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EXECUTIVE SUMMARY

The increasein road constructionhas highlighted the issueof increasedvolumes
of highway runoff andthe potential pollution of groundwaterand surfacewaters.
The EnvironmentAgency are involved in the assessmenif the effects of urban
andhighwayrunoff andmechanismgor the protectionof waterquality.

Constructedwetland systemshave been used extensively for the treatmentof
municipal, industrial and agricultural effluent, but they have only beenrecently
developedand investigatedfor the treatmentof urban surfacerunoff. Although,
vegetatedwet balancing ponds have been used to treat highway runoff, their
performancehas not previously been assessedn the UK in comparisonwith
constructedwetland systems.The potential for combining constructedwetlands
with flood storagepondswould be beneficial in terms of flood alleviation and
pollution control. The Halcrow Group Ltd and the Middlesex University Urban
Pollution ResearchCentre were commissionedby the Environment Agency
(ThamesRegion) in 1995 to undertakea Researchand Developmentproject to
investigatethe treatmentof runoff by the useof vegetativetreatmentsystemsThe
project comprised: a literature review; a monitoring programme and the
developmentf aninterim manual (Halcrowetal, 1996,1998).

The literature review consideredover 150 referencesand their key points were
summarisedn the final report The subjectscoveredincluded the characteristics
of highway runoff and their pollution impacts on receiving water, relevant
legislation, and treatmentoptions. The characteristicsof highway runoff were

found to be highly variable due to varying traffic conditions, lengths of

antecedentperiods, intensities of storms andvolume of rainfall. EU and UK

legislation were reviewed and listed. Treatment options consideredincluded
gullypots, oil separatorsand silt traps, detention systems,filtration systems,
sedimentationanks,lagoonsandconstructedvetlands.

An Interim Manual, the Treatment of Highway Runoff Using Constructed
Wetlandswas publishedby the EnvironmentAgencyin 1998 andthe resultsof a

monitoring programmeof a constructedwetland systemon the A34 Newbury
Bypasshasbeenpublishedin 2003. The aim of the currentGuidanceManualis to

provide updated information on the design,costs, construction, operationand

maintenanceof constructed wetlands, including the configuration, planting

medium,waterlevels andtype and extentof the vegetationin orderto effectively

treat urban runoff. In addition, the types of wetland and how they remove
pollutantsare consideredogetherwith their potentialfor enhancinghe landscape
and attracting wildlife. Decision support approachesfor selecting constructed
wetlands as a SustainableDrainage System (SuDS) treatmentoption and their

implementationare discussedThe information providedin this GuidanceManual

is derived from ConstructedWetlands and Links with SustainableDrainage
SystemsR&D TechnicalReportP2-159/TR1which includesan updatedliterature
review.

Sectionl of the GuidanceManualincludesexampleof the varioustypesof wetlands

and how they work. Section 2 provides guidance regarding the design and
planting of a constructedwetland system and the retrofitting of existing

R&D TECHNICAL REPORTP2-159/TR2 13



treatmentstructuresandin Section3 the performanceandcostsof urbanwetlands
are considered.In Section 4 the operation and maintenancerequirements for
constructedwetland systemsare addressed.The use of wetlandsto encourage
wildlife and enhance the landscapeis considered in section 5 and the
implementationof SustainableDrainage systems(SuDS), including constructed
wetlands, and catchmentplanning in Section 6. The use of decision support
approachegor selectingSuDS systemsand recommendation$or future research
form sections7 and8.

Feedbackon useof the GuidanceManual or monitoring information to establish
the effectivenessof constructedwetland systemsfor the treatmentof highway
runoff should entered on the HR/EA UK National SuDS base (www.suds
sites.net).

R&D TECHNICAL REPORTP2-159/TR2 14
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Constructed Wetlands - Key Considerations

DesignCriteria

1 Minimum contributing drainage area of
8/10ha;1.5/2.0hdora pocketwetland

1 Minimum dry weatheirflow pathof 2:1
(length:width)shouldbeprovidedfrom inflow
to outflow; avoidshortcircuiting

1 Minimum of 40 - 50%openwaterwith
minimumof 35 - 40%surfaceareahavinga
depthof 2.5cm;107 15%of surfacearea
shouldbeadeeppool (0.57 2.0m depth)

1 Sedimenpretreatmen{e.gsedimenforebay
or pre-settlemenpond)of 107 15%total
wetlandcell volume

1 Variablewetting-dryingcycleto encourage
macrophytegrowth/diversityhydraulic
retentiontime of 127 24 hoursfor thedesign
stormevent

Advantages/Benefits

1 Goodnutrient,bacterial 0il andsolidsremoval

1 Canprovidenaturalwildlife habitatandpublic
amenityfeature

1 Relativelylow maintenanceosts

Disadvantages/Limitations

1 Requiredairly largelanduptake

1 Needscontinuoushaseflow(i.e. minimum
waterlevel) for viablewetland

1 Sedimentegulationis critical to sustainong
termwetlandperformance

MaintenanceRequirements

1 Monitor andensuranitial plantestablishment
period

1 Replacavetlandvegetatiorto maintainatleast

351 40%coverage
Removenvasivevegetation

Monitor sedimenaccumulatiorandremove
periodically

E

POLLUTANT REMOVAL
70- 80% | Totalsuspendedolids;
bacteria
Nutrients
HeavyMetals
Qils, hydrocarbons

40-50%
501 60%
60-70%

STORMWATER
SUITABILITY

MANAGEMENT

Extremeflood protection
Receivingwaterquality
Downstreancthanneprotection
Overbanliflood protection
Acceptsdfirst-flush runoff
Requireaminimum0.757 2.0m
separatiordistanceo watertable

IMPLEMENTATION
CONSIDERATIONS

Landrequirement: M -H
Capitalcosts: M

MaintenanceBurden

Shallowwetland: M
Extendedletentiorshallowwetland: M
Pocketwetland: M -H
Wetland/Pond: M

Residential/Commerciake
Unsuitable for high density,
ultra-urban  coreareas
Permeablesoilswill requireliner

L =Low; M = ModerateH = High

R&D TECHNICAL REPORTP2-159/TR2 XVii




Plate 1. View of Pond F/G looking towards the outlet, with the A34
(Newbury Bypass) in the background. Retro fitted sub-surface
flow wetland and balancing pond

Plate 2. Overview of Pond B looking towards the inlet, alongside
the A34 (Newbury Bypass).Surfaceflow constructedwetland
and balancing pond
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Plate 3. A constructedwetland within a commercial
developmentin Milton Keynes,providing flood storage,
pollutant treatment and aestheticamenity value

Plate 4. Vegetatedbalancing pond at Aztec West BusinessPark,
near Bristol, with ecologicalfeaturesand aeration
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1.INTRODUCTION
1.1 Background and Context

It hasbeenwidely recognisedor sometime that urbanrunoff, particularly from
motorways,containsa rangeof pollutantsthat can have detrimentalimpactson
receivingwaters,both ground and surface.The increasein road constructionand
especiallythe widening of existing motorwaysunderthe Go v e r n nRoads 6 s
Pr o gr aighhght@dtheissueof increasedrolumesof highwayrunoff andthe
potential pollution of groundwater and surfacewaters.The EnvironmentAgency
areinvolved in the assessmentf the effectsof urbanrunoff and mechanismsgor
thereductionof deleteriouseffectsin receivingwaters.

In recent years the Environment Agency has investigatedavailable treatment
methods for urban runoff, which include grass swales, detention ponds and
constructedwvetlandsbasedon reedbedreatmenttechnology.Particularemphasis
has been placed on the considerationof constructedwetlandsfor urban runoff
treatmentfor a numberof reasonsincluding:

potentialfor high pollutantremovalperformancedor low capital
andoperatingcosts;

capability for treatinglarge volumesof runoff which could not
realisticallybetreatedby conventionainechanicamethodsand

potentialfor ecologicalandaesthetienhancementpportunities.
Constructedwetland systemshave been used extensively for the treatmentof
municipal, industrial and agricultural effluent. However, the treatmentof urban
runoff by constructedvetlandshas onlyrecentlybeenadoptedandinvestigated.
1.2 Aim
The aim of this Guidance Manual is to provide information on the design,
construction,operationand maintenanceof constructedwetlands,including the
configuration, planting medium, water levels and type and extent of the
vegetationin orderto effectively treaturbanandroadrunoff.

This Manualincludesthefollowing information:

Examplesof the varioustypesof Wetlandsandhow theywork
(Sectionl);

guidanceregarding the design and planting of a constructed
wetlandsystemandtheretrofitting of existingtreatmentstructures
(Section2);

the performanceandcostsof urbanwetlands(Section3);

R&D TECHNICAL REPORTP2159/TR2 1



the operation and maintenancerequirementsfor constructed
wetlandsystems (Sectiod)

the use of wetlands to encouragewildlife and enhancethe
landscapd&Sectionb)

the implementation of SustainableDrainage systems (SuDS),
including constructedvetlands,and catchment planningSection
6)

the use of decision support approachesfor selecting SuDS
systemgSection7)

recommendationfor futureresearch{Section8).

The user may only require information on constructedwetland
design, operationand maintenancdrom Sections2 and 4 with

costsfrom Section3. However,the GuidanceManual is designed
to provide backgroundinformation to wetlands (Section1) in

additionto the criteriafor selectingand implementingthem as a
SuDS option (Sections6 and 7). It is hopedthat the guidelines
for enhancingthe landscape (Section

5) will be of useto both engineersandlandscapearchitects.

1.3Wetland Typesand Definitions
1.3.1Definitions.

Wetlandsare a genericterm coveringa variety of water bodiessupportingaquatic
vegetationand providing a biofiltration capability. They include not only natural
marsh and swamp environmentsbut also artificially constructedstoragebasinsor
ponds. Wetlandsare essentiallytransitionalbetweenterrestrialand aquaticsystems,
where the water table is normally at or nearthe soil surfaceor wherethereis a
permanenshallowwatercover. However the presencef waterby ponding,flooding
or soil saturationis not alwaysa good indicator of wetlandsasthey canoften appear
to bedry. Neverthelessyetlandgpossesthreebasiccharacteristics:

1 anareasupportingatleastperiodically)hydrophyticvegetation.e. plantswhich
growin water

substratesvhich arepredominantlyundrainechydric (continuallywet) soils
non-soil (rock/gravel)substratesvhich are either saturatedvith wateror havea
shallow,intermittentor seasonalvatercover.

T
T

1.3.2 Natural and seminatural wetlands.
Naturalwetlandstypically exhibit gradualhydroperiodqi.e. variationin waterlevel),

complextopographicstructuresmoderateto high wildlife habitatvalue, supportfew
exoticspecieandareself-sustaining.Theycanbeclassifiedinto threebasictypes:

R&D TECHNICAL REPORTP2159/TR2 2



1 swamps which are dominated by
watertolerant woody plants and
trees

1 marshegdominatedby softstemmed
emergentplants such as rushes,
reedsand sedges(but which can
alsocontainsubmergenandfloating plants)

1 bogswhich are characterisedby acidic and low-nutrientwater and acid-tolerant
mosses.

Although natural wetlands and their surrounding riparian area reduce diffuse

pollution, they do so within a definite rangeof operationalconditions. When either

hydrologicor pollutantloadingsexceedheir naturalassimilativecapacity they rapidly
becomestresse@nddegraded.

Fir Wood Nature Reserve Herts

A small naturalwetlandlocatednearto Junction24 on the
M25 at PottersBar receivessoil-filtered runoff from the
motorway. Although aqueousmetal levels recordedin the
wetland are well below statutory water quality standards,
metal sedimentlevels show moderateto high levels of
contamination.

The WelshHarp, N W London

The Welsh Harp basin, whilst originally constructedas an ornamental
reservoir,now servesas a stormrunoff attenuatiorfacility for the highly

urbaniseds.2 km? Silk Streamcatchmentwith some60% of the annual
flow volume being derived from impermeablesurfacerunoff. The wet

It is alsopossibleto recognisea
separate category of semi
natural wetlands that have

developed in open water
situations after colonisationby
aguatic vegetation. Such semi
natural, selfseeded wetlands
can be found in open waters

retentionbasin has an extensiveTypha and Phragmiteswetland marsh
locatedat the inlet which has becomean important wildfowl and bird
reserve.Studieshave shownthat this seminatural wetland functionsas
an effective pollution control facility for the treatmentof urban runoff
removingsome97% of Suspendedolids (SS) and between50-80% of
the hydrocarbonscontainedin both water and sedimentpassingthrough
the basin. The Biological Monitoring Working Party (BMWP which

assesshe macroinvertebrateommunity status)scoresimprove from a
very depressedalue of 5 immediatelyupstreanof theinlet to 50 below
thewetland.

initially  designed as flood
storage reservoirs
(retention/detentionbasins) or
ornamentajpondsin urbanareas.They alsoquite frequentlyoccurin disusedgravel
pits, silt andash(PFA) lagoons(Merritt, 1994).The Ruxleygravelpits adjacento the
River Cray in Kent andthe GreatLinford pits on the upperOuzelin Milton Keynes
arealsoexamplef selfseededwetlandmarshesBoth areimportant naturereserves
and community assetsand also have significant functions as stormwaterbalancing
facilities.

1.3.3 Artificial or createdwetlands.

Artificially - constructedwetland storage basins or ponds which create "generic”
wetland habitats, have the more limited objectivesof flood and pollution control.
Createdstormwatemwetlandswhich are dependenbn surfacewaterrunoff are "semk
tidal" in nature,being continuouslyexposedto episodicinundationand subsequent
drawdown. The extent of the changesin water level impose quite severe
physiological constraintson the plant community. The resulting createdwetland
systemstypically have a more clearly defined open water componentthan natural
wetlands. The types of artificial constructedwetlandswhich can function as urban
stormwatefacilitiesinclude:
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Shallow marsh systemsrequiring considerablespaceand which drain contributing
areas oftein exces®f 10hectares.
i Rye HouseNature Reserve
Theydemanda reliablebaseflowor The5 haRye Housenaturereservan thelower floodplain of the
groundwater supply to support | RiverLeaandoperatedointly by theRSPBand Thameswater,
is an exampleof a long establishedconstructedshallow marsh.
emergent,wetland plants. The 140 The wetland marshwas createdin 1973 taking 90 Ml/day of
ha Potteric Carr Reserveat West | treated sewageeffluent from the adjacenttertiary treatment
Bessacarmear Doncasterreceives lagoonsof Rye Meadsewage worksThe wetland marshis now
manageds a seriesof compartmentslemonstratinga rangeof
surface runoff from a 1261 ha | habitatsfrom shallow pools and scrapesthrough reed bed to
mixed urban catchment,is a very | "
large marsh system.Whilst being a designatednature reservedominatedby carr
marsh, it also retains its function as a major flood storagefacility. The "water
meadows'in the Chellsdistrict of Stevenagesimilarly operateasshallowmarshesed
by overbankflows from the Aston End Brook generatedby urban surfacerunoff

duringstormevents.

Retention or wet (balancing) ponds/basindaving a permanentwater volume are
amongst the most frequently The OuzelValley Lakes

encountered flood storage The seriesof wet retention (balancing)lakes locatedin the Ouzel

it ; valley at Milton Keynescontainmarginalaquaticvegetationwhich is
faC|I|t|e§ in the UK TOI’ partly seminatural and partly artificially introduced. The largest
managding and controlllng lakesin this balancingsystemare Mount Farm Lake (95ha), Willen

; Lake (87ha) and CaldecotteLake (44ha). All three are fringed by
urban and hlghway runoff. both emergeniand submergenmacrophytesvhich not only provide

Surface stormwater runoff enhancececologicaland amenityfunctions, but also help to reduce
displaceshe waterlying in the | liESeieturentol antheanmenconcentatonsssoseled
basinat the commencemenof

the storm event. Sedimentationwithin the basin will occur as well as biological
uptake and other forms of treatment(volatilisation, complexation,photcoxidation
etc.). Retention ponds can have marginal rooted and submergent/floatingaquatic
vegetationwith openwater comprisingtypically some50 - 75% of the total basin
surfacearea.

Small, semipermanent (low-lying) marshes and pools have been frequently
incorporated into dry detention

basins to form an extended| ExtendedDetentionBasins inEssex ancHerts

; : The 65haPinnacledndustrial Estateat Harlow, Essexdischarging
detention (ED) basin. Such surfacewater to a 19,400m° capacitystoragebasinand 10.93 ha
wetlands (of between10-25% of | of theMi1 at StanstedBrook in Hertfordshirewhich dischargeso

the total -basin area) fa_c?litate ﬁ]Atlﬁioboa?:;fatﬁzgttggge?::ﬂi?igsc.)w havelow-level marshlocated
pollutant removal and mitigate

against shortcircuiting, channelisationand sedimentre-entrainementA few ED
basinsarenow beingformally introducedunderthe SEPASUDSinitiative in Scotland
on the Dunfermline (EasternExpansion,DEX) site in Fife. There is a modified
ED basinwith asemipermanenpool aswell asalow level wetlandmarshin the off-
line 38,000 m* detentionbasin located at North Weald, Essexand a number of
industrial/commerciaéstatedhaveextendeddry detentionbasinsto incorporatea wet
marsh facility. A number of originally dry detention basins have shallow
marsh/wetlandregetationoccupyingsomepart of the basinfloor and now effectively
function as extendeddetentionfacilities with the vegetationfiltering out pollutants
containedn theinfluent surfacewaterflows.
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Combinedpond/wetland(retention/detentionpasinsare storagefacilities wherepart
of the containingbasinis given over to deadstorage(permanentpools) and part to
live (fill anddrain) storage.Suchcombinedretention/detentionvetlanddesignshave
been adoptedfor_the control and [ e RSN Ty S
managemem)f hlghway runoff as | A totalof nineflood storagebasinshavebeenbuilt alongsidethe
A34 Newbury Bypassto control and treat surfacewater design
on the A34 NeWbury bypass,the dischargesvarying between20-120 I/s, from 13.5 km of dual,
A4/A46 Bathford roundaboutand | two-lane trunk road. Maximum design storage volumes vary
H ; between121-676 m® with retentiontimes of between30-120
at the M49 junCtIOI’] to the ea_StOf hours. One storage basin has been retrofitted with a SSF
the southern Severn Brldge constructedwetland (Phragmite$ and wet weather removal
: : ratesrecordedfor the wetlandsystemhas beernigh with SS and
crossing. The deSIQnS frequently heavy metal removal efficienciesvarying between40-75% and
possess a front-end pool or | 5998%respecively.
chambemhichtrapssedimenand
associategollutantsproviding treatmentfor the first flush and (the more frequent)
small runoff events.The wetlandcell (which canbe separatedy a filter strip or

gabion wall * from the

District Park (DEX), Dunfermline, Fife, Scotland i
Combineddry/wet retentionbasinsand SF wetlandstreat surfacewater from permanentpond) ! prowdes

a 600ha lightindustrial/commercial and highway catchment. Percentage for temporary storage,
metalremovalsfrom the wetlandsare Cu 33%, Pb 25% and Zn 65%. Mean | gecond ary biological

metalsedimentevelsareCu 13,Pb10.5andZn 30.2mg/kg. .
treatmentendattenuatiorof

runoff from larger more infrequent storms.A final micropool or settlementpond

mightalsobeincludedto give amorelimited tertiarytreatment.

