal pollutants in the stormwater runoff. In the case of copper
which in one of the catchments was present in extremely high concentrations, a reduction of better than
99% was seen and peak concentrations of several thousand microgram per liter were reduced to below the
Danish water quality standard for fresh waters. The addition of aluminum and iron to the pond water did
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efficiently manage algae blooms, ensuring low algae content of the pond water. It did, however, not
reduce heavy metals and other pollutants present in the stormwater. The sand filters effectively polished
the pond water to low discharge levels. However, the filters released iron oxides, probably due to
anaerobic conditions in the sand. The hydraulic capacities of the filters were furthermore lower than had
been envisioned, and in the range of traditional infiltration stormwater basins.

The results and experiences published in the present study demonstrate that advanced stormwater
treatment applying comparatively low-tech technologies allow efficient pollutant management of the
dissolved and colloidal fraction. Further investigations and full scale studies are however needed to
optimize the design of the technologies.
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