1.4 Constructed Wetlands and Flow Systems
1.4.1 Constructed wetlands

Constructedvetland basinsnormally have nontsoil substratesand a permanenibut
normally shallow) water volume that can be almost entirely coveredin aquatic
vegetation. Constructedwetlands may contain marsh, swamp and pond (lagoon)
elementstheinlet zonefor example,
canresembldhelatterform andbeused Anton Crescent,Sutton, Surrey

asasedi mentrap. Thedominant The 1.3 ha Anton Crescentvetlandin Sutton,Surreyhas been
. built in a wet detention basin which serves a mixed
featureof the systems the maCfOphyte residentialand light commercialcatchment.The basinhasa
zonecontainingemergenand/or maximumdesignstoragecapacityof 10,000m*with a mean
. . . retentiontime of 10.8 days. The SF constructedvetlandwas
floating vegetatiorthatrequiregor can plantedwith Typhato providea wildlife conservatiorareaand
withstandwettinganddrying cycles. a local amenity/educationafacility and now also providesa

valuablewaterquality function with averagaemovalratesfor
Constructedvetlanddack thefull range SS, Zn and Faecal Coliforms of 56%, 37% and 78%

of aquaticfunctionsexhibitedby natural respectively .High metal levels are associatedwith the
. . sedimentdiltered out by the macrophyteroots and stems(Cu

wetlandsandarenotintendedo provide 40,Pb126.6andzn 120.7mg/kg.

speciegliversity. Whilst natural

wetlandsdependupongroundwatetevels,

constructedstormwatemwetlandsare dominatedby surfacerunoff in arandomi s e mi

t i dhadroperiodcharacterisetly cyclic patternsof inundationanddrawdown.

Such constructedwetlandstypically experiencemuch greatersedimentinputs than
natural wetlands.In addition to a more restrictedaquaticflora, they are likely to

provide an environmentfavourableto invasive terrestrial weed speciesespecially
during plantestablishment Openwaterwould normallyoccupyup to 25 - 30% of the

total basinsurfaceareawith remainingareascomprisingshallowsup to amaximum
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depth of 0.5m. Flood storagecan e Fag P AT e,

alsobe addedabovethe treatment | The 10.9ha Keytec Industrial estatepond in Pershore,Worcs was
H designedasa flow balancingfacility with a SF constructedvetlandto
Wetla.nd Wh.ere the Surroundmg provide 1500n7 of stormwaterstoragewith a retentiontime of 15-20
terrainpermits hours. The imposed pollution dischargeconsentsfor SS (100mg/l),
BOD (20mg/l) and oils/hydrocarbong5mg/l) have beensuccessfully
metthroughoutheoperationalifetime of thebasin.

1.4.2 Constructed wetland flow systems

Although the designof artificially constructedwetlandsvaries making eachsystem
unique thebasicflow configurationsanbedividedinto two categories:

Surfaceflow (SF) or free water surface (FWS) systemswhich are similar to natural
marshesn that they are basinsplantedwith emergent submergentand/orfloating

wetland macrophyteplants. Such free surfacewater treatmentwetlandsmimic the

hydrologicregimeof naturalwetlands. Almost all constructedvetlandsin the UK for

the treatmentof urbanrunoff comprisesurfaceflow systemsand resemblenatural
marshesjn that they can provide wildlife habitatand aestheticbenefitsas well as
watertreatmentTheinfluent passessfree-surface(overland)flow (and/orat shallow
depths)and at low velocities above the supportingsubstratesFigure 1.1a and b

showsa (3 x 80m)linear SF designwhich hasbeenretrofittedinto a widenedstream
channelin DagenhamEastLondonto treat surfacerunoff from a 440haresidential
andcommercialarea.The 1750nf modularwetlandsystemis designedo meet50%

removalefficienciesfor targetedpollutants(BOD, Pb, Zn, and SS). SF/FWSsystems
with low flow ratesaresusceptiblé¢o winter ice-coverin temperate

climates such as the UK, and have reducedefficiencies during such times since
effectivewaterdepthandretentiontime arereduced

KEY:
D1-D5 = LOCATION OF SAMPLING SITES

WEIR
SEDIMENTATION TANK STRUCTURE
(GRADIENT 1IN 10) [ WEIR

STRUCTURE

WEIR
STRUCTURE

- \
STRUCTURES \

WETLAND NO.1 WETLAND NO.2

WETLAND NO.3

Figure 1.1a. SF Constructed Wetland Design(R Wantz,Dagenham,E London.)
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Distribution Pipe

: 7
Low Permeability Soil

Free Water Surface (Surface Flow)

Figure 1.1b. SF Constructed Wetland Illustrative Cross-section
(After: Kadlec and Knight, 1996)

Subsurfaceflow (SSF)systemsoperatewith the influent flowing belowthe surfaceof
thesoil or gravelsubstrate.Purificationoccursduring contactwith the plantrootsand
substratesurfaceswhich are watersaturatedand can thereforebe consideredo be
oxygenlimited. The substraten thesesystemss thermallyinsulatedby the overlying
vegetationandlitter layerandsothe wetland performances notsignificantlyreduced
duringthe winter. Most of the earliestwetlandtreatmentsystemsn Europewere SSF
systems constructedto treat domestic wastewater. There are two basic flow
configurationdor SSFwetlands:

- horizontalflow (HF) systemswherethe effluentis fed in at the inlet but thenflows
slowly throughthe porousmedium (normallygravel)underthe surfaceof the bedin
amoreor lesshorizontalpathto the outletzone. TheseHF systemsare alsoknown
in the UK asReedbedlreatmentSystemqRBTS) asthe mostfrequentlyusedplant
is thecommonreed(Phragmitesaustralig.

- vertical flow (VF) systemswhich usually have a sandcap overlying the graded
gravel/rocksubstrateand are intermittently dosedfrom aboveto flood the surface
of the bed. The effluentthendrainsvertically down throughthe bedto be collected
at the base.SuchVF systemsare similar in designand operationto conventional
percolatingfilters but are very rarely found on surfacewater drainagesystems
(Tablel.1).

Figurel.2aandb illustratesa SSFconstructedvetlandsystemlocatedat Brentwood,
Essexto treatsurfacewaterdischargegrom a 400hamixed urbancatchmenfprior to
entryinto the River Ingrebourne During high flows, untreateceffluentalsooverflows
into a natural Typha wetland in addition to passingthrough the SSF Phragmites
wetland beforefinal dischargeto the river. The total wetland areais

204nt andthe meanretentiontime is 50 minutes. Dry weatherremovalsaverage30 -
33% for Pb and Cu, 19% for Zn, 18% for SS, 26% for BOD and 50% for total
ammoniawith meanmetalsedimentemovalsvaryingbetweerl?7 - 33%.
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KEY:

B1-B7 = LOCATION OF SAMPLING SITES
SWO = SURFACE WATER OUTFALL

T

NATURAL
WETLAND

Distribution Pipe

\ Gravel or Soil Matrix

Vegetated Submerged Bed (Subsurface Flow)

. CONSTRUCTE
WETLAND

» SETTLEMENT

TANK

Adjustable
Stand Pipe

Figure 1.2b. A SSFConstructed Wetland lllustrative Cross-section

(After: Kadlecand Knight, 1996)

1.5 Pocketor Mini -Wetlands

A particular form of compact (or
pocket) stormwater constructed
wetland which has beendevelopedin
the easternUnited Statesand which is
suitable for small sites of 0.5 - 5.0
hectares.Such pocket wetlands may
not havea reliable sourceof baseflow
and thus are subject to large
fluctuationsin waterlevel.

R&D TECHNICAL REPORTP2159/TR2

Welford Mini -Wetland, Leics

A pocketor mini-wetlandcanbe found on the outskirtsof the
S Leicestershirevillage of Welford wheresurfacewaterfrom
the A50 hasbeendrainedto supporta linear 0.25 ha marsh
site immediatelyadjacentto the highway and which helpsto
alleviate flooding on a dip in the carriageway.The
developmentvasentirely the resultof local communityeffort
with technical advice from the Groundwork Trust and
providesanaestheti@nvironmentafocusfor thevillage.




1.6 Modular or Treatment-Train Systems

The varioustypesof storagebasinall havesimilar basicdesignprinciples.They can
be usedin-seriesor as modular cells
within a single overall structure and | Wharrage Brook, Redditch, Worcs.

; I The EnvironmentAgency Midlands Regionhasconstructeca
can be ad_aptedo eitheron or off-line modulartreatmenttrain systemdownstreanmof the urbanised
configurations. The module | section on the Wharrage Brook near Redditch, Worcs. A

e G ; primary silt trap is followed by wet retentionfor flow and
sequencingis Impprtant In Or_der to quality balancinganda final SF reedbedor stabilisationand
ensurethat the primary function of treatment.Theretrofitt3eddesignprovidesar:]zaximumstorage

; ; ; capacity of 3500 m® and serves a 4kmr mixed urban
eachis sustalna_lbleo_neeffect!veform catchment. Extensive surrounding landscaping has also
of treatmenitrain might consistof an | providedvaluablewildife habitatsand amenity featuresfor
inlet sediment trap or forebay, | helocalurbancommuniy.
followed by a wet retention or dry
detentionbasinwhich is then dischargedo a full wetland system.lIslandsin open

waterzonesalsoprovideimportanthabitatandlandscapinglements.

Series (or treatmentrain) configurations can help to improve the treatment
performanceand can be particularly useful on steepsites, sites having severalsmall
separate"vacant” areas or in Webheath,Redditch, Worcs.

narrow, linear spaces a|0ng A 4 cell modularwetland systemprecededby a small sedimentation
. . basinhasbeenrecentlyretrofittedinto a 270 housingdevelopmensite
fle|dS, road edges or rnver at Webheath,Redditch. The linear reed bed cells (25m x 5m) have

corridors. They camlsobe used| been retrofitted inta narrowpreexissting degradedhannebon the site
as a basisfor retrofiting SDS | EPEINEE P S, 8 i o imoevousnecarlor e
components into  cramped

existingurbandevelopmentgsevidencedy the restorationscheman the floodplain
of the River Skernein Darlington. A linear seriesof small wetlandshavealsobeen
successfullyretrofitted into a ditch carrying the dischargedrom filter drainson the
southerrcarriageway®f the M25 justsouthof Junctionl5 nearHeathrowAirport.

1.7 How Wetlands Work

1.7.1 Introduction

A wetland systemconsistsof biotic (plant, algaeand associatedungi and bacteria)
and abiotic (surface and interstitial water, sediment and detrital material)
compartmentsEachof the compartmentganserveto differing degreesasa storage
location for pollutantsenteringthe wetland. The vascularplants transfernutrients,
gasandother materials(including pollutants)from one part of the plant to another.
The microbial compartmentis extremely complex and is probably the least
understoodalthoughit may be the mostimportantwetland component.The micro-

organismsarefoundin the watercolumn, attachetb living anddeadorganicmaterial
and within the detritus that builds up on the wetland substrateSome (facultative)
bacteriacangrow in eitheraerobicor anaerobicenvironmentsvhilst others(obligate
bacteria)are specificto eitheraerobicor anaerobiaconditions.Bacteriahavea direct
role in nutrient cycling and throughtheir oxygenconsumptioncan contributeto an

increasein wetland BOD levels. Certain organic and inorganic material can
accumulatein the wetland substrateand lead to predominantly oxygerdeficient
sedimentswhich generallytend to inhibit decompositionand oxidation reactions.
This meanghatassociateanetals,oils andnutrientscanbetied-up in the sedimenfor

longperiods.
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When pollutantsenterthe wetlandthey are actedupon by biological, chemicaland
physical processesvhich interactin a complexfashion. Figure 1.3 illustratesin a
simplified form the interactionswhich occurin a wetland systembetweenthe air-
watersedimenphasesiuring sequentiahitrogentransformations.Plantswill takeup
dissolvedinorganicnutrients(ammonianitrate, phosphatestc.) and incorporatethem
into their tissuewhilst bacteriaand fungi attack the organic material, utilising both
carboncompoundsndnutrients.  Thewetlandbiotadie andbecomedetritusin the

%

Ammonification
SN

After: Kadlec
andKnight,
1996

l Sediments |

Figure 1.3. Nitrogen Transformation in a Wetland System

basalsedimentor may be washeddownstream On an annualbasis,pollutantsmay
becomeburied in the sedimentstransformedfrom one form to another,lost to the

atmospherer washedout of the wetland systemeitherin the original or an altered
form.

1.7.2 Pollutant removal processes

In orderthat the designand operationalcharacteristicof wetlandtreatmentsystems
are satisfactorily specified, it is necessaryto have an understandingof the basic
pollution removalmechanismsPollutantsin urbansurfacerunoff can beremovedby

wetlandsasa resultof sedimentattachmentdegradationtransformatiorandtransfer.
They can also be transferredto the atmosphereor groundwateralthoughthe latter

pathway should be preventedby the use of an impermeablebase or liner. The

principal physical, chemical and biological removal mechanisms include

sedimentation,adsorption, precipitation and dissolution, filtration, bacterial and

biochemicalnteractionsyolatilisationandinfiltration. Furtherdetailsonthesespecific

processesre given in Appendix A. Due tothe complex interactions betweethe

physicalandbiochemicaprocessewhich occurin wetlandsystemsthese
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Table 1.1a. Wetland Pollutant RemovalMechanismsand their Major
Controlling Factors

Pollutant Removal
Mechanism

Pollutant

Major Controlling Factors

Sedimentation

Solids,BOD/COD,Bacteria/pathogens,
Heavymetals P, Syntheticorganics

Low turbulenceResidencéime; emergenplants

Adsorption

Heavymetals Dissolvednutrients,
Syntheticorganics

Iron andManganes®©xideparticleshigh organiccarbon;neutralto
alkalinepH

Biofiltration andmicrobial

BOD/COD,P,HydrocarbonsSynthetic

Filter media;,denseherbaceouplants;high plantsurfacearea;organic

decomposition organics carbongdissolvedoxygen;microbialpopulations

Plantuptakeand P,N, HeavymetalsHydrocarbons Largebiomasswith high plantactivity andsurfaceareaextensiveoot
metabolism system

Chemicaprecipitation Dissolvednutrientsheavymetals High alkalinity andpH

lon exchange Dissolvednutrients High soil cationexchangeapacitye.gclay

Oxidation COD, HydrocarbonsSyntheticorganics | Aerobicconditions

Photolysis As oxidation Goodlight conditions

Volatilisationandaerosol

formation

Volatile hydrocarbonsSynthetic
organics

High temperatureandwind speeds

bacteria

Naturaldie-off Bacteria/pathogens Plantexcretionof phytotoxins

Nitrification NHs-N DO >2 mg/l; Low toxicants;NeutralpH; Temperature> 5-7 degrees
C; relevantacteria

Denitrification NOz-N, NO-N Anaerobicity;Low toxicants;Temperaturel5degree<; relevant

Reduction Sulphatgresultansulphidecan Anaerobig(anoxic)zonein substratetelevantbacteria
precipitatemetalsulphides)
Infiltration Dissolvedspeciegnutrientsheavy Permeabldaseandunderlyingsoils
metalssyntheticorganics)
Table 1.1b. Relative Importance of Wetland Pollutant RemovalMechanisms
Pollutant Removal Pollutant Description
Mechanism Settleable | Colloidal | BOD | N P | Heavy | Organics| Bacteria,
solids solids metals pathogens
Physical
Sedimentation [ S | | | | | | Gravitationakettlingof solids(and
adsorbegollutants).
Filtration S S | | | Particulatdiltered mechanicallyaswater

passeshroughsubstratend/orootmass.
Adsorption S S S Inter-particleattractiveforces
Chemical

Precipitation P S Formationof co-precipitationwith
insolublecompounds.

Adsorption P P S | Adsorptionon substratendplant
surfaces.

Decomposition P P Decompositioror alterationof lessstable
compoundsy UV irradiation, oxidation,
reductionetc

Biological

Bacterial metabolisr P P P | P Removalbf colloidal solidsandsoluble
organicdy suspendebtlenthicandplant
supportedacteria.Bacterialnitrification
anddenitrification.

Plantmetabolisrfi S S | S S Metabolismof organicsandother
pollutantsby plants. Rootexcretiongmay
betoxic to certainmicro-organisms.

Plantuptake S S S S Significant quantitiesof thesepollutants
will betakenup by theroots.

Naturaldie-off P Naturaldecayof organismsn an
unfavourablenvironment

KEY:

P =Primaryeffect;

S = Secondargffect

I =Incrementakffect(aneffectoccurringincidentalto removalof anothepollutant)
2Thetermmetabolisnincludesbothbiosynthesisindcatabolicreactions
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removal mechanismsare not independentThe considerablevariation in wetland
characteristice.g hydrology, biota, substrategtc., meansthat the dominantremoval
mechanismsvill vary from onewetland toanotheraswell asbetweerdiffering storm
eventsaffecting the samewetland system. Theseinter- and intrawetland variations
help to explainwhy wetland pollutant removal efficienciescan vary with respectto
both temporal and spatial resolution. Tables1.1a and b summarisethe principal
mechanismghat capture,retain and transform various pollutant speciesfound in
urbanrunoff andthe controlling factorsthat promotethe variousremovalmechanisms
andwhichleadto improvedwaterquality.

As notedpreviously,the large majority of UK urbanwetlandsare free water surface
systemscontainingemergentmacrophytesn which the nearsurfacewater layer is
aerobic but with the deeperwater and substratebeing normally anaerobic. A
constructedwetland has beentraditionally thoughtto provide a combinedaerobie
anaerobienvironment.The anaerobizonesurroundshe root zoneand at the same
time providesa mini-aerobiczone surroundingthe root hairs formed by the oxygen
passeddown from the stemsand/orleavesof the aquaticvegetationand contributing
to the degradatiorof oxygenconsumingsubstanceandto nitrification. Ammoniais
alsooxidisedinto nitrate by nitrifying bacteriain aerobiczones(seeFigure 1.3) with
denitrification convertingnitrate to free nitrogen (or nitrous oxide) in the anaerobic
bottomlayersand substrateby denitrifying bacteria.Theseprocessesvill occurmost
rapidly during summerperiodswhen high temperaturestimulatemicrobial activity.
Solids,settleableorganicsandsolid-associategbollutantssuchasbacteriametalsand
oils are very effectively removedby the physicalfiltration offered by the vegetation
whichimposesaconsiderabléydraulicresistanceo theincomingflow.

Soluble metalsare typically transformedby microbial oxidation and precipitatedin
the wetland substratein the form of oxidesor sulphateswith solubleBOD removed
by bothattachedandsuspendedicrobialgrowthin theaerobicsurfacewaterlayers.

1.7.3 Hydraulic retentiontime and loading rates

Perhapghe mostimportantfactor influencing the treatmentmechanisnfunction is
hydraulicretentiontimei.e theaverage
time that stormwaterremainsin the | Hydraulic RetentionTime (HRT)
) ThenominalHRT (days)is thevolume(LWD) of freewater
wetland. Thiscanbeexpresseds in thewetlanddividedby thevolumetricinflow rate(Qu;
i m¥/day):

the ratio of the meanwe;landvolume SR R (6B
to -mean outflow (or inflow) rate | whereL andW are length and width (m); D is free water
althoughit mustbe notedthatif short depth (expresseds: porosity x water depth). Mean retention

. .- . time canalsobe determinedby undertakingan accurateracer
circuiting (or high summer | study.
evapotranspiration) occurs in the
wetland,thenthe effective retentiontime cansignificantly differ from the calculated
retention time. In addition, it incorrectly assumesthat the entire wetland water
volume is involved in the flow and that detentiontime responseto variation in
mrrluent : .ﬂOW. l_and W"Ttagt Porosity (Void Fraction)
Characteristics '_S ) Inear. _et a_'n S Porosity (expressedas a decimal fraction) = Total
should have a minimum retentiontime | Void Volume(m®) / Total WetlandVolume (m®)
of at least10 - 15 hoursfor the design In an SSFwetland, free water volume fractions are

. . typically 20-40% but canvary between75-95% for a
storm eventor alternativelyretain the | sgetiandsystem
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averageannualstormvolumefor a minimumof 5 - 10 hoursto achievea high level of

removal efficiency. When calculatingthe retentiontime for a SSFwetland system,
thevolumeof the bedmediamustalsobe considered.Theretentiontime of the bedis

calculatedfrom the porosity (or void fraction) of the substratewhich representshe
fraction of the wettedvolumethatis occupiedby free (drainable)water. The higher
the porosity, the greaterthe retentionvolume of water per unit volume of media.
However,excessiveporosity canlead to scourin the bed causingbreakdownof the

substrate.

The effectiveness of solids settling is : :
Hydraulic Loading Rate (HLR)

directly related to the particle | nir mid)is equal tothe inflow rai@s; md)dividedby
sedimentationtime and time is also a thewetlandsuﬁ60$reli(€§: T;)Z/A
crucial varlabledetermlnlngthe efﬂClenCy It doesnot imply that the inflow iss uniformly distributed

of the biochemicalprocessesChemically | overthewetlandsurface.

and biologically-mediatedprocessesoth
havecharacteristiaeactionratesthat mustbe satisfiedif optimumtreatments to be

achievedThushydraulicloadingrates waterdepthsanddurationof flooding become
importantcriteriafor the operationof wetlandsystemsandtheseneedto be considered
on a site-specificbasisin termsof designstorm,substrateandvegetationconditions.
It has beensuggestedhat a hydraulic loading rate of 0.2 m*m?day providesfor

maximumtreatmentefficiency whilst anotherstudy hasrecommendedjuidelinesof

up to 1m*’m?day (wetland surfacearea)and a void storagecapacityof 50nt and

100nT per impervious hectare respectivelyfor 5mm and 10mm effective runoff

volume. Theselatter hydraulicdesignparameterfiavebeensuccessfullyusedin the

modular wetland systemsdevelopedby the EnvironmentAgency for urban runoff

controlandtreatmentvithin the Lower Severrarea.

1.8 Wetland classification

Researchand field surveyshave identified a number of quite different pollutant
pathways, transformationsand interception processesin urban wetlands. These
processesoperate as an inter-active function of inflow conditions (hydrology,
hydraulicsetc.) and pollutantcharacteristicgsolids andtoxic concentrationsprganic
loadsetc.). Basedon a considerationof the controlling processesit is possibleto
theoreticallyidentify threefundamentatypesof constructedvetland(Tablel.2).

Type A is' essentially configured as a primary settling facility to maximise
sedimentatiomndwheresolidscaptureis the operationabbjective. Type A canbe of
single or two-stageform with the latter configurationintendedto utilise the sediment
adsorptivecapacityto lock-in anddegradenutrients.Type B is intendedto providea
secondarybiological treatment for surfacerunoff that may be low in solids but
carrying high levels of organicsand soluble pollutants.Type C providesa hybrid
tertiary form of treatmentfor low flow volumes that may be associatedwith
concentratedevels of micro-pollutantssuchas dissolvedmetalsor pesticides.With
the predominantly temperatdimatic conditionsandvariety of soil typesencountered
in the UK, most urban wetlandswill be of Type A and B1 and most frequently
comprisea combinedhybrid of thesetwo typesconstructedn anon-line mode.
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Table 1.2. A ProcessbasedClassification of Constructed Wetlands

in toxic micro-pollutants e.g dissolved
metalshydrocarbongpesticides.

Dominant TreatmentProcess adsorptionof
toxicantson cellulosebiomass

TYPE | DESCRIPTION SUB-TYPE SUB-TYPE DESCRIPTION
A Regime: High storm event discharge and Single stage High coarse solids
elevatedsuspendedolidslevels Al deposition; moderate and dispersed
Dominant Treatment Process: Physical organic deposition. Direct use of
sedimentation with adsorbed nutrients sedimented organic carbon for de-
(togetherwith bacteriaand oil/hydrocarbons) nitrification
beingremovedwith thesolids. Twostage High coarse solids
A2 deposition; moderate to highly
concentratedrganicloading; requires
larger surface area. Macrophytes
provide labile carbon for de
nitrification
B Regime Baseflow or attenuateddischarge,
low to moderatesolids input; high dissolved Bl Simpleorganicforms
and colloidal forms of nutrientsand organic
materials. - -
Dominant Treatment Process adsorption Complexfl_ne organic fafms, eigfrom
and biological uptake by macrophyte and B2 swgmpdramagegrogndwaterseepage
sedimenbiofilms etc; longer contact times neededfor
biofilm removal.
C Regime Baseflow or attenuatedflows high High macrophyte biomassssubstrate

for adsorptiorof micro-toxicants
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2. WETLAND DESIGN
2.1 Introduction

Factorsthat will determinethe selectionof the most appropriatedesign criteria
include:

local climate,topographyandgeology;
traffic loadings(presentandfuture);
roaddrainagearea;

landavailability;

cost;

size/extent and typef receiving watebody;

water quality classificationand objective (including water
uses);and

environmentatnhancementalue.

A constructedwetland systemto treat highway runoff shouldideally include the
following structures:

oil separatoandsilt trap;

spillagecontainment;
settlemenpondandassociate@ontrol structures;
constructedvetlandandassociatedontrolstructures;
final settlementank;

outfall into receivingwatercourseand

access.

The successfubesignof constructedvetlandsfor urbansurfacerunoff management
requiresthe adoption of an integratedmulti-disciplinary approachas performance
criteria are difficult to set given the inherentrandomfluctuationsin dischargeand
pollution loadingswhich characterisestormwaterrunoff. This temporaland spatial
variability makesit difficult to define retentiontime and hydraulic loading andthus
general design rules for urban stormwater wetlands have been developedfrom
empirical performancedata andusing"singlenumber“techniquesuchasdrainage
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arearatio. Thus no UK urban stormwaterconstructedwetlandsare alike in every
designrespectafeaturereadilyconfirmedfrom siteinspections.

Figure2.lillustratesa generalintegrateddesignapproactshowingthe majorlinkages
andinteractiondetweerthevariouswetlanddesignelements.Consideratiorof water
quality issuesat the preliminary planning stage can help to mitigate or prevent
stormwater managemeptoblemsin urbancatchmentsnd reduce thenagnitudeand
difficulty of surface water treatment. Hydrological effectiveness reflects the

competing (and sometimes , : : : :

.. Hydrological effectiveness describes the interaction between
Conf"c_:t'ng) _ factors_ of runoff capture hydraulicretentiontime andwetlandvolume.
retention  time, inflow | Hydraulic efficiency describesthe extent to which plug flow
characteristics and storage conditions areachieved andhe proportion of wetland volume

. utilised during the passageof stormflow through the wetland
volume and definesthe long | gysiem. 9 e passag g

term percentagef catchment| Treatment efficiency defines the extent to which surface water
runoff which enters the | runoffpollutantsareremovedwithin thewetland

wetland basin. Hydraulic
efficiencyis stronglyinfluencedby basinshapeand depth;hydraulic structuressuch
as inlets, outlets and berms; and by the type, extent and distribution of wetland
vegetation.Wetland plants are adaptedto specific wetting'and drying cycleswhich
also significantly influence the organic contentand nutrient cycling in the basal
sedimentsA major factor in determiningwetland hydro-cycling (and the overall
treatmentfficiency)is theinteractionbetweercatchmenhydrology,basin bathymetry
andthehydraulicbehaviour(andlocation)of theoutletstructure.

2.2  DesignCriteria
2.2.1 Return period and retention time

The treatmentperformanceof a constructedvetlandresultsfrom the combinedeffect
of the hydrological effectivenessdthe treatmentefficiency. If designcriteria were
to be adoptedfor the treatmentof maximumexpectedpeak flows and/orloads,the
wetlandsystemwould needto be extremelylargeandoverengineeredr the outflow
water quality standardsconsiderablyrelaxed. The designcriteria also needto make
referenceo existingor future waterquality objectives(WQOs)andtakeinto account
the expectedilution capacitief the receivingwater.Normally, performancecriteria
will be basedupon a selecteddesignstorm (1, 2 é . . y&a®s)to be retained (2,
4 é é . Bodirs)andtreatedby the wetlandanda specifiedcritical flow quality level
(e.g 5% flow rate, Qs; 10% flow rate, Qi0e € Qso) in the receiving water to be
protected.The worst pollution potentialis likely to occurduring summerwith runoff
from a short duration intensestorm event following a dry period. In this case,a
maximum pollution load will be mobilised, the highest inflow rates will be
experiencedand flows in the receiving watercoursewill be at a minimum. The
selectionof the designstorm return period and hydraulic retentiontime (HRT; see
Section1.7.3) determineghe maximumflow intendedfor treatmentin the wetland.
Flowsin excesof this designmaximumshouldbe diverted(or by-passedyirectly to
the receiving water following a preliminary treatmentif possible(e.g oil and grit
separation)otherwisesuchhigh flows arelikely to disturbandmobilisethe
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Urban land use; Local climate, topography,geologyand
Planning procedures contributing drainage area
Pollution loadsand Catchment hydrology
characteristics

SurfaceWater Drainage
System

v

Wetland retention time

Figure 2.1 Linkagesand Interactions betweenWetland DesignElements

contaminatedsubstrateas well as damagingthe macrophytevegetation.This is
subjectto any overall flow restrictionsto the watercourse.e. taking storageinto
account.The mostimportantcriterion for the designof a constructedvetlandis the
selectionof the designstormwhich in turn determineghe wetlandsize and volume.
The objectiveof the selectionprocesss to determinethe critical stormeventwhich
will causethe greatespollution threat,with this stormeventbeingdescribedn terms
of its duration,intensity and frequencyof occurrenceln this analysis,it is assumed
that the selection processwill be basedupon single rather than multiple event
occurrencesConstructedvetlandscanbedesignedo:
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i retain short duration storms (e.g less than the 1:1 annual storm event) for the
maximumretentiontime, ensuringthat the high flows can be accommodatedtby
the constructedwetland without overlandflow in the caseof SSF systemsor
shortcircuiting in the caseof SF systems.For example,a wetlandbasinsizedto
capture90% of the averageannualrunoff with a 24 hour drawdownwould be
likely to overflow between3 to 8 times per year. This would suggestthat a
feasibledesignstormfor waterquality control purposesnight bein the orderof a
two to four monthstormevent.

1 retainlongerdurationstormsensuring thathe initial first flush volume (equivalent
to 10 - 15 mm effective rainfall runoff) containingthe heaviestpollution loads
receivesadequatdreatment.lt is importantthat the constructedvetlandis large
enoughto capturethe first flush of the largerstormeventsto achievesuchpartial
treatmentandto delayoutflow dischargego the watercourseuntil naturaldilution
flows haverisen.

Wherethe availability of land andfinanceis not problematicthe constructedvetland

should be designedto treat stormswith a return period of 10 years,althoughthe

designof attenuationcould be up to the 100 year return period. If a compromiseis
necessaryequiring a designbasedon a shorterreturn period, the systemshouldbe
capableof treatingthe pollutedfirst flush of any storm event.Retentiontime is an
extremely important factor in the treatment performance of treatment by
constructedvetlandsand evena minimum retentiontime of only 30 minuteswill
help to remove the coarse sediment fractions. Considerationsaffecting the
retentiontime include the aspectratio (width : length), the vegetation,substrate
porosity and hencehydraulic conductivity, depth of water, and the slope of the
bed. Water level and flow control structures,for exampleflumes and weirs are
also requiredto keepthe hydraulic regimewithin desiredparametersAn "ideal”
retentiontime is dependenon thepollutantremovalprocessesperatingn the wetland
system. Solids sedimentatiorcan be achievedrelatively quickly anda 3 - 5 hour
retentionwill removea substantiaproportionof the coarsesolids. However,in order
to achieve removal of degradableorganics, bacteria and other toxic species
associateavith thefiner solidsfractions,muchlongerretentionperiodsof at least24
hourswill be required(Halcrow & Middlesex University, 1998). When calculating
the retentiontime in a SSFconstructedvetlandsystem the volume of the bed media
mustalsobetakeninto accounf{seeSectionl.7.3).

2.2.2 Wetland sizing

Empirical Approaches

The principal problem of wetland designfor the treatmentof urban and highway
runoff is that of optimum sizing given the episodicand randomnatureof discharge
occurrenceandthe possibility of a rapid successiomf inflow events. Sizingis crucial

in controllingboththe hydraulicloadingandretentiontimesneededo give maximum
contactand biofiltration/uptakeopportunities.The pollutantremovalefficiency of an

urban stormwaterwetland will be directly affected by the frequency,spacingand

duration of storm events,all of which are extremelydifficult to pre-define. This

explainswhy empiricalapproacheso the sizing of urbanwetlandshavebeenwidely

adopted.The utility and appealof suchapproachedies in their ability to provide a

rapidandrobustinitial screeningnethodologyfor potentialwetlandalternativesat the

early designstagesbut considerablecautionmust be exercisedn extendingthemto

final design(Kadlec,2000).
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Onesuchapproachs to considerthe relativepercentag®f the contributingcatchment
areaor connectedmperviousareaand typically figures of betweenl1% to 5% have
been suggested(Ellis, 1999) for this wetland/watershedarea ratio (WWAR).
Assuminga 2% - 3% WWAR value, for a 10 hectaredevelopmentsite and with
retentiontimesequalto 4 - 6 timesthe meanstormrunoff volume:

Surfacearea= 100,000m x 2/100 = 2000nf

Retentiorvolume = 10hax 100n#/ha = 1000n7

Averagewetlanddepth = 1000(m% / 2000(m?) = 0.5m

(seeSectionl.7.3and/orFig 2.2)

Suchsizing criteria would pose considerabldandtake difficulties and in any case
doesnotaccounffor anyperformanceonsiderations.

Nevertheless,Kadlec and Knight [ \etand Sizingand HLR
(1996) have shown that such an

; ; ; As an illustrative example,given an averageannualrainfall of
approachjerlvgshyd rau “(.: loadi ng 625mmandarunoff coefficient(Rc) of 65%:
rates(H LR) which areequwalento averagennualdaily rainfall rate= 625/365=1.71mm/d

; andtotal runoff=1.71x 0.65=1.11mm/d (= Qav)

the rangeof HLR V&|U€SQUOtEd|n For a 4% contributing WWAR ratio (As = 1/25), the average
thenationalUS databaséNADB) annuaWetlandhydraulicloadingrate(HLR = Q/A) will be:

; 1.11x 25=27.75mm/d
For pol ntsource SF treatment and sizing of the wetland basincan be basedon this expected

wetlands. loading value. This calculationyields a high final HLR value
butis basedn ahigh RcvalueandWWAR ratio.

Where the wetland systemis intendedonly to provide a sedimentatiorfacility in
termsof solidsandsolid-associategbollutantremoval,the systemcanbe designedo
retaina volumeequalto the catchmentesigntreatmentvolumederivedfrom Figure
2.2 . However, where it is expectedthat the wetland will provide a secondary
biological treatmentto remove organics and other biodegradablepollutants or
nutrients,the minimum permanenpool volume shouldbe increasedo 2 to 3 times
the volumes noted in Figure 2.2 to allow for the increasedamount of aquatic
vegetation.

Inspectionof Figure2.2 mightindicatethatthe mostcosteffectivestormwaterstorage
volumesfor waterquality treatmentouldlie betweerb0- 75 m*hafor mostresidential
and commercial/industriatatchmentsn the SE Englandregion. A wetlandsizedto

capturesuchvolumeswill alsoretainthe first-flush of larger storms. Oversizingthe
wetlandbasinwill only resultin themorefrequent event&vhich carry mostof thetotal

annualpollution load), receiving lesstreatmentand thus providing a pooreroverall

removalefficiency.
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Figure 2.2 Wetland Treatment StorageVolumes

In addition to the designstorm and retentiontime, the following criteria are also
recommendedor horizontal subsurface flowvetlands:

Aspectratio (Width: Length) : 14
Slopeof WetlandBed . 0.5-1%
Minimum substratdbeddepth  : -0.6m

Hydraulicconductivityof
substrate ; 10° m/sto 102 m/s

Oncethe designstorm and retentiontime choice hasbeenmade,the size of the
conceptual constructed wetland can be calculated usingD a r cLaw andthe
abovecriteriaas: = Averagedaily flow rate(Qd; m%s) = Ac. kn (UH/ux)
whereAc is the crosssectionalareaof the bed, kn is the hydraulic conductivity of
the SUbStratqm/_S) and(_l-lH/UX) isthe | pydraulic Conductivity (k)
slopeor hydraulicgradientof the bed oot " A -
~ : Is the coefficientof permeabilityrepresentinghe rateat whic
(m_/m)' Dar cLytvmassumeé_ammar water moves through the porous media and can be
uniform and constant flow in the determinedlirectly fromfield testsor estimated foclean, ur
: rootedmediaas: kn = 12,600Dp"?
mediabed and (_:Iean water. In a SF whereDp is the diameterof the substratemedia. 8 - 12mm
wetland,flow will be channelledand | gravels typicallyhave ek valueof 270m/d with silts (0.005-
. . . . 0.05mm)havingavalueabout0.08mm/d.
ShOI‘t—CII‘CU.Ited ‘_f’md the mediawill be Siltation and algal/biomassaccumulationwill reducethe kn
coveredwith biological growths and | valueespeciallycloseto thewetlandinlet by some10%or so.
therefore the equation
only has limited usefulnessin such wetland design. NeverthelessD a r clbaw s
doesprovide a reasonableapproximationof flow conditionsin SSF constructed
wetlandbedsif moderatesizedgravel(eglOmmpeagravel)is usedfor the support
medium. Figure 2.3 provides a schematicsection through a SSF constructed

wetlandillustrating someof thesedesigncriteria.
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2.2.3 Optimal hydraulic loading

During storm events, high rates of stormwater runoff may discharge onto
constructedvetlands butoptimalhydraulicloadingrates(HLR; see Section1.7.3)
should not exceed1m®m?d in order to achievea satisfactorytreatment.lt has
been suggestedthat an arbitrary HLR breakline appearsto be about 2.7 ha
catchmentarea/1000m® storagevolume/day,with wetlandshaving a large area
per flow unit (a lower loadingrate) beingnormally SF systemsand smallerareas
(with higherloadings)associatedavith SSFsystems.

2.2.4 Flow velocity

Flow velocity should not exceed0.3 to 0.5m/s at the inlet zone if effective
sedimentatioris to be achieved.At velocitiesgreaterthan 0.7m/s, high flow may
damagethe plantsphysically and causea declinein systemefficiency. Appendix
A shows how expected maximum inflow velocity can be determined from
consideratiorof designpeakflow rate (Qpkmay andwetlandarea(A).

2.2.5 Inlet

The inlet pipe should be constructedin sucha way that influent flow is evenly
distributedacrossthe width of the bed. This may be achievedusing slottedinlet
pipes or a notchedgutter (slots should be large enoughto preventclogging by
algae).The distribution systemmustbe designedio allow maintenancen caseof
blockage. Riser pipe distributors have been adopted on many wastewater
treatmentsystems(Cooperet al., 1996). A level spreaderdevice (serratedweir
plate, hard aprons etc.,) can give uniform gravity-fed distribution systems
especiallyif they spreadthe influent flow acrossa fully-maintainedgrassedilter
strip prior to entryinto thewetlandcell.

Sometype of stilling structureunderthe inlet, usually a 1m wide stonetrench
(rip-rap or gabion zone), is necessaryto either dissipatehigh water flows, or

containtheinlet distributorpipe.Rip-rap and gabions are blanket$ stonesplaced
to protecterosionzones.Thestonedor rip-raparelaid directly onthebed, whereas
theyarepackedin cagedfor gabions.

2.2.6 Substrateslope

Thelongitudinal slopeof the substratebed parallelto the flow path,shouldnot be
lessthan1%. The surfaceof the substrateshouldbelevel (seeFigure2.3).

2.2.7 Outlet

Thelevel at which the outletis setis determinedoy the lowestwaterlevel requiredin
the constructedvetland.Until furtherinformationis available,it is consideredhatthe
lowestlevel in the wetlandshouldbe 300mmbelow the substratesurfacedependent
on plant type (see Section2.4). An additional sourceof water may be neededto
supplythereedbedsluringdry periods.
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Ideally the outlet structureshould incorporatecontrol measuresvhich allows the
water level in the bedto be varied; a flexible plastic pipe linked to a chainis an
appropriatelow cost option (Cooper et al.,, 1996). The control should at least
incorporatea measureto allow periodic raising of water level for weed control
and bed oxidation. A recent2001 HR Wallingford R&D project fiGuide for the
Drainage of Development Site® Report SR574 on surface water runoff
managementommissionedby the DETR, has indicated that temporarystorage
may not be particularly effective in providing sufficient downstream flood
protectionfor extremeevents.Onestrongrecommendatiors for permanentstorage
with long releasetimes, and this requirementcan be satisfiedby wetland basins
fitted with adjustableoutlet controls to maintain outflow rates and volumes
compatiblewith asustainableeceivingwaterregime.

At the outlet zoneit is recommendedhat an additionalrip-rap (or gabion) zone
beinsertedto preventweedgrowth andresuspensionf reedbedsubstrategFigure
2.3). Outlet structuresare particularly proneto debrisaccumulationanda gabion
zone (or debris screen/fencewill help to alleviate this problem. If high flood
conditionsat the site are anticipated,there should be appropriateprovision such
as emergencyoverflow spillways or by-passes,to facilitate throughflow and
preventdisturbanceandflushingof the wetlandsubstrates.

2.2.8 Aspectratio

An aspectratio (length: width) of 4.1 for SSFwetlandsand 10:1 or higherfor SF
wetlands has been recommendedfor domestic wastewatertreatmentwetlands.
However,the IWA (2000) technicalreport considersthat any aspectratio with a
goodinlet distribution canbe applied,aspreviousassumptionghat wetlandswith
high aspectratios would function more efficiently andbe closerto plug flow have
not been confirmed from tracer studies. Problems of shortcircuiting can be
minimised by careful construction, intermediate openwater zones for flow
distribution anduseof bafflesandislands.

2.2.9 Aeration

A grid of slotted plastic pipes (say diameter of 100mm) should be installed
vertically in the substrate(100mm protruding abovethe surface,and penetrating
the full depthof the substrate)at 5m centres,to serveas static ventilation tubes
andaid aerationof theroot zone.

2.2.10 Bird deterrent

Plastic poles should be erectedto supportlines of bunting to discouragebirds
from feeding on young plants. The height of the bunting should be about1.5m
abovethe substratesurface.

2.2.11 Non-metallic items

Non-metallic items shouldbe incorporatednto the constructionof the wetlandso
that metalsin the wetlandonly comefrom stormwaterrunoff. Thereforegabions
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should be encasedwith geotextilesand the poles supportingbunting should be
plastic.

2.3 Substrate Structure

Horizontal surfaceflow (SF) wetlandsutilise a natural soil substrateto provide
organicsand nutrientsto maintain plant growth, whereassubsurfaceflow (SSF)
wetland substratesshould primarily provide a good hydraulic conductivity.
Nutrient supply can be supplementedo the subsurfaceflow if required. The
following sectionsprimarily addresghe subsurfacstructureof SSFwetlands.

A combinationof organicand clay basedsoils, sand,gravelsand stonesare used
in SSF constructedwetlandsto provide supportfor plants, reactive surfacesfor
complexingof ions and other compoundsand attachmentsurfacesfor microbes
which directly or indirectly utilise pollutants.The type of substratausedwill have
an effect on the hydraulic conductivity and efficiency of the constructedwetland
andmustallow for asufficiently high hydraulic conductivity to enablewastewater
to flow at a sufficientrate fortreatmentwithout backing up and causingoverland
flow.

Although wetland plantswill grow optimally in deeprich soils which allow for
extensiveroot and rhizome penetration,gravelsare also neededto increasetotal
hydraulic conductivity, provide a matrix for supportingplant roots and act as a
silt trap during storm events.Nutrientpoor substratesshould not be rejectedas
slow-releasefertiliser pellets can be added.Studieshave suggestedhat substrate
typeis irrelevantto plant growthoncethe plantshavebecomeestablished.

Nutrientpoor peatbasedorganicsoils are bestavoideddue to their acidic nature
and lack of supportfor emergentmacrophytesand hencethe needfor additional
anchoringdevices.Nutrientpoor clays and gravelson the other hand may be too
compactfor root penetrationor be impermeableto water requiredby roots. Clay
soils may be more effective in adsorbingcertain pollutants owing to their high
cation exchangecapacity,but shouldbe usedwith caresincechangesn pH have
beenshownto releaseadsorbedpollutants. The texture of sandysoils allows for
costeffectiveplantingby hand.Sandsandgravelswith low capillarity may require
irrigation if drying out of roots is to be avoided during times of low influent
discharge.

Gravel providesthe mostsuitablesubstratefor SSFconstructedvetlandemergent
plants, supporting adequate root growth, high conductivity and superior
permeability. Ideally, prior to use,all componentsf a substratemixture should
beanalysedor hydraulicconductivity,bufferingcapacity pH, plant nutrient levels
and microbial activity. Hydraulic conductivity is one of the most important
determinantdn pollutant removal efficiency, and is especiallyimportantin SSF
constructedwetland systemswhere purification processesre largely confinedto

the rootzone.

A sufficientrooting depthis alsorequiredto preventphysicaldamageof plantsby

high velocity stormflowsandfreezing.A 0.6mdepthof washedpea gravel (10mm
sized gravel) is appropriateand is similar to the 0.6m depth of root

R&D TECHNICAL REPORTP2159/TR2 24



penetrationpossessedy the deeprooting Phragmites Coarseorganic top soil

may be mixed with the gravel in a maximum ratio of 1:4 to provide a nutrient
source and to enhancemetal removal during the plant establishmentphase.
However, its addition will reducethe hydraulic conductivity of the substrate.
Waterdepthand substratedepthare the mostimportantdeterminantf retention
time in SF systemsand SSFsystemsrespectively.Factorsdeterminingthe depth
of substratefor a SSFsysteminclude costof substratedepthof root penetration,
retentiontime and climate. Substratetemperaturesn excessof 3-5°C must be

maintained in order for sulphatereduction processesto proceed. In colder
climatessubstratalepthmay beincreasedo maintainadequateéemperatures.

Naturalclay, bentonite, geotextiler plastic(highor low duty polyethylene)liners
may be used as reedbedbases,in instanceswhere prevention of leakageto
groundwaterss imperative An impermeabldiner is also necessaryto retain water
in the wetland during dry periods.A requireddepthof at least0.6m is required
to contain the penetrationof plant roots and rhizomes (Typha latifolia: 0.3m;
Phragmites:0.6m), and preventleakageof pollutantsto groundwater.The top
surfaceof the substratanustbe level. This allows flooding of the reedbedo occur
for control of weedgrowthwhenthereedsarebeingestablished.

2.4 Planting Considerations

Constructedvetlandshavetraditionally utilised plant speciescommonlyoccurringin
waterbodiesandwatercoursesyhich wereknown to thrive in nutrientrich situations
and were generally pollutant tolerant. The main plant speciesutilised in sewage
wastewatetreatmenthasbeenthe commonreed(Phragmitesaustralig, which led to
the systemsbeing known as reedbedfreatmentsystems.ReedmacegTypha latifolia
and Typha angustifolig has been increasingly used, both in sewagederived
wastewatetreatmentandparticularlyin thetreatmentof surfacerunoff andindustrial
effluents.Otherplant specieshaveplayeda lesserrole in wastewatetreatmentsuch
asflag iris (Iris pseudacorus bulrush(Schoenoplectuspp.)andsedgegCarexspp.).

It is recommendethatvegetatiorfor stormwatemetlandtreatmensystemshould
beselectedisingthefollowing criteria:
arapidandrelativelyconstangrowthrate

high biomassrootdensityanddepth

easeof propagation

capacityto absorbor transformpollutants

toleranceof eutrophicconditions

easeof harvestingandpotentialof usingharvestednaterial
growthform (visualappearance)

ecologicalalue

localretail (or nursery)availability

> =2 =244

list of the most commonly utilised emergent/sermaquaticand true aquaticplant
species is givenin Table 2.1.It is recommendedhata horizontalSF or SSF
constructedvetlandis plantedwith oneor bothof two mainspecies. Reedmace
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Table 2.1 Plant SpeciesCommonly Usedin Constructed Wetlands

Scientific Name

Vernacular Name

EmergentSpecies
Acoruscalamus
Butomusimbellatus
Carexspp.

Iris pseudacorus
Juncusspp.
Phalarisarundinacea
Phragmitesustralis

Sweetflag
Floweringrush
Sedgespecies
Yellow iris
Rushspecies
Reedcanarygrass
Commorreed

Myriophyllumspp.
Ranunculufiammula.

Sagittariusspp. Arrowheadspecies
Schoenoplectuspp. Clubrushspecies
Typhalatifolia Commorreedmace
Agquatic Species

Lemnaspp Duckweedspecies

Watermilfoil species
Lesseispearwort

(Typhalatifolia) is shallow rootingandrequiresthe watelevel to be maintainedat or

up to 200mmabovethe surfaceof the substrateand alsocommonreed(Phragmites
australig which is moretolerantof variationin the waterlevel; anda fringe of other
plants such as Iris, to softenthe wetland appearancerlhe suitability of Typha for

treatingmetatcontaminatedvatersis well known, but a recentstudy of Phragmites
hasshownthat it accumulateginc in its aerial sectionsmore efficiently than Typha
(Batemaret al., in pres3. The useof arangeof emergentaindfloating aquaticplants
is recommendedo enhancethe ecologicaland visual interestand should be drawn
from Table2.1.

In constructedwetlandsthe requiredvegetationcan, in theory, be establishedrom

either direct seedinginto the growing media,seedlingplanting, root cuttings,leaf or

shoot cuttings or whole plant translocation. However,experience fronexisting
systemsrevealsthat rhizome cuttings of Phragmitesand Typhain particular have
beenmost successfulalong with ‘pot grown seedlings.Plantscan be obtainedfrom

existingwetlandswith prior authorisatioror from retailers. A retailerwith experience
of constructedvetlandplantingis recommendeds pollution tolerantgenotypesanda

planting service may be available.Information on planting can be obtainedfrom

Merritt (1994) and Cooperet al., (1996). A summaryof the main methodsusedto

establishcommonreed is given in Table 2.2. Less information is available on

establishingother speciesof emergenplants,but it is consideredikely that most of

the techniguesdeveloped for establishingreeds would be applicable to other
rhizomatouspeciegMerritt, 1994).

Attention needsto be paid to water levels throughoutthe first growing seasonas
youngplantscanbe killed off by evenshallowflooding. Nutrientsmay be a limiting
factor of initial plant growth in urbanand highway runoff treatmentwetlandsand a
supplementargourceof nutrientsfrom slow releasepellets may be required. Long
term maintenanceof water levels is also importantto preventstresson the plants,
especiallyTypha At siteswhich attractlarge numbersof waterfowl, netting should
be usedto protectthe youngestshootsfrom grazing. Older reedsrequireat leastthe
top onethird to be protruding above the water level (Merritt, 1994). Annual
inspectionsof both the pre-settlementpond and the final settlementtank should be
madeto determinaf sedimentemovalis required. If significantgrowthsof algaeare
present,they should be removedand cylindrical balesof barley straw wrappedin
hessiarshouldbeintroducedo preventfurtheralgalgrowths.
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Table 2.2 Summary of the Main Methods Usedto Establishthe Common Reed

(Phragmitesaustralis). (After Merritt, 1994)

Reed Optimal Advantages Disadvantages Notes
Source Timing
Seeds April-May | Easytohandle 1) Low seedviability Spreadseed(20 - 125/nt) onbare

2) Veryprecisewater wetsoil. 5 - 6 weeksafter
levelsrequired germinationflood to depthof

3) Fewcommercial 20mm,thengraduallyraisewater
sources asplantsdevelop to kill off

terrestriaplants.

Potgrown April-May | Easytohandle 1) High capitaloutlay Plantsin wetsoil (4 plants/nf) can

plants (after 2) Intolerantof flooding producdairly densegrowth

frosts) 3) Fewcommercial within first year. Graduallyraise
sources waterlevelsasplantsdevelop.

Stemcuttings | May-June | 1) Easyto collect 1) Potentiadisturbancéo | Take600mmapicalcuttingsfrom
from managed sourcaeedbed growingplants. Plantin shallow
reedbed 2) Requiregapidtransfer | water. 10- 15stems/micangivea

2) Easytohandle from donorsite goodlevel of coverwithin first
year.

Matureplants | Notknown | 1) Tolerantof Requireheavymachinery Ensurerootsareremovedcleanly
fluctuatingwater for diggingup andplanting andplantedto anappropriate
levels depth.

2) Timingmore
flexible

Rhizome Feb-April Canbeundertaken 1) Reasonableritical Cuttingsshouldincludel or 2

cuttings outsidebird nesting waterlevel control nodes.Plantin c. 40mmof damp

season 2) Difficult to collect soil with partof rhizomeexposed.
Floodgraduallyaftershoots
emerge.

Soil Feb-April 1) Canbeundertaken | 1) Mayrequireextra Spreadhtleast0.25mdepthof

containing outsidebird nesting excavationo rhizomecontainingsoil acrosghe

rhizomes season accommodatadded requiredarea. keepmoist,butnot
2)  Soilmayintroduce soil floodeduntil shootsemerge.Then
associated 2)  Movingandplanting graduallyraisewaterlevels.
invertebrate requireheavy
community machinery
3) Collectionisquick | 3)  Bulk resultsin high
anddoesnot transportosts
requireany 4)  Soil mayintroduce
specialist unwanteglants
knowledge 5)  Viability uncertain;

only somerhizomes
will becorrectly
aligned

2.5 Pre and PostTreatment Structures

2.5.10il separator, silt trap/infiltration trench and spillage containment

Traditional pollution control measuredor urbanand highway stormwaterrunoff

in the UK haveincludedgrit andoil separatorgor the reductionof sedimentsand

hydrocarbons.They are, however, inefficient in removing the majority of the

pollution load and the finer and more mobile sedimentsand solid-associated
pollutantsincluding oil (which clog somedesignsof constructedvetlandtreating
road runoff). Integratedpollution control systemsincluding a combinationof oil
separators,silt traps/infiltration trenches, spillage containment facilities and
wetlandforebaysor lagoons,locatedprior to the constructedwetland cell(s), can
providefor pre-treatmentof raw stormwaterrunoff andhelp to preventsiltationin
wetlandinlet zones(Figure2.4).

Oil and phytotoxic chemicalgn urbanandhighway runoff can seriouslyaffect
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the treatmentefficienciesof constructedvetlandsandthe viability or performance
of the plants. As constructedwetlandsrequire 1-3 yearsto mature and become
capableof efficient wastewateitreatment,bypassoil separatorssilt trapsand/or
infiltration trenchesand spillage containmentfacilities mustbe installed prior to

the dischargeof runoff into the constructedwvetland. All thesestructuresmustbe

tamperproof and easily accessedThe spillage containmentfacility should have
a minimum volume of 25 m>. Whilst the provision of a front-end, pretreatment
sedimentationtrap or lagoon may be an efficient engineeringstructureto take

out litter, coarsegrit and other solid-associatedpollutantssuchas oil, suchdrop

structuresrepresenta trap for small amphibians,reptilesandotherwildlife which

may be funnelledthroughthe sump during rainfall events.

Where SuDSretrofitting is being consideredo a conventionalkerb-guttergulley
system,it might be feasibleto considerthe useof a hydrodynamicseparatomwith

theflow-throughsupernataneffluentpassingonto alined stoneinfiltration trench
or distributedover a grassfilter strip and/orswalebeforedischargingto a wetland
systemfor final treatment.This form of pre-treatmenthasbeenadoptedon part
of the A5 Shrewsbury Bypass where road surface runoff passes from

conventionalfin drainsto a separatorswaleand wetlandtreatmenitrain system..
The basalcontaminatedsedimentsin the separatorare dischargeddirectly to the
foul system.

Where land availability is not limited (ie. rural and semtrural areas),forebays
with additional oil boomson the water surface,have beenadvocatedo serveas
secondarysedimentatiorchambergo reducethe initial flush of pollutantsinto the
main wetland CIRIA, 1993).Suchforebayscanbereadilyconstructedby inserting
a submergedlamof crushedrock supportedby rock gabionsacrossthe inlet zone
or by constructinga diversion weir in the inflow channelto direct first- flush
volumesto an off-line settlemenpond. Theincorporationof pre-settlementponds
if spaces notlimited is alsorecommended.

2.5.2 Pre-settlementpond

A review of a numberof studiesin the US and Europe,suggestedhat maximum
pollutantremovalcanbe achievedin a pre-settlemenfpondwhich is equivalentto
somel0 - 15% of the total wetlandcell volume. The EA Midlands Regionurban
constructedwetlands utilise a stilling pond and sedimentationtrap of 10 m*
capacityto captureinfluent stormwaterdebris/litter,grit and oiled sediment.This
front-end basin can also serveas a backup spillage containmentfacility (Figure
2.4).

2.5.3Final settlementtank

If sufficient land is available,a final settlementtank (concretestructure)with a
minimum capacity of 50 m® extendingacrossthe width of the wetland can be
installed (Figure 2.4). The tank will help preventfine sedimentfrom the wetland
being transferredinto the receivingwater body. The final settlementtank is an
idealisedpart of the overall systemand only needsto be includedin the overall
designwheregreatesprotectionto sensitivereceivingwatersis required.Regular
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maintenances recommendedo preventcollected sedimentsbeing resuspended
during high flows. The rate of sedimentdepositionwill vary with eachcatchment
so the frequencyof sedimentremoval cannotbe predicted. Annual inspections
shouldbe madeto determinegf sedimentremovalis required.

2.6Wetland Retrofitting
2.6.1 Basicprinciples

Retrofitting meansthe installation of a treatmentsysteminto a structure that
alreadyexists.The physicalattenuationof stormrunoff from urbandevelopments
and highwayshas beenpractisedfor many yearsand there are many such flood
balancingfacilities, for example,adjacentto highwaysand downstreamof urban
areasthroughoutthe UK. Although thesetraditional facilities generallydo not
include vegetativesystems somehave beennaturally colonisedby aquaticplants
including reeds(see Section1.3). To provide a quality treatment,in addition to
their existing flood attenuationcapabilities, it may be possibleto retrofit a
constructedwetlandinto thesestructures.Suchretrofitting canbedone into either
an existing wet detention(with permanentpool) or dry retention storagebasin
althoughin both casesprior considerationmust be given to the potential lossof
storagevolume due to the introduction of the aquaticvegetationand substrate.
Neverthelesgetrofitting detentiorbasingo meetmorethanone dischargecriterion
canprovide beneficialwater quality and habitatoutcomeswithout compromising
the primedrainageandflood protectionrequirements.

Given apparentthangesin climate in the UK, with the increasedrisk of more
frequent summer storms and prolonged periods of winter rainfall, it is now

generally accepted that the introduction of SuDS structures into existing
developments likely to haveanimportantfuture role to play in the preventionof

flooding and pollution of low lying urban areas.The revised (February 2001)
DETR (now DEFRA) planning guidancefor local authorities and developers,
Planning & Policy Guideline (PPG) Note 25 "Developmentand Flood RiskK,

includesreferenceto the use of sustainabledrainagemeasuresNeverthelessthe
same weather conditions render the safe design of such SuDS even more
problematical. Such wetland SuDS retrofitting into existing urban development
should not therefore be undertakenlightly and requires careful design in

collaboration with local residents,their elected representativesand planning
authorities,the regulatoryagenciesocal land ownersandthe variousprivate and
public agencieshaving a vestedinterest.In particular, safety (whether real or

perceived),postproject liability and maintenanceare likely to be considerable
constraints.

When consideringwhetherto retrofit subsurfacdlow (SSF)constructedvetlands

into existingurbanbalancingponds,thefollowing issuesneedto be examined:

1 doessuitableaccess exisbr canit beprovided?

1 canthe storagefor flood attenuationbe safely reduced(at all or enough)so
that the 0.6ndeepsubstrateof aconstructedvetlandcanbeincorporated?

1 is the outlet structureof the balancingpond offset from the inlet structure?If
the outletis offset (ie not directly oppositethe inlet) thenthe flow could short
circuit. Shortcircuiting could be reducedby insertingplastic bafflesinto the
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substrateto increaseflow path length or introducingislandsto direct water
flows andreduce'dead"zonesaswell ashelpingoxygenation(CIRIA, 1993).

1 doesthe balancingpondhaveanimpermeabldiner? An impermeabldining is
necessaryo retaina minimum waterdepthto sustainthe plantsduring periods
of norainfall.

It is anticipatedthat a constructedwetland retro-fitted into an urban stormwater

balancingpond will operateasfollows:

1 initially, as storm flows arrive, the flow will passthrough the substrateand
thereforesubsurface flowreatmentwill occur.

1 if the storm flows continueuntil the water level in the pond rises abovethe
surfaceof the substratethenthe constructedvetlandwill operateasa surface
flow system.

An emergentvegetation/opemnwvater ratio of about30:70 shouldbe maintainedas

a minimum in order to sustainecologicalutilisation. This ratio’is the minimum

thresholdfor a range of waterfowl and wetland bird speciessuch as mallard,

moorhen, coot etc (CIRIA, 1993). The wetland developmentclose to the inlet

and adjacentfringe will not only be ecologicallyvaluable,but will alsoenhance
metal, hydrocarbonand nutrient removal as well as help conceal unaesthetic
changesn waterlevel.

2.6.2Retrofitting flood storageponds

A schematicexampleof a constructedwetland retrofitted into a balancingpond is
given inFigures2.5,2.6 and

2.7. That retrofitting of
wetlands into  existing
storage basins can provide
opportunitiesfor extending
and integrating a range of
environmentalbenefits into
SuDS approachescan be
illustrated by reference to
the flood storage facility
located at North Weald
BassettEssex. An original

The Wharrage Wetlands, Redditch

A seriesof retrofitted facilities hasbeenbuilt by the EnvironmentAgency
Midlands Regioninto the existingflood plain of the Wixon Brook to store
and treat contaminatedstorm runoff from a 4 km? urbanisedcatchment
within which 65% is occupied by residential, industrial and highway
surfaces.The retrofitted system utilises pools and cut-off meandersto

constructstorageponds and reed beds. The wetland train consistsof a

0.198hauppersilt andoil trap, a 0.369hamiddle flow andquality balancing
pondwith marginalplanting,anda final 0.214hastabilisationandtreatment
(Phragmite$ reedbed:; a total 3,500m® storageand treatmentfacility being
provided. The excavatedsilt and spoil has been used to landscapethe
adjacentriver corridor to provide valuable ecological micro-habitats for

wildlife and amenitydevelopmenincluding the constructionof an artificial

badgersett.

off-line 38,000n] dry retention basin was constructedhere in 1991/1992to divert
flood flows on the North Weald Brook up to the 1:50 storm event which were
generatedoy upstreamstormwaterrunoff from 350haof agriculturaland residential
land use. A 0.5 km box culvert diverted wet weatherflows to a 2ha dry storage
basinwhich provideda drawdowntime of 24 hoursfor the designstormevent. The
estimatedtotal cost of the original schemewas £1.25M including cost of fees,land
purchaseand compensationpayments.The consultant'sreport consideredthat the
1:50 year compensatoryflood storagefacility provided benefits of nearly £2.5M

basedon assessedlamageto downstreamcommercialand residential property in

NorthWealdBassett. Thediscountegrotectionbenefitsexcludedany
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consideratiorof traffic disruption,damageto roads,public utilities/servicesor costs
of emergencygervices. Thusthetotal benefitfigures(benefitcostratio of nearly 3:1),

were well in excessof the capital costsof the flood diversion and storagescheme.
The schemewas completedin 1991/1992with the extendedwetlandfacility being

retrofitted by Epping ForestDistrict Council into the dry flood storagebasinduring

1995/1996essentiallyas a community amenityand educationafeature. Spoil from

the wetland excavationwas usedto build a small island as a wildlife refuge and

to construct embaymentson the southern margins of the basin with Typha

Phragmitesand Scirpus speciesbeing planted toform the wetland vegetation.No

consideratiorwasgivenin thisretrofit designto a waterquality treatmenfunction for

thewetlandalthoughit mayprovidesuchafurthersecondarypenefit. Theoriginal dry

balancingbasinwas alreadyfitted with a sedimentirap at the inlet to containcoarse
solidsanddebrisprior to dischargento theopenbasin.

Oneretrofitting approachto converta conventionalflood storagebasinwould be to
insertdual outletsto matchseparatedischargecriteria. The first high-level outlet is
sizedto attenuatehe peakdesignflood event(1:10,1: 25 or 1:50 etc.)andrepresents
the original design criteria. The second (low flow) outlet might be selectedo
attenuatehe 0.3 RI to 1.0 RI stormeventsby the useof riser orifices setinto the wall
of aflow inlet pit or ariserpipe (Figure 4.4). Abovthe 1.0RI event,overflow of the
inlet pipe or riser allows the full designstoragecapacityof the outlet pipe to be
utilised. This arrangemenwill allow the narrowestrange of stormwaterdetention
periodsin the retrofittedwetlandfor the time series ofstorminflows. Suchretrofitted
designscould offer enhancedvater quality benefitsfor the more frequentlow flow
eventsaswell asincreasedhabitatprotectionandpotentialpublicamenitybenefits.

Peakdesignstoragdevel e.g1:50RI event

Retrofittec % Discharges
|nlet pit abovel ORI

Embankment

1.0Rl level

Wetlanc

) ] Outletoperatesinderretrofitted
Single outlet pipe orifice flow for 0.37 1.0RI storm
(originally sizedto peak events
desigrstorage)

Figure 2.8. Retrofitting a Dual Outlet to Flood StoragePond
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3. PERFORMANCE AND COSTS
3.1Wetland Performance
3.1.1 Natural and semtnatural wetlands

Very few naturalwetlandswithin the UK areusedasdeliberatetreatmensystemdor
contaminateddischargesA study of four naturalwetlandsin Waleswhich receive
and treat metatcontaminatedmine drainagewaters showed that, apart from one
notableexception,removal efficienciesfor most metalswas generallypoor and for
somestormevents the wetlandsthemselvegsormeda significant sourceof metalsto
thedownstreanwatercourse.

Seminaturalwetlandssuchasthe Welsh Harp basinin NW London (seesecondbox
in Section1.3.2 provide a ratherbetterperformanceefficiency especiallyif they are
actively managedto improve the wetland productivity and pollution control
efficiency. As muchas54%- 61% of the total metalloadin Typhacanbe storedand
lockedin themacrophytehizomegsubsurfacstems)of suchseminaturalwetlands.

3.1.2 Atrtificially constructedwetlands

Table 3.1 summariseghe averagesand rangesof removal percentagegor various
pollutantscalculatedrom the datapresentedh the 1997CIRIA report(Nuttall etal.,

Table 3.1. PercentagePollutant Removalsfor DomesticWastewaterand
Artificial Stormwater Wetland Systemsn the UK

SS BOD NH4N NOsz-N E.Coli
Domestic Wastewater
Secondaryreatment 83 82 18 45 68
(69-94) (70-92) (5-29) (7-68) (60- 75)
Tertiarytreatment 68 71 33 55 84
(25-92) | (50-95) | (0-77) (40- 76) (46 - 99)
Urban Runoff
Wetlands 76 24 31 33 -
(36-95) | (-57-81) | (0-62) (-17- 68) (52- 88)
Combined
Retention/DetentioBasins 73 53 92
(13- 99) (10-99) (86- 99)
Wet(Retention)Ponds
(with marginalvegetation) 55 40 29
. (46-91) (0-69) (0-80)
ExtendedetentionBasins
Highway Runoff - 18 - -
Wetlandgcombined (50- 70) - (10- 20y (50- 90)
Retention/Detention)
SFWetlands
- 15 45 82
SSFWetlands (13- 75) (5-32) (10- 60Y* (75- 99)
73 53* 92
(13-99) (10- 96y (86- 99)
85 a4 88
(62-97) (25- 98y (80-97)

"FromUS data(Urban Drainagé& Flood Control District, 1992);"Data forTotal Nitrogen
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1997) for thoseconstructedvetlandstreatingdomesticwastewaternegativevalues
denote negative efficiencies). The percentageaemoval efficiency is in most cases
simply defined as: (Cin - Cou) / Cin X 100, where Ci» and Coyt are the inflow and
outflow pollutantconcentrationsespectively. Thetablealsoshowssummarydatathat
have beenrecordedin the UK for wetland systemsreceiving urban and highway
runoff. The data for extendeddetention basinsis taken from US data (Urban
Drainage& Flood Control District, 1992) asthereare no comparabledatarecorded

for UK sites.

3.1.3 Metal removal efficiencies

The equivalentdatafor metalremovalefficiencies(with rangesshownin bracketsand

negative values denoting negative
efficiencies)that have beennoted for

the various types of surface water
wetland systems are presented in

Table 3.2. Although the data exhibit
very large ranges, it is clear that
artificially ~ constructed wetlands
perform better than natural systems
and there is substantialevidencethat
water and suspendedsedimentmetal
concentrationsare reducedin urban
stormwater wetlands.Some possible
concernhas been expressecdover the

Metal Removalfrom Motorway Runoff

A study of the performanceof a 3900nt Typha wetland receiving
runoff from a heavily-trafficked section(140,000AADT) of theM25
nearJunction9 at Leatherheadshowedmetal removal efficiencies
varyingbetweer88%- 94%.. Thefinal 1000nt settlemenpondwas
estimatedo be responsiblefor about35% of this total removalrate.
Zn removal efficiencieswere reducedas a result of solubilisation
from anoxicwetlandsediments

A study on the A34 NewburyBypassyielded similar evidenceof
solubleZn (and Cu) beingremobilisedacrossa stormwatenwetland
receivingrunoff from 3.1haof the highwaycarriagewayThe 6995n%
SF constructedwetland (Phragmite} is nestedwithin a 11,189m
storagebasin;some25% of the basinareais occupiedby permanent
standing water. Thestudy showed an effective settling of
contaminatedsedimentin the front-end sedimentationtrap which
recordedmetalsediment levelgenerallytwice as highas thatwithin
the wetland sedimentHowever, the range of metals containedin
associationwith the fine (<63mm) solids fraction, was frequently

ability of urban wetlands to | greateleavingthewetlandthancomingin .

sufficiently remove cadmium, with
recordedstormoutflow ratesfrequentlyexceedinghe EU/EnvironmentAgencywater
quality standardof 5ng/l. This concernis reinforced by the evidenceof wetland
flushingobservedn thetwo highwaystudiesnotedin theabovebox.

3.1.4 Efficiency comparison

Tables3.1 and 3.2 showthatremovalefficienciesfor solidsrangebetween70 to 90%

for constructedsystemswith comparableput more variableremovalefficienciesfor

metals. The performancesof natural wetland systemsby contrastare extremely
variableand quite poor in many cases.The information availablefrom the domestic
wastewatertreatmentfield regardingthe effectivenessof constructedwetlandsin

pollutantremoval may not be directly applicableto the use of wetland systemsfor

non-point, stormwaterrunoff becauseof their fundamentaldifferences.Wastewater
treatmentwetlandsfor example,are subjectto constant(and fairly uniform) inflows

whereassurfacerunoff generatepulsedstormwateroadingsof varying physicaland
chemicacomposition.
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Table 3.2 Wetland Metal RemovalEfficienciesfor Natural and Artificial

Wetlandsin the UK

Metals Cadmium Lead Zinc Copper
Total Dissolved
Natural Wetlands (-38-50) | (-50-82) | (-60-30) | (10-78)
Artificial Wetlands
1. Urban Runoff
etenes ® _-73) 66270 365770 105171
Combined (6-70) (-36-70) | (10-71)
Retention/Detention 10' 30 ) ) )
Basins (10-30) ' 028y | (3-22) | (0-10)
2. Highway Runoff
Wetlands - - - 69 42 -
(40-90) | (-15-40) (20-72) | (-41-89) | (-36-71) | (36-66)
WetRetentiorBasins - - 52 38
(45-85) | (10-25) (40-56) | (8-56)
ED Basins - -
(20- 50) (0-5)
Dry DetentionBasins - -
(with infiltration) (70-90) (10- 20)

Despite the variability recordedin pollutant removal efficiencies, some general
observationganbemadefrom thedata.

|l

Table 3.1 revealsa broad rangeof pollutant removal efficiencies althoughthe
medianvaluesarefairly consistentspeciallyfor suspendedolids (SS), bacteria
and nutrients. The variation is not unexpectedgiven the range of hydraulic
conditionsvegetatiortypesandcoverageaswell asmonitoringprocedures.
suspendedsolids and BOD removal efficienciestend to be more consistentin
constructed wetlands intended for domestic wastewater treatment than in
stormwatersystems.This is mostlikely dueto the designand managemenof the
constructegystemsaswell asto the moreuniform compositionof inflow pollutant
concentrations.

nutrient removal efficiencies vary quite widely amongall wetland types.The
variationsmaybe a function of the seasonyegetatiortype andmanagemenf the
wetlandsystems.

metal removal efficiencies (Table 3.2) whilst generallyvariable, are better for
artificially constructedsystemsthan for natural wetlands. Under the right
conditions,outflow loadingsof dissolvedzinc and coppercanalsobe reducedjn
comparisorto inflow loadings.

hydrocarborremovalsin both seminaturaland artificial constructedvetlandsis
generallygood.

negativeefficiencies especiallyfor organic and metal determinandsienotethat
wetlandscan act as pollution sources.Excessiveoutflow loadingsare normally
associatedvith (re-)mobilisationof sedimemnassociateccontaminantsvhich are
flushed out of the systemduring periodsof intensestormflow activity or after
prolongeddry periods. Hence,thereis a needfor a bypassto divert the higher
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stormflow volumesaway from the wetlandand/orfor a pretreatmentsettlement
basinor trench.

The efficiency ratio approachand efficiency performancedata reportedabove are
based on the average difference between inflow and outflow storm event
concentrationsbut a numberof workers have shown that there are defectsin this
methodologyespeciallywhen inflow concentrationsare low. For example,a wet
retentionbasinexperiencingg00 mg/l TSSin the inflow and 100mg/lin the outflow
would yield a higherpollutantremovalefficiencythana wetland having 10thg/l and
20 mg/l in the influent and effluent respectively. Yet the final water quality for the
latter device is clearly superior and would provide more effective and efficient
protectionof the receivingwater. This examplepoints out the needto think carefully
about whethemollutant removal efficiency, particularly when expressedonly as
percentageremoval, is providing an accurate representationof how effective a
performanceas being providedby a SuDSfacility. The percentageemovaltermis
probablyonly really appropriateor sitesand SuDSfacilities subjectto high pollutant
input concentrationsln addition,given the dynamicnatureof flow into andout of a
wetland basin having a permanentmixing pool, the recordedinflow and outflow
concentrationsre not normally contemporaneouse not generatedy the samestorm
event.

The type of inlet structure and the flow patternsthrough the wetland will also
significantlyaffectpollutantremoval. Thiswill beadditionally influencedby seasonal
changeswhich occur in vegetational productivity, hydraulic retention time and
microbial activity. It is not yet feasibleto providedefinitive designsto meetspecified
and consistent performance requirements for given storm and catchment
characteristicor to meetspecificreceivingwater standardsand stormreturnperiods.
In view of the diverse range of pollutant and stormflow loads and reduction
requirementsas well as the local physical, social and economic constraints,the
design operatiorandmaintenanceequirementsvill alsotendto besitespecific.

Neverthelesswhilst acceptingthis qualification, it is still possiblefrom the dataand
information currently availableto broadly identify representativgollutant removal
and flow attenuation capacitiesfor various sustainableurban drainage options
including wetland systems.Table 3.3 attemptsto summarisethesecapabilitiesand
provide anoverviewof the potentialperformanceshat eachwetlandoption might be
reasonablexpectedo achieve. ThevariousSuDS designsundoubtedlywaryin their
ability to reducethe different types of pollution arising from urban development
althougheachcanalsooffer additionalenvironmentabenefits.lt is thereforeimportant
that the designer,developerand regulatorestablishwhat the generaland/or specific
objectivesare before selectinga particular SuDS type. After establishingwhat the
flood control, water quality and amenity objectivesare, an analysisis then required
of what is feasible on a particular site given the characteristic physical,
meteorologicaleconomicandinstitutionalconstraints.
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3.1.5 Defining wetland pollutant removal rates

The treatment performanceof wetland systemshas been described by various

mathematicalmodels but given
the reasonableassumption that

constructed wetland systems
operate as  attacheefggrowth
biological reactors, their

performance can be estimated
from plug flow kinetics basedon
first-order decay (or assimilative)
"k" rates for specific pollutants.
Firstorder kinetics implies that
the rate of change of pollutant
concentration with time is

Plug Flow ReactorModel
Given plug flow conditions and with constantwater volume,
exponentiapollutantprofilescanbepredictedas:
In [(Cout-C)/ (Cin-C")] = -kry/HLR
[or as:(Cout/ Cin = exp(-krHLR) andk = HLR(INCix - INCouw)]

andCou=C + (Cni C") e“4HR
whereCin and Cout are pollutantinflow and outflow concentrations
(mg/l) respectively, C" is the wetland pollutant background
concentration(mg/l), y is the fractional distance(x) throughthe
wetland length (L,m) i.e = x/L, kris the temperaturedependent
(areabased) first-order rate constant (m/yr), A is the wetland
surfacearea(m?) andHLR the Hydraulic LoadingRate(m/yr).
Rateconstant€anbecorrectedor temperatureffectsby:

kr =kzoq 729

wherekr andkzo arethe reactionrate constantsat T° C and20° C
respectively(m/yr) and q is an empirically derived temperature
correctionfactor(normally1.09).

proportionalto the concentration
and plug flow implies that stormwaterenteringthe reactorflows asa coherentbody
alongthelengthof thereactor.The changein concentratiorduring the retentiontime
in the reactoris thereforedependensolely on processe®ccurring within the plug
flow. The basicequationundertheseconditionsdescribingthe first-order areabased
wetlandpollutantremovalrate(J; g/n¥/yr) is of theform:;

J=-k(C-C)

wherek is the pollutantdecayrate constantm/yr) with C andC" beingthe wetland
andbackgroundpollutantconcentrationgg/nt’) respectively. However k is alumped
parameterrepresentinga deposition rate in the case of solids and bacteria, a
biodegradatiorrate for organics(BOD) and a reactionrate in the caseof nutrients,
metalsandhydrocarbonsThusthevalueof k really depend®nthe relevantoperating
"treatmentprocessandis normallyexpresse@sa synthesiseddexvalue combining
the differing removalprocessesAny factor suchas hydraulic retentiontime (HRT)
whichinfluencegheseprocessesanindirectly affectthefinal k value.

Although simple, this k - C" areabasedreduction model, adaptedfor treatment
wetlandsby KadlecandKnight (1996),representshe highestlevel of complexitythat
cangenerallybe calibratedwith wetlanddataandprovidesa reasonabl@pproximation
of performancdor awide rangeof stormwatepollutants. AppendixB providesdetalil
of the working methodand illustrateshow plug flow kinetic modelling approaches
basednthefirst-orderreactionratescanbeappliedto determinghesizeandresidence
time requiredto achievetargetpollutantreductionin wetlandsystems.

However, despitethe generalutility of the k - C" model it hasnot beenuniversally
acceptedas it assumesspatially invariant time-averagedflow which is difficult to
apply to urbanwetlandsunderstormflow conditions.Rainfall will causedilution and
shortenretentiontimes and such"augmentation'can lead to errorsby asmuchasa
factor of four in the determinationof rate constantdor a first-order reaction. Some
guidanceon deviation from the simple schemecan be obtainedfrom Kadlec and
Knight (1996) who argue that SF constructed wetlands have characteristics
intermediatebetweenplug flow and well mixed. The k - C" two-parametemodel
alsodoesnot accountfor adaptatiortrendsin the wetlandecosystenasit maturesor
the effectsof pH anddissolvedoxygenaswell asotherfactorswhich are known to
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affect the fate of pollutants in treatment systems. More complex models
incorporatingthe effectsof plant biomass pulsedflows andvarying residencdimes
are available but theserequire substantialcalibration data and further field testing
beforethey can be universallyand simply appliedto constructedurban stormwater
wetlands.

3.2 Performancelndicators

Table 3.4 providesa qualitative summaryof best practice guidanceindicatorsin
respecbf wetlandanddry/wetstoragebasinfacilities.  Thetableis intendedo give
first-screeningevaluationof therobustnessf the variouswetlandsystemso achieve
thestatedfunctionalobjective. High designrobustnesgivesa significantimpactand
probability of performingasintended. Low robustnessndimpactimpliesthatthere
aremanyuncertaintiesvith regardto how the designwill performfor that function.
The evaluationis both subjectiveand tentative being basedon a review of the
literatureandby theworking experiencef theauthors.Nevertheles# doesindicate
thatwetlandsystemdavea considerabl@otentialto addressll threeelementf the
SuDsStrianglei.e waterquantity,waterquality andamenity/habitat

Table 3.4 Wetland and Dry/Wet StorageBasinIndicators

Pollutant Category Flood Abatement Amenity
Floating Sediment Dissolved | Runoff PeakFlow Open Space| Landscape
Debris And Litter Reduction Reduction & Quality,
Coarse | Fine (with Recreation | Habitat&
appropriate Biodiversity
overflow
control)
Natural + ++ ++ + + ++ +++
Wetlands
Constructed + + + + + + + + + + + +
Wetlands
ED Basins + + + + ++ ++ +
Dry Detention ++
Basins + + + + + (Infiltratio +++ ++
n Basin)
Wet Retention
Basins + + + + + + + + ++ + +

Key: + minorimpact; + + mediumimpact; + + + majorimpact.
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Table 3.3 SuDSPollutant Removaland Flow Attenuation Capacities

PercentagePollutant RemovalEfficiency

Flow Attenuation Efficiency

Dry DetentionBasin
(Firstflushinfiltration)

& | H

H

Dry DetentionBasin

Litter and Solids BOD P N Metals Bacteria Peak Volume
Debris (allowable
discharges)
Wetlands
(Combined NA O | B | B [ ] H—Hl ]
Wet Retention
Basi
(With margina NAC A H H—1 ] H— | B | B—1
vegetation)
ED Basi
(<10 h?)tsjlrlzjsétention; . |:| - |:|
with marsh) !
ED Basins
10-24 hourdetention;
(o hovpaetenton: | [ u 2]
|

(Totalinfiltration)

]

[]

H—

B H O |

B E OO

KEY:

. 80-100%; |:| 60-80%;

BHO-GO%;

-40%;

Cpos

? Insufficientknowledge NA; Notapplicable
1 Levelof pollutantremovalwill besubjectto basinvolumeor surfaceareagelativeto catchmentunoff

1 Insilty clay/claysoils, high basinvolumesor surfaceareagelativeto catchmentunoff will berequired
1 Flow attenuatiorin RetentiorandDetentionBasinsis afunctionof stormfrequencystorageprovisionandoutletcontrol
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3.3 Treatment, Performanceand MaintenanceCosts

A variety of factorswill affectthe operationalcostsof treatmentwetlandsof which
perhapshydraulic retentiontime (HRT) is one of the mostsignificant. Figure 3.1 is
basedon datafor SSF wetland systemsderived from the 1999 US EPA National
StormwaterBMP Databasewhich illustratesthe costof building suchwetlandsas a
functionof flow ratemultiplied by retentiontime. ~ Costsarepresentedh thisway

140,000

y =75.654x + 28004 P
120,000 R"=10.5069

100,000

/ L 2
80,000 i —

60,000 y
40,000 / Y
*

20,000 +—— 4
L 4

Construction Cost (£)
¢

*

0
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Flow (cu.m/d) x HRT (days)

Figure 3.1 SSFWetland Performance Costs

becausewetland designs can have different treatment objectives e.g targeted
suspendedsolids removals will require very. different retention times than for
nitrogen. Two similar flow rates having different treatmentdesign objectiveswill
therefore have very different costs. The figure is basedon the assumptionthat
longerretentiontimesleadto improvedwaterquality andalthoughthe linearfit hasa
relatively poor correlation,it doesgive a rough estimateof costs.Thusbasedon the
"bestfit" equationa 50nt/day SSFwetlandsystem with24 hoursof treatmentvould
cost£31,786.Otimisationtechniquesisedin Sydneyyield costingsof £20-22/nf for
urbanstormwaterconstructedvetlandsbut notethat thereare steepincreasesn costs
if morethan80 - 85%pollutantremovalratesarerequired.

Very little dataare availableon costcriteria for UK wetlandsystemsand what cost
guidanceis availableis generally restrictedto constructedwetlandsintended for

domesticor industrial wastewater. The generaldistribution of capital costsbetween
typical design, engineeringand developmentelements for stormwater wetland
systemscan be estimatedas shown in Table 3.5. This table clearly shows the
additional costs over and above a conventionalflood detentionbasin required for

lining, providing a suitable substrateand planting in a wetland system.Suitable
nurserystock of plantsincluding planting for example,can cost around £3 - 5/n?.

Foratypical stormwaterflood detentiorbasin,thesumof all costsrelatedto
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Table 3.5 Distribution of Wetland Capital Costs

ltem SFWetland SSFWetland
Geotechnicaltesting, excavation, 16% - 20% 10%-17%
compactioretc
Substrates (SF); Grav$SF) 3% - 5% 30% - 40%
Geotextildiner 20% - 25% 15%
Plants 10% - 12% 10% - 12%
Controlstructures 10% - 15% 5% - 10%
Formwork,pipeworketc 10% - 12% 5% - 8%
DesignandLandscaping 8% - 12% 6% - 13%
Others(incl. contingencies) 6% - 10% 6% - 10%

design,consentingand legal fees, geotechnicatestingandlandscapings equivalent
to about 30% of the base construction cost (excavation, control structuresand
appurtenances.glitter racks,rip-rapetc). If wetlandsareincorporatedor retrofitted)
into the detentionbasin,thesecostsincreaseby anythingbetweenl5 - 37% of the
baseconstructioncost. The IWA (2000)reportsuggestshatthe capitalcostof a SSF
wetlandis 3 to 5 timesthat of a SFwetlandto do the samejob. Thuson the basisof
performanceto cost, it would seemdifficult to justify SSF systemsfor stormwater
treatmentapartfrom any wish to keepthe polluted water below the surfaceof the
groundor media. Halcrow & Middlesex University (2000) have estimatedthe total
cost of a 1750nt cellular highway wetland (with front-end 500nT sedimentation
trench, 2000nt constructedwetland and 50n? final settlementpond), as being
£144,500basedon the 1995 CESM3Price DatabaseSome30% of this total is taken
up by the geotextileliner cost (E1520/nTf). The inclusion of a Class| bypassoil
interceptorwould increasehe costby an additional£5000for a 200 - 13001/s peak
flow unit. However,given that few stormwatemwetlandsarelikely to be muchlarger
than 0.5 - 0.75ha,land costs(especiallyon greenfieldsites) represenonly a minor
proportionof total costs.It mustalsobe bornein mind thatthe final "reclaim" value
of the wetlandsiteis unlikely to depreciateandthusthe net presentworth of theland
following the nominaloperationalifetime (say20 - 25 years)shouldbe consideredas
acreditin anyeconomicevaluation.

Table 3.6 gives an indication of both capital and maintenanceostsfor a variety of
source control systems. Wetland systems have low intrinsic Operational &
MaintenancgO & M) costswhich arealsolower thanconventionahardengineered”
drainage systems by a factor of 2 to 10. Thecosts indicatedin Table 3.6for
operationalmaintenancesuggestthat they are insignificant comparedto the initial
capital investmentalthoughdisposalof contaminatededimentas a hazardousvaste
(E50-60/n?), replanting (about £3-5/n?) and macrophyte harvesting could be
expensiveandlabourintensiveitems.

The large rangein costingsshownin Table 3.6 for sometreatmentsystemslargely
reflectslocal sizing requirementgor particulardeviceswhich canespeciallyinfluence
for example,the final costsof retentionbasinsand wetland systems.The 1999 US
EPA National StormwateBBMP Database&juotesa generalaveragemedianannualO
& M costfor SF constructedwetlandsequivalentto £600/hawetland surfacearea.
Most O & M costsdo not normally include monitoring costsdespitethe fact that for
successfulsystem control, wetlands should be regularly monitored (monthly to
quarterly) for at least inflow and outflow water quality, water levels, sediment
accumulatiorandindicationsof biologicalcondition.
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Table 3.6 Capital and Maintenancecostsfor Highway Treatment systems

Treatment Device Capital | Maintenan Comments
Cost ceCost
(E'000s) | (Elperyr)
Gully/CarrierPipesystem 150- 220 1000 No fin drainageallowedfor in
costs
Grassswale 15-40 350 Requires replacement after
10-12years
Oil interceptors (with  grit 5-30 300- 400
chamber)
Sedimentatiotank 30- 80 300- 350 Withoutsedimentisposal
Sedimentatiofagoon/basin 45-100 500- 2000 Withoutsedimentisposal
Retention(balancingpasin 15-300 250- 1000 With no vegetationor off-site

dewatering and disposal of
sludgeandcuttings

Wetlandbasin 15- 160 200- 250 Annual maintenanceor first
5 years (declining to £80 -
£100/yr after 3  years).
Sediment disposal required

afterabout10-15years.
Combined treatment train 100- 300 2000- 3000 Assume grass swale, oil/grit
system interceptor, sedimentforebay

andwetlandcells

Institutionof Highways& Transportation 2001

A comparisorof theannualmaintenanceosts(excludingmonitoring)for conventional
v SuDSdrainagefor the M42 Hopwood Park motorway servicestation indicated a
savingof some£1220pa(Bray, 2001b).A 6 monthcleaningroutinefor a conventional
gully chamberand oil interceptoris estimatedat £1204 pa againstan estimatectost
for maintenancef anindividual wetlandcomponentvithin the SuDS designof about
£250pa. Thecostings fomnnualmaintenancef the SuDSchemat the M40 Oxford
motorwayservicestation(seeSection4.1.1),wasestimatedat being

£917 morethanfor an equivalentconventionaldrainagescheme(which would total
£2800 pa) but with an annual maintenancesaving of £7500 (CIRIA, 2001). The
retrofitting of permeablgavingandwetlanddrainageto the Lutra House Prestorsite
of the Environment Agency has proved to be no more expensivethan using a
conventionalpiped system.The limited costcomparisonavailablefor operationand
maintenanceof wetland SuDS suggestthat they may lie within £10 - 20% of
conventional drainage systems.Costperformance analysis using HydroWorks
modellingfor conventionaldrainageandthe CIRIA (2000b)SuDSmethodologyhas
suggestedhat SuDSaregenerallyeconomicallyiable within thoseurbancatchments
(and especiallygreenfieldsites) having large areasor numbersof opportunitiesfor
theirimplementatiorsuchaspermeableoilsandlargeopenspaces.

Thereis undoubtedlya lack of generalawarenes®f the needfor and magnitudeof
maintenanceassociatedvith all SuDS devicesincluding urban stormwaterwetland
and a generalfailure to regularly perform both routine and non-routine maintenance
tasks. It is quite likely that both the performanceand longevity of all SuDS urban
wetlands will decline withoutadequatemaintenance.ln generakerms, over an
expected25 - 30 yearslifetime, the full maintenancecost of such SuDS facilities
couldwell beequivalento theinitial constructiorcosts. Giventhis, the adoptingand
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managingauthoritiesneedto carefully andfully evaluatehow suchlongterm, future
maintenanceostsareto becovered.

Theprovisionof attractivelandscapindeaturesvhich enhanceheviewsfrom vantage
points arounda stormwaterwetland facility can offer tangible landscapesalueand
amenitybenefitswhich canoffsettotal costs.Someevidencedor this value canbe seen
from increasesn land valuesand houseprices located adjacentto water features.
Someestimatesuggesthata stormwatemwetland"waterfront"locationon a business
park/commercialestate can increaserentals by up to onethird and individual
residentialproperty pricesby 3% to 13%. It is clear that landscapingand amenity
upgradingof wetlandsand urban lakes will stimulate the perceivedattractiveness
of thewider surroundingcorridor andadjacentareas Additionally, the more positive
the local public attitude towardsincreasesof development(or public) investments,
the larger the sum they are willing to pay to use any amenity and recreational
facilities providedon the site. The surfacedrainage'water gardens'and surrounding
grass"buffer" zoneson the Aztec WestBusinessPark closeto the M4/M5 junction
north of Bristol, were designedto integrate habitat and nature conservationwith
everydayworking life. It hasbeensuggestedhatthis landscapingorovisionincreased
the groundrentson the businesgpark by asmuchastwo to threetimes.
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4. OPERATION AND MAINTENANCE
4.1 Wetland Operation and Maintenance Requirements

4.1.1 Introduction

Regularinspectionsof constructedwetlandsmust be undertakento ensuretheir
proper and continued function. If no maintenanceregime is adopted, then
experiencehas shown that early failure is likely to occur on many sites. The
problems that most frequently occur are blockages of inlets/outlets, flow
regulatingdevicessiltationof storageareasalgal growth and plant dieback.This
means that responsibilities and maintenanceroutines for maintenanceand
servicingscheduleseedto be clearly identified at an early stageanda distinction
made between crisis (remedial) maintenance and regular "good practice"
maintenance Bray (2001) has developeda full maintenancenspectioncheck
list intendedfor the M42 Hopwood Park motorwayservicestationareawhich for
the wetland componentsn the SuDS designsuggesimaintenancentervalswhich
vary betweenmonthly (inlet, outlet, drop structures)annually(grasscutting) and
bi-annually (valve checks, wetland sediment/plantsetc). In practice, the
maintenancefrequencywill be determinednormally by site-specific needs.but
maintenanceperationshouldinclude:

i checkinginlet andoutletstructures

1 checkingweir settings

1 cleaningoff surfacesvheresolidsandfloatablesubstancetaveaccumulated
to anextentthattheymayblock flows

removalof grosslitter/solids

checkingsedimentaccumulationevels (wetlands,sedimenttraps,infiltration
trenchesetc..)

bark erosion

generalmaintenanceof the appearancand statusof the vegetationand any
surroundingandscapedones.

= =4

E

The operationand maintenanceroceduresonnectedvith a constructedvetland
areanticipatedo include:

jetting/cleaningsedimentraps,removalof sediment;
maintenanc®f the substrate anglants;

harvesting;

maintenancef waterlevels;

maintenancef nutrientlevels;
generalstructuremaintenanceand

control of weedgrowth.

= =4 -4 _a_9a_9_-2

Thesearedescribedn moredetail below andan outline O & M scheduléas given
in Appendix E. To carry out the operationand maintenancerequirements;'all-
weather"vehicularaccesss requiredto all constructedvetlands.
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4.1.2 Removal of sediment

During the constructionphaseit is important that stepsare taken to ensurethat
minimal amountsof sedimentare allowed to enter a constructedwetland system.
Therefore,ideally the constructedwetland should be built as late as possiblein a
highway constructionprogrammeand the surroundingbanksshouldbe vegetatedas
earlyaspossibleto preventhein-washof bothsedimentandnutrients

In the postconstructionphase,sedimentswill require removal from settlement
trenches, ponds and final settlementtank if present. The purpose of the

constructedvetlandis to isolateand containthe pollutantsoriginating from urban

and highway runoff, either as settledsolids or within organictissue,and prevent
themfrom enteringthe waterbody. Someof the polluting agentswill be degraded
through biological processesbut many will persistin the settled sedimentand

will ultimatelyneedto beremovedanddisposedff-site. An effective maintenance
programmewill needto be designed.Sedimentis likely to be classified as

hazardousvasteandmayrequirede-wateringon site prior to disposalatalicensed
wastefacility. It is suggestedhat the routine maintenanceprogrammeincludesa

minimum frequencyof annualinspectionsto assesswhethersedimentremovalis

necessaryand inspectionfollowing major storm eventsto assesswhether litter

and gross solids have beenintroducedand need removing.This periodicity can

be subsequentlyeviewedbasedon experience.

It hasbeensuggestedhat sedimentremovalwill not be requiredbefore 10 - 15

yearsalthoughthis operationallifespanwill dependon local sedimentatiorrates
and on whetherthe wetland basinwas subjectto solids accumulationduring the
constructionalphases.The relationship between available storage volume and
solids removal efficiency provides one basis for determining when sediment
removal may be required.Field determinationof accumulatedsedimentduring

regularinspectionperiods(Figure 4.1) can provide a useful diagnosticmethodfor

predicting whersuchsedimentemovalis likely to benecessary.

160
140 \-\lk\.\

120
Predicted m&%

£ 100
2 inimum Storage Volume
- A
% A I(7-TO70 SATETY ® Measured Sediment Volume
i marg-ln;Mam enance M Available Storage Volume
2 required
2 60
] /JLV

40 /

Predict pd Se ft Volume
20 'y
o = ((‘
v

0 2 4 6 8 10 12 14 16 18 20

Time (Years)

Figure 4.1 Predicting SedimentRemovalMaintenanceRequirementTime
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4.1.3 Maintenance of the substrate and plants

Maintenancerequirementsof constructedwetlands typically involve ensuring
continuedhydraulic conductivity of the substrate(by washingor replacement),
removal of accumulatedsludgesin the settlementpond and inlet area of the

wetland; removal of decayingalgaeand macrophytesn the settlementtrenches,
pre-treatmenpondsandfinal settlemenponds andreplacemenf moribundarea

of vegetation.

It is likely that constructedwetlandsintended for urban and highway runoff

treatmentwill only require significant maintenancebetween 15 and 25 years
following commissioning.However,as more information is collectedon systems
for treatinghighly loadedsitessuchasthoseservingheavily-trafficked catchments,
the figure for this maintenanceperiod may change.Dependingon the pollutant
loadingsit is expectedthat the maintenancewill involve cleaning or removal
of sectionsof contaminatedsubstrateand the associatedvegetation.To enable
treatmentto continue,only sectionsof the bed should be removedat any one

time, or bedsshouldbe partitionedto allow one componentto be restored.Plant
replacementmay be requiredif the vegetationhasbeendevastatedy pests such
as blackfly or greenfly. If the problemis noticedin time it may be possible to

spray the plants. Biological control by ladybird beetles may prevent these
infestationsasthewetlandmaturesHowever,theoccurrenceis difficult to predict
astheinfestationwill dependon factorssuchaslocation,alternativefood sources
in the areaandwinter severity.

It shouldbe notedthat any useof herbicideor pesticidein or nearwater courses
(and this would include reedbeds)will require the prior approval of the
EnvironmentAgency.

4.1.4 Harvesting

The majority of constructedwetlandsare not subjectedto harvestingby removal
of plant materialasit is consideredhat the plantlitter layer hasa role to play in
the treatmentprocessby providing thermalinsulationfor the substrateanda large
surfaceareaof particlesfrom decomposedeavesfor the adsorptionof metals.
However, the harvestingof leaf material from constructedwetlandsinstalled to
treatroadrunoff, will removemetalsthat havebio-accumulated andthushelpto
prolongthe wetlandlife span.However,thereis not enoughinformation available
atpresento decidewhetheror not harvestings preferable.

4.1.5 Maintenanceof water levels

A suitableoutlet control shouldbe installedto regulatethe waterlevel; a flexible
plastic pipe linked to a chain is an appropriatelow cost option (Cooperet al.,
1996). Adjustmentof water levels may be requiredduring planting or periodsof
drought. The mostexpensivemaintenanceostwould be incurredfor replantingif
for example,during a prolongeddry period the wetland was allowed to dry out
sufficiently to severelywilt or kill the plants. Again, thereis little information
availableon the hardinessof plantsto dry conditionsand the critical length of
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such dry periods.It is known that Typha latifolia requiresa water level to be

maintainedat or abovethe surfaceof the substrate(see Sections2.3 and 2.4).

Possiblegpreventionrmeasuresnclude:

1 tankeringin waterfrom a nearbywatersourcewhennecessary;

1 divertingwaterinto the wetlandfrom adjacentwatercoursesbhy gravity, if the
topographyand watetevelsallow; or

1 active pumpingof waterfrom a nearbywater sourcesuchasa river or ground
water aquifer via a borehole.If no electricity supplyis availablein the area
solarpoweredpumpscouldbe considered.

The problemof plantsdying from lack of wateris unlikely to occureveryyearin
the UK (ie only during summerdroughts).Thereforethe cost of preventingthe
problem should be a key factor in deciding on the appropriatesolution. Until
more informationis availableon the frequencyand severity of the problem,it is
suggestedhatif watercannotbeconvenientlydiverted froma nearbywater source
by gravity, thenthe maintenanceorogrammeshouldinclude tankeringin waterif
necessaryAt this stage,it doesnot appearto be economicalo install a permanent
pumpingarrangement.

4.1.6 Maintaining nutrient levels

Constructedwetlandstreating road runoff will receivefew nutrients. However,
nutrient concentrationsn urbanrunoff will vary with the densityof gardensand
parkswithin the catchment Thereforejt maybenecessaryo spreadslow release
fertiliser pelletsperiodically. Thereis not enoughinformationavailableat present
to determinethe necessityor frequencyof suchfertiliser application.

4.1.7 Control of weedgrowth and algae

Periodic flooding of the constructedwetland may be necessaryto control weed
growth when the reeds and aquatic plants are initially growing to maturity.
However,the densityof reedsat maturity would considerablyreduceor eliminate
the possibility of weedgrowth. A flooding depthof 0.05mis sufficient, which is
at the lower end of the recommendedmaximum range of water depths for
Phragmitesaustralis(IWA, 2000).

Filamentousalgae and blooms of unicellular algae may developin settlement
trenchesand ponds. Cylindrical balesof barley strawwrappedin hessianare being
usedsuccessfullyon selectedtreatmentwetlandson the A34 Newbury Bypassto

eliminatealgalinfestations.

4.1.8 Monitoring

Monitoring is extremelyimportantto ensurea successfubperationaperformanceand
early detectionof changesn wetland performancerequiresadequatedata collection
and analysis.All urbanstormwaterwetlandsshouldbe systematicallymonitoredfor
at least inflow and outflow water quality (concentrationsand loadings), flow

characteristicsand evidence of short circuiting, water levels and indicators of
biological condition, preferablymonthly and minimally on a quarterlyseasonabasis.
Nuisancespeciesweedgrowth andbiological conditionof the plantsshouldalsobe
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noted such as reducedlengths of longest leaves, chlorosigr loss of greenleaf
coloration and curling of the plant leaf tips etc. Water quality parametersshould
includetemperaturepH, conductivity,DO, BOD, TSSwith metals hydrocarbonsind
nutrientsas required,togetherwith information on sedimentdepth. One stormevent
during each seasonshould also be sampledto provide information on shortterm
stormeventperformance.
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5. WILDLIFE AND LANDSCAPE ENHANCEMENT

5.1Introduction

The provisionof attractivelandscapdeatureswhich enhancehe views from vantage
points arounda wetland and from surroundingareascan offer tangible landscape
value and amenity benefits.
Thereshouldbe a clearhuman | Wetland Amenity Benefits

involvement in the wetland _ o _
. Peoplefind water intrinsically attractiveand wetlandscreatea natural
eCOSyStem- This can be focal pointin any landscape. Opportunitidsat addto awetlandamenity

engendered by ;?C'udei iorof i t
creationol viewsoverwater
paths/walkways, boardwalks, | ¢ R e

seats,jetties, attractive views, | 1 creation of "visual surprises” through strategic siting of

educational material mg{ﬁ:g:l/surroundlng/egetatlonand gaps through marginal spoil

(brochures, trail guides etc.) 1  provision of wetlandaccesspublic openspacewalks, jetties and
; H ; boardwalkspicnicfacilities etc

and .dlsplay . (InCIUdI_ng 1 useof soft engineeringechniquese.g. wood, vegetationpalettes,

electronic) interpretation anchoredwillow branchestc

boards. Asenseof ownership
can be increasedhroughinvolvementof the surroundingcommunityin the design
processplanting days, educationakrails and so on. However,properand continued
developmentof the amenity and wildlife functions requires ongoing and active
management.

5.2 Landscapeand Visual Issues

The use of vegetationis often consideredo be a more attractivefeaturewithin the
landscapethan a concrete/bricktreatment system with no vegetation. However,
constructedvetlandsfor the treatmentof urbanand road runoff may well be located
in placesthat arenot theirnaturalhabitat. Their alien appearancmay be accentuated
by the designof regularshapedoeds.Constructedvetlandscan be designedo fit in
with the naturalenvironmentandthe following is alist of basicprinciplesthatshould
ideallybeusedatthedesignstage:

1 the adoption of a straightsided, square or rectangulaishaped constructed
wetlands should be avoided.Curvedsideswill assistin giving the constructed
wetlanda naturalappearancand creationof bayswill providevaryingterritories
for aquaticbirds.

1 the lie of the land should be usedto determinethe appropriatesite for the
constructedvetland.Use shouldbe madeof naturaldips andhollows, which will
reflectthelikely positionfor areedbed.

1 the useof additionalplant speciesespeciallyin the marginsof a wetlandwould
providemorevisualappeathan amonoculturelt would also enhancethe wildlife
interestof thewetland.

1 planting of appropriateherb and shrub speciesaroundthe constructedwetland
may visually enhancethe areaand provide an opportunity for screeningand
restrictingpublic access.The plantingof treesnearthe wetlandshouldbe avoided
to preventshadingjnvasionof rootsanddamagedo anywetlandliner.

Visual impactsthatshouldbe consideredncludethosefrom the roadandsurrounding
areas particularlyfor local residentsand from adjacentviewpoints. Visual impacts
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will occur,andwill be different, both during constructionrand during operationof the
constructedvetlandand bothwill requireconsiderationAlthough the vegetatedarea
can be madeto appear‘natural”, associatednfrastructuremay introduce unnatural,
manmade developmentThis may include accessroutes, parking areas,inlet and
outletstructureaindsettlemenponds.

The significance of the visual impacts will dependupon the sensitivity of the
landscapeFor example,if it is in a designatedarea,suchasan Area of Outstanding
Natural Beauty (AONB), then the significanceof any detrimentalimpactsmay be

high. Anotherconsideratioris the visibility of the site, including whetherit is likely

to be seenfrom a residentialor other well-used area.A constructedstormwater
wetlandcanenhancehe visual appearancef the site, but this may not alwaysbe the

case. In particular the removal of features of landscapeimportanceto create
constructedirbanwetlandsmaybedamagingo thelocal environment.

5.3 LandscapeDevelopment

Multifunctional developmentnayalsorequirethe provisionof specialfacilities which
needto be landscapednto the overall wetlandbasindesign(Ellis et al., 1990). For
example,edgeform may include the use of structuressuch as jetties, boardwalks,
viewing platforms andthe judiciousbut limited useof engineeringnaterialssuchas
stoneor rip-rap. If cementor mortaris not usedto lay theflags/stonesthe intervening
spacescan provide space forthe colonisationof vegetationincluding wild flower
speciesThe designshouldensurethat the wetlandbasinfits in with the surrounding
landscapendthat grassedareaswith seatingandviewing positionsare provided. An
exampleof a schematiclandscapingdesignfor awetlandretentionbasinis givenin
Figure5.1andwhichis basedon a synthesisof landscapindeaturesncorporatednto
the surfacewater balancingbasinslocatedwithin the Ouzel Valley around Milton
Keynes.The areasshould develop a strong and definite theme or character.This
might be generatedfrom particular views and topographic features around the
wetlandsite or based -

DesigningSafeWetlands
on the cultural character and 1 carryoutarisk assessment/safeaydit
setting of the surrounding| 1 provide waming signs and safety/rescueequipment where

. necessarand conductegularinspections of alequipmentand
neighbourhood. signage gHarinsP e

1  designwetlandswith side slopesof no morethan1l in 4; good
ecologicaldesignwill normally give much gentlerslopesthan

Many schools and particularly s
primary schoolsin urban areas, | 1 establishbarrier planting schemes(hawthorn, scrub etc.,) to
H HH HP prevemacceswherenecessary
?re attelrlnptlngto_ U'[I|IS§ eX|st|ng 1 consideruseof low fencingif necessaryo preventaccessto
natural" -areas including local thewaterby youngchildren
wetlandsandflood storagebasins
as outdoor classroomdor environmentalkstudies. The successf the London Kings
Cross Camley Street Local Nature Reserve(LNR) wetland atteststo the intrinsic

valueof this educationafunction.  This centralcity wetlandfully involvesthelocal
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Figure 5.1 SchematicLandscapingfor a Wet Retentionand Wetland Basin.

community,schoolsandcollegesasanintegralelementin the operationof the nature
reservethus entirely fulfilling the objectivesof Local Agenda2l. Theurban park
reservehas madea considerablampact not only at the local level but also at the
national and internationallevel. It providesa model for further developmentand
emphasisethat thesizeof an urbarlake parkneednotbe a key factorin determining
its rolein conservationtecreationeducatiorandlandscapenhancement.

The GreatNotley GardenVillage developmennearBraintree,Essexalso illustrates
an imaginative landscapingapproachto new greenfield housingsites.The 188 ha
housingdevelopmentincludesa countrypark with an ornamentabondtogetherwith
wetlandandsurroundingandscapegastureandwoodlandproviding wildlife habitats
anda centralfocusfor communityrelaxationandrecreation. The 7900nf constructed
wetland (Figure 5.2 and adjacent16,000n recreationalpond at the site have been
designednot only to provide flood storageand stormwatertreatmentbut also an
integrateccommunityfacility. Thewetlandstructureshave beenadoptedby Anglian
andThamesWaterwith thewetlanditself andsurroundingandscapingandparkareas
adoptedby the local authority. In this respect, thesite fulfils the objectives of
EnvironmentAgency environmentalpolicy for new urbandevelopmentsvhich give
sustainableaddedvalue in termsof enhanceccommunitylandscapewhich is at the
sametime consonantvith wildlife andconservatiomequirementaswell aswith flood
storage and water quality needs. The country park style developmentwith an
ornamentalpond and wetland setting within surroundingwoodland and grassland,
providesa naturalisticwildlife habitatanda centralfocusfor communityrelaxation
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and amenity providing both flood water storageand aestheticappeal. Figure 5.2
illustrates the range of landscapingfeaturesthat have been incorporatedinto the
designof thestormwaterconstructedvetland.
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Figure 5.2 The Great Notley Garden Village Wetland
5.4 Wetland Wildlife Considerations

The use of vegetation,with the inevitable micro-organisms(whetherintroducedor
naturally colonised),in effect constitutesa wetland habitatwhich is likely to prove
attractiveto arangeof otherwildlife speciesA rangeof common plantsand animals
which are quite tolerantof pollutants, particularly air breathinginvertebratesuch
aswater beetles bugsandwater snails,will quickly colonisepondslocatedin close
proximity (within 1 km) of existingwatercourseandwetlands.

In designinga favourablesystem,variouswetlandecologicalconsiderationsieedto

bemadeto ensureghe succes®f theschemeancluding:

1 a small constructedwetland systembasedon a monoculturewill have limited
value,comparedwith an integratedtreatmentsystemcontaininga rangeof plant
speciesandpermanenbpenwater.

1 in orderto realisethe full potentialof wetlands,careful consideratiorshouldbe
given to the incorporationof detentionbasinsupstreamand downstreamof the
wetland. In additionto sedimentsettlementprovision, thesewater bodiescan be
expectedo beattractiveto aquatianvertebratesamphibianandwaterfowl.
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reedbedshouldnot be constructedn

the shadeof treesas this can lead to Costsof Wetland EcologicalManagement

poorpatchygrowth. 9  creating5 small 1 m?poolsin the drawdownzone
some plants will out-compete other of a large wetlandto provide additional habitatfor

. i waterbeetles:£1000(or 5 person/days)
Species. Flooded conditions enaple 1 herbicide spraying by professionalcontractorsto
reeds to outcompete other species controlinvasivealienplants:£5 per10 m?

F 1 removing sediment(<20 m®) manually to create
and this is a QOOd methoq of We_ed localdiversity:upto 50 volunteempersonnel/days
control. Reeds (Phragmite¥ will | q selectivetree coppicing along 20 m of wetland

i margins£500
d|splacebulrush(SchoenopIectL)sand 1 installationof dippingplatform:£1000
reedmace (Typhg. However, reeds | productior ~ anc installatior of  laminater
suffer competitionfrom other species IS EIEEG T A e _

. e dredging:E50perm- plus£3 perm® for spoil taken
such as reed canarygrass(Phalaris) e

and Iris in drained systems. The
introduction of invasive exotic speciessuch as Crassula helmsii will severely
detract from the intrinsic conservationvalue of the wetland SuDS and their
potentialto contributeto local biodiversity planning. More seriouslyit createsa
steppingstonefrom which invasivealien speciescan coloniselocal water bodies
that supporta high quality native vegetation,which may be threatenedby the
competitivenatureof thesealienspecies.

reedbedsshould not be planted near willow trees (SaliX) since seedswill be
depositedinto the wetland bed and the resultingwillow trees,with deeproots,
maydamageanyliner thatis presen{Cooperetal., 1996).

the creationof undulating"hummockymargins"in shallow watersof retrofitted
wetland designs;these mimic the natural physical diversity of seminatural
habitats. Smooth finished surfacesprovide less physical habitat diversity for
animals.

shallowwaterandnutrientrich wet mud providesideal habitatfor amphibiansand
invertebratesThis is a key habitatfor many small annualwetland plant species
thatis oftenlostin thelaterstagef pondsuccession.
spitsandislandsencouragenvertebratesand wildfowl; grazingandtrampling by
wildfowl will alsooftendiversify marginalwetlandhabitats.

the encouragemenof a mosaic developmentof marginal plants to maximise
habitat structural diversity eg Glyceria fluitans (floating sweetgrass) which
providesgoodhabitatfor newtsandotherinvertebrates.

the checkingof plantingscheme®neandtwo yearsafter establishmento ensure
thatspecificationhave been carriedut andundertakammediateremedialaction
if invasivespeciesarefound.

theland adjacento the SUDSwetlandcan provideimportantterrestrial(foraging
and hibernation) habitat for amphibiansand nesting birds where managed
sensitively. The vegetationshould remain largely uncut to provide cover and
shouldbe plantedonly with nativetreesandshrubssuchaswillow (Salix fragilis
or Salixcapreg, alder,ashandhawthorn.

including whereverpossible,a short aftercare programmeabout one year after
creation. Use this to (a) undertakefine-tuning of the wetland designand (b) to
capitaliseon new opportunitiesthat may have arisene.g re-profiling margins,
naturalseepagedo createnew pools etc. Fine-tuning of this sort costsvery little
butwill oftengreatlyincreaseghebiodiversityvalue.
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The managemenbf fish in wetlandsshould aim to promote a community which
minimisesthe effect on algal and submergedvater plant growth. Fish may influence
lake ecologyby selectivepredationof zooplanktorwhich in turn reduceghe grazing
pressureon phytoplanktonandincreaseghe tendencyfor algal bloomsto occur.One
of the principal fish speciesresponsiblgfor theseproblemsis the Bream.Fish may
alsobe involved in nutrientrecycling throughfeedingon the sedimentsand through
digestionof particulateorganicmatter.Carphasbeenidentified asa principalagentof
such pathways. Carp and bream populationsshould be reducedand the wetland
restockedwith tenchand cruciancarp which have a lessdamagingeffect. Pike can
alsobeaddedasa predatomwhenwaterclarity hasimproved.

Consideratiormustalsobe givento the potentialfor stormwaterconstructedvetlands
to be harmful to the wildlife they attractas a result of direct poisoningor through
pollutantbio-accumulationA numberof furtherissuesn relationto wetlandecology
and wildlife (see section 8.7) may also needto be consideredas wetlands are
introducedor urbanstormwatetreatmenbverthenext5to 10 years.
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6. SUDSIMPLEMENTATION AND CATCHMENT PLANNING

6.1 Introduction: The Needfor Integrated Approaches

SuDSdo not operateas a seriesof isolateddrainagedevicesbut shouldbe designed
and operatedholistically and they must work in conjunction with conventional
drainagesystems.The viability and successof such an integratedapproachneeds
coordinated participation of all stakeholders
within acatchmentvide planningframework.

Principal Stakeholdersin Urban
SurfaceWater Drainage
TheEnvironmentAgency
Local Councils
Watercompanies
Highwayauthorities

Urban wetland SuDS systemsthat function as
flow and/or water quality control facilities for
stormwater runoff normally discharge to Developers

controlled receiving waters within a defined Non-GovernmentaDrganisations
catchment.lt is thereforeappropriateto review (NGOs)

relevant catchmenbased UK legislative and 1| REEIRIsmEs
planningpolicy and practicetogetherwith perspective®n the implicationsof the EU
Water Framework Directive for the managemenbf diffuse urban surface water
drainageand stormwaterwetlands.Appendix D provides information on general
dischargestandardsand consentsfor surfacewatersand details of the structureof
existing receiving water quality classificationwithin' England & Wales. A brief
outline is also given in Appendix D of sedimentquality standardswhich might be
appropriately applied as i | i nidadings for the contaminatedsedimentwhich
accumulatesvithin urbanstormwatemetlandsystems.

= =) =) =) =) =

The only effective meansof ensuringthe protection of urban receiving watersis

through SuDS firstly minimising the polluting load through best environmental
practice(i.e reduceat source)and subsequentlyninimising the dischargeof polluting

material (through appropriate and effective mitigation measuresto deal with

unavoidabldevelsof contamination

6.2 SuDSandthe EU Water Framework Directive
6.2.1 Objectivesand key elements

The implementationof the EU Water Framework Directive (WFD) has major
consequence®r the protectionof the aquaticenvironmentincluding urbanwetlands.
It will requirethe UK to produceintegratedcatchmenbasedplansfor dealingwith
diffuse pollution sources,including thosegeneratedwithin urban areasThe key
objectivewhichis relevantto wetlandsassetoutin Article 1 of theDirectiveis :

1 the protection,restorationand enhancementf the statusof aquaticecosystems
andassociateevetlands

The emphasigplacedon diffuse pollution in the WFD is of particularrelevanceo the

problemof urbansurfacewaterdrainage.Whilst the Directive doeshot definediffuse
pollution, it doesspecifytheneedto addressheproblemsasfollows:
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1 Atrticle 11.3(h);"for diffusesourcediable to causediffusepollution, measureso
preventor controltheinputof pollutants arerequired

6.2.2 Diffuse urban pollution and river basin managementplanning

A key requirementwithin the WFD underArticle 16 will be the productionof River
Basin ManagemenPlans(RBMPs) which are the main mechanisnof achievingthe
Directive's environmentalobjectives.R B M P €ors a particular river basin should
include:

definitionandcharacteristicsf theriver basin (by endof 2003)

environmentalmonitoring data and consultationin preparationof RBMPs (to

commencédy endof 2006)

1 detailsof the environmentalmpactsof humanactivity, including informationon
diffusepollution sourcesmagnitudesndtrends (by endof 2004)

1 interimoverviewof River BasinDistrict (RBD) watermanagemenssuegendof
2007)

1 strategicplansfor the achievemenof "goodstatu$ within RBDsto be specified

within the Programmef Measures(by endof 2009)

)l
)l

PROGRAMME
OF MEASURES
l SUPPLEMENTARY
BASIC MEASURES Optional;Projectinitiatives
Obligatory;Existinglegislation |
¢ \ 4 ¢ Generabinding Rehabilitation.
IPPC Habitats/Birds Discharge rules. R&D.
UWWTD/Sewage Nitrates authorisation. Codesof PractCe. Education.
sludge. BathingWater Prohibitdirect RevisedPPGs. Awareness
Major Accidents Drinking dischargeo ground. Negotiated tramlnga
andEIA. Water Abstractionlicence. agreements. Deman
Economic management.
instruments. Demonstration
Et céé sites. -
Et ceé

Figure 6.1 RBMP Programme of Measures
Once monitoring has determinedwaterbody statuswithin a RBD, the competent

authoritiesmust then use this information to develop an integratedProgrammeof
MeasuresFigure 6.1 illustratesthe structuralrequirementdor such a programme.
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6.3 Implementing SuDSwithin River Basin ManagementPlanning
6.3.1 Prohibition notice policy

It is standardJK regulatorypolicy (within the Agency, SEPAandthe N IrelandE &
HS) not to seekformal consentdor urbansurfacewaterdischargesBoth the Agency
and SEPA are committedto the promotionof sourcecontrol and passivetreatment
suchasurbanwetlandsasbestmanagemenpracticein their responséo Strategicand
Local Plans.Normal regulatorypracticetherefore,is to rely on planning conditions
andbuilding warrants athe meansof deliveringbest practiceWheresourcecontrol,
passivetreatmentor engineeringneasuresuchasoil separator@re agreedwith the
discharger Conditional Prohibition Noticescan be served.SuDS structurescan then
be madea conditionof theNotice.

6.3.2 Planning and partnership approaches

SuDSmplementatiorandthe PlanningProcess

The planningsystemandlocal authoritiesarein a key positionto bring aboutchange
and play a major role in controlling andinfluencing the decisionmaking processon
land use activities. They canwork within relevantdevelopmentstructureand local
plansas well asthe AGENDA 21 processto encourageand introduce appropriate
design guidanceand community planning. However, plannerscan be faced with
conflicting consultationresponsesn SuDSfrom statutoryconsulteesausingserious
difficulties for the planningprocess

The revised(July 2001) DETR PPG 25 "Developmenand Flood RisK' specifically
refersto surfacewater drainageand SuDSwhich shouldbe helpful in this dialogue
betweenthe Agency and Planning Authorities. Therevisions have strengthenednd
sharpenedhe precautionaryrisk-basedfocus of the guidanceto ensurea stronger
emphasison planningin relationto river catchmentst all stagesn the planrmaking
process.

SuDSmplementatiomndDevelopers

Developersare becomingmore familiar with, and more willing to consider,SuDS
construction.Theywill constructwhatis necessaryproviding the appropriatedesign
requirementscan be taken accountof when negotiatingthe land purchaseprice.

However,theytendnot to consultwith the Agencyuntil afterland purchaseandthey

areconsequentlyeluctantto accepidrainagesolutionswhich mightreducethe number
of developmentinits. Delayscausedy disagreementsetweerthe Agency, the Water
Companiesand the Highways Agency (and/or County/District Highway Authorities)

are also a frequentcausefor complaint. For smallerdevelopersclear SuDSdesign
specificationsandexperienceaonsultantss a particular problem. Closerliaison and

interactionbetweenthe regulatoryauthoritiesandthe UK HouseBuilding Federation
mighthelpto facilitate a betterunderstandingf themajorissues.

SuDSmplementatiorandthe WaterCompanies

Water Companies are another important target group and discussion
Workshops/Seminarsight provideeffectiveforafor airing Agencyconcerns.
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It is not clear however,to what extentsuch initiatives would be welcomedby the

Water Companiesand it may be more
effective to provide training and support
for Agency staff involved with routine
discussionsabout sites. Neverthelessthe
water companiesgenerally arebecoming
increasingly committed to source control
approacheswhich seek to divert and

SurfaceWater SourceControl: Policy Statement
July 1998. ThamesNater

1

seekto ensurethat new connectionsto the public sewerage
systemdo not pose an unacceptablethreat of surcharge,
floodingor pollution

with advicefrom DETR, we will encourage .......... sustainabl
infrastructuredevelopmenihich doesnot involve discharge
tothepublicseweragesystem.

we recognisethat it is preferableto use locally available

watercourseswith attenuationor soakawaysto drain the

controlrainfall-runoff at source :
surfacewaterrunoff from sites.

SuDSmplementatiomndHighwayDrainage

Planninglegislationallows the EnvironmentAgencyto makerepresentatiompposing
developmenprojects(including new or improvedhighways),which arelikely to have
an unacceptablempactuponthe aquaticenvironmentand PlanningPolicy Guidance
(PPG)12 provides backgrounidformationon pollution preventionand surfacerunoff

control.

To date, the Highways Agency have beencautiousin their approachto the use of
vegetatedtreatmentsystemsfor the control and managemenof highway runoff.
However,the new Advice Note coveringthis themewithin the new updateto Section
2 (Drainage,HA 103/01),Volume 4 of the DMRB may help to promote wetland
systems.A recent publication by the Institution of Highways & Transportation
(2001)alsorecommendSuDSbestpracticestructuregor the control and management
of road and highway runoff and providesmore detail on their relative benefitsover
conventionafjutterkerb-sewerdrainagesystems.

SuDSmplementatiorand StakeholdePartnerships

Underthe Water FrameworkDirective, the evolution of water resourcemanagement
towards an ecocentric, holistic approach to catchmentmanagementequiresthe
sharing,coordinationand integrationof objectives,valuesand inputs from a broad
range of agenciespublic and other organisationsvhen conceiving, designingand
implementingpolicies,programmes®r projects.In particular,Jocal community interest
and generalpublic supportwill be crucial in achievingthe goalsof integratedurban
catchment managementunder the Directive. Partnership approachesinvolving
representativesf all stakeholderrganisationgregulatoryauthority, water utilities,
local authorities, house builders, developers,governmentand NGOs) have been
successfulwithin the Scottish SuDS Working Party in implementingbest practice
technologyfor urbanstormwatemanagement

It is necessaryto raise the profile of urban surface water drainage and its

environmentalconsequenceand to run educationand training programmeson the

potential of SuDS best practice. Where the issues of surface water become
understoodand appreciatedthereis considerablgotentialfor a more collaborative
andpartnershipapproacho future catchmenpolicy development.Inevitably thereis

adifficult balanceto be soughtbetweerntheregulatoryleadrole thatthe Environment
Agency musttake, and the collaborativeprocesswhich must subsequentlyevelop,
in orderfor amoresustainabl@pproacho beachieved.
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7. DECISION SUPPORTAPPROACHES

7.1 Introduction: Towards a Multi -Criteria approach

Sustainabilitycriteria for urbanwetlandsmust be similarly referencedagainstthose

parameterselatedto all three elementsof the SuDStriangle; water quantity, water

quality andamenity. Thus,designandconstruction,environmental/ecologicampact,

operationand maintenancehealthand safety,social/urban(community/amenityand

economic issues become prime potential sustainability criteria to facilitate

comparisongndaccreditatiorof drainageoptionswith regardto capital cost, resource
use, acceptability,performance maintenanceetc. It is appropriateijf not necessary,
to evaluatethe sustainabilityof urban wetland systemsagainst multi-criteria and

multi-objectivesplacedwithin an overall subjective decisionsupportframework.

7.2 Defining Primary Criteria, Indicators and Benchmarks

Table 7.1 outlines a possiblelisting of primary generic criteria which could be
appliedas basicsustainabilityindicatorsfor urbanwetlandSuDS. It alsoidentifiesa
range of secondaryindicatorsand benchmark'standards"againstwhich a specific
wetlandor other SuDS structureor set of drainageoptions might be assessedThe
listing could alsoprovidea suitablebasisfor developingholistic accreditationcriteria
for assessinghe relative sustainabilityof any existing urbanwetlandor other SuDS
structuresas well as providing a basisfor postproject evaluationof sustainability
gains achievedfollowing the introduction of -a SuDS initiative within an urban
development.

7.3 Applying a Multi -Criteria Approach

Once the objectivesf a specificscheméhavebeenidentified asa basis fora decision
on the adoption of varying drainage options for an urban development(or re-
developmenin the caseof a retrofitting design),the multi-criteria approachcan be
implementedasillustratedin Figure7.1

7.4 Benchmark Indicator Standards

Long term performancehealthandsafetytogetherwith O&M requirementareprime
benchmarkindicators which need to bemuchmorefully determinedoeforethe
sustainabilityof urbanwetlandsor other SuDS structurescan be championedn an
unqualified mannerThe EnvironmentAgencyin conjunctionwith HR Wallingford,
has establisheda national databaselnternet site (www.sudssites.net)which will
complementthe more detailedUS EPA national databasealreadyavailableon the
web(www.bmpdatabase.org).

R&D TECHNICAL REPORTP2-159/TR2 63



Table 7.1 Sustainability Criteria and Indicators for Urban Wetlands and SuDS

Category Primary Criteria SecondaryCriteria PossibleBenchmarking Standards
Technicaland 1 SystenperformancéQuantity | 1 (i) StorageandFlooding 1 (i) Designstormreturninterval (RI) storagevolume;No. of floodsperyearand/orproperties
Scientific andQuiality) affected; Downstreanprotectiorvalue;Disruptiontime/costs
Performance (ii) Receivingwaterquality (i) Pollutantconcentratioprobabilityexceedanceirstflushcapturepotential(10/15mm
effectiverunoff treatmenfor all storms);%agecompliancewith RQOs/consentstc.;No. of
complaints%agestormeventscapturedor treatmentPollutantdegradatiomates
1  Systenreliability 1  Performanceeliability, 1  %agepollutantremoval;In-basinquality andhealthrisk (eutrophicationpdoroussediment,
failure, healthandsafety stagnantvater, bacteriologyetc..);Likelihood/riskof failure; Operationakafety
1  Systendurability 1 Designlife 1  Operationalifetime (storagevolumes;sedimenticcumulatiorrates)
1  Systenflexibility and 1  Capabilityfor changeover 1  Designfreeboardstorageandwaterquality); Costsandeaseof retrofitting and/oradd-on
adaptability timeincludingretrofitting structuresandfeatures
Environmental 1  Watervolumeimpact 1 Flooding 1 Drawdowntimes;Dilution ratios;Downstreanerosion;Frequencyf by-passoperation
Impacts 1  Waterqualityimpact 1 Pollutioncontrol 1 Treatmentetentiontimes;Litter/Grosssolids;RW RE classificationCompliancewnith RQO
andreceivingwater(RW) standardsMaintenancef lowflow status
1  Ecologicalimpact 1 Habitatandecological 1 RWBMWP/ASPTscoresNo. of key speciesandalienspeciesntroduced;SuDSecological
diversity andconservatiorstatuqtotal flora/fauna)rolein BAPs;PYSM ecoquality assessment
1 Resourceise 1 () Landuse 1 (i) Landtake(area/cost)No. andvalueof developmentinitslost
(i) Materialuse (ii) Aggregates/concrete/tegmil/appurtenancasseandcosts
(iii) Energyuse (iii) Construction/G& M energyconsumption
(iv) Chemicals (iv) On-siteherbicide/pesticidapplications
1 Maintenanceservicing 1 O& M requirements 1  Needandfrequencyfor O & M servicingto maintaintechnical/environmental/amenity/habitat
provisionandresponsibilities objectives
1  Needfor monitoring(waterquality, planthealthetc)
Social and Urban | 1  Amenity;aestheticsaccess 1  Socialinclusion 1 Communitybenefits(assessmertf amenity-boating/fishing/recreatiomccessaesthetics);
Community andcommunitybenefits No. of visits; Quality of life enhancemenfopulatiorandgroupsserved
Benefits 9 Publicinformation,education | § Publicawarenesand 1 Informationprovided(Interpretatiorboardsyisitor centressignage)Knowledgein local
andawareness understanding community;Rangeiservice/Voluntarngroupparticipation;Demonstratiorsite use
1  Stakeholdeacceptability 1  Perceivedicceptabilityand 1  Willingnessto-adopt;Assessmentf %ageconcernghealth/safety)Assessmentf %age
(perceptiorandattitudesof impacts improvementgiained;Awarenes®f risks
risksandbenefits)
1 Healthandsafetyrisks 1 Riskaudits 1  Probabilityof infectionandsafetyrisks;risk exposureudits;service/amenitputageimes
EconomicCostings | §  Life cyclecosts 1 Investmentindoperational 1 Design,capital,0 & M andmaintenanceosts;Disposalanddecommissioningosts;Other
costs materialandproductioncosts
9  Financialrisks 1 Riskexposure 1 C/B Analysis;Investmentossrisk; Sitereclaimvalue
1  Affordability 1 Longtermaffordability 1 Adoptionandliability costs/risksAmenityincomestreamgwillingnessto-pay);Longterm
amenitycosts
1 Economicaddonvalue(enhancedand/propertywalues)
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ACCREDITATION EVALUATION

Figure 7.1 Multi -Criteria Analysis for the Evaluation of Urban Runoff Control
and Treatment Options
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7.5 Matrix Approaches

Table7.2 SuDSTechnologyEvaluation Matrix

Criterion o ge
= ) c L
S 2 = S | S35
= £ VW o=T 0| L S | E S
© O S cos|l WO W0 c c|l v ©
= OS2 9@l 2ol -0 = 8
= 0m = = g 9O ® © = D = 9N [e5)
= = om@przZ =3 =5 0 @ O
Eh |daeR O0on Ooh|Sxm O
Planning cost
(Pre-planninganddesign) + 0 + 0 +
Construction cost
(Capitalinvestment) + 0 + - 0
O & M cost
(Includingpersonnelplant + + 0 + 0 0
replacemenandsedimentlisposal)
Technicalimplementation effort
(excavationlifetime + O + + 0
O & M, decommissioning)
Water re-use _ _ _ _ + +
(notincludinggroundwaterecharge)
Whole-life cost
(Duration,affordability, flexibility for + - + + + 0
retrofitting etc)
Reliability againstFailure _
(Forcedandplannedoutageduring 0 + + + 0
lifetime)
Planning and Practical Experience _ _
(Systenperformancé&nowledge) 0 + 0 +

KEY:

+ moreadvantageouascomparedo othertechnologies
0 neither advantageous mdisadvantageousscompared to othéechnologies
- less advantageoascompared to othdgechnologies

A comparativematrix approachwhich includessustainabilityreferencingfor various
typesof SuDSstormwatertreatmentsystemss givenin Table7.2. This type of multi-

matrix approachs primarily intendedfor generalplanningsupportin the pre-selection
of integratedurbanBMP systemsand cannotbe usedfor detaileddesign. Although
wetlandsmay havethe possibility of waterre-use,theremay be an overall waterloss
asa resultof plantevapotranspiratioduring the summerperiodin comparisorno an
unvegetatedpenwatersystenmsuchasawetretentionpond.

Table 7.2 suggestghat wetlandsgenerallyseemto be neutralin termsof advantages
and disadvantagesover other SuDS systems, the gains in performance and
environmental capacity as well as in potential community benefits more than
compensatéor anytechnicalkshortfalls

7.6Wetland designprocedure

Figure 7.2 presentsa generalprocessdiagramfor the designprocedureand flow of
requiredinputs and considerationgst differing stagesof design,implementationand
operation.Theinclusionof amenity/recreatiomsa separatesubrset withinthe process
diagram reflects the fact that some wetland systems,such as those intended for
highway runoff (and perhapssomedevelopedwithin industrial zones) will not have
needto recourseo suchcriteria
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8.

RECOMMENDATIONS FOR FURTHER RESEARCH

8.1Introduction

The suggestiongor further work which are given below are not prioritised but are
groupednto thematidssues.

8.2 Databaseand Monitoring

T

Developmenbf nationaland standardisediatabasdor urbanwetlandsaspart of
nationalSuDSmonitoring.

Developmenbf nationalwaterquantityandwaterquality monitoringprogramme
for differing typesandlocations.

Full scalefield evaluationandrevisionsof decisionsupportapproacheor urban
wetlanddesignandaccreditation.

Identification of selected national demonstrationsites; to be developedin
conjunctionwith developersBritish HouseBuilding Federatioretc.

8.3 Operational Evaluation

|l

Theevaluationof long termperformanceandcosteffectivenes®f differing urban
wetlandSuDS.

Evaluation of long term effects of belowsurface pollutant infiltration from
wetlandgo groundwater.

Theevaluationof urbanwetlandpollutantremovalefficiencies;robustmodelling
proceduresgor thedynamicnatureof wetlandflows andmixing processes.

Developmenbf operationaland maintenancéandbooksandinspectionroutines
for urbanwetlands.

8.4 Pollutant Pathways

T
1

Hydrocarborchemicalandmicrobialdegradationsedimentandplantuptake.
Metal uptakeandfood chaintransfer.
Pesticidadegradatiorandplantuptake.

Bacterial and pathogenpathways,exposure,degradationand resuscitationand
uptakeratesin sedimentplants,insectsjnvertebrateshirdsandotherwildlife.
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8.5Wetland Designand Management

T

Techniquedor first-flush treatmentjyole of wetlandsin innerurbanareasandin
conjunctiorwith conventionatlrainagesystems.

Issuesof wetland adoption, liability including issuesof long term wetland
managemerdandmulti-partyagreements.

Public attitudesand behaviouralsurveysof local/communityusesof, and needs
for, urbanwetlandsystems.

Wetland designfor the removalof priority pollutantsincluding methyl tertiary
butyl ether, hydrocarbongpesticidesbacteria/pathogeneestrogenstc.

8.6 Life-cycleAssessment

T

|l

Wholelife-cycle costingfor urbanwetlandsjncluding MIPS (M aterialsl ntensity
Per ServiceUnit) analysisaspartof nationalSuDSmonitoring

Identification of separatdand take, resource/energyseand O & M costsfor
differing urbanwetlandtypes.

Identification and quantification of sedimentationrates for urban wetland
environments.

Identificationof plantreplacementequirementsrequencyandcosts.

8.7 Wildlife/Amenity & Social/Urbanlssues

1
1

Issuegelatedto wetlandnaturalisatiorand speciesolonisation
Foodchaintransferandresultaneffectsof differing pollutants.
Issuef fish managemernih urbanwetlands.

Healthhazardgposedto wildlife andthe public from exposureo urbanwetland
pollutantssuchasbacteria/pathogenbBydrocarbongtc.

Public attitudesto wildlife andecologicalissuesassociatedvith urbanwetlands
andmeansof combatingvandalism.
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APPENDIX A

WETLAND PROCESSES

1. Sedimentation

Thisis the(solid-liquid) separatiomprocesshich useggravitationalsettling to remove
silt andsuspendedolidsandis consideredo be the predominanmechanismfor the
removal of many solid-associategollutantsfrom the water column. Assumingthat
completemixing occursduring a stormevent andhat sedimentations the dominant
removalprocessit is possibleto derivefor anygivendischargeafirst- estimateof the
requiredwetlandvolume and the percentagesolids retention. Figure A1 showsthat
solids captureincreaseghe smallerthe eventdischarge(Q) is relative to the basin
volume (V). Solids retention also increasesas the inflow suspendedsolids
concentration(Cin) increasesrelative to the backgroundconcentrationgCpr). The
individual curvesrefer to the ratio of inflow solids concentrationgCin) to assumed
backgrounatoncentrationgsmmediatelyprecedinghe stormevent(Cyy).
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Figure Al. SolidsRetention Under Differing Dischargeand Volume Conditions.

Sedimentationrates in wetland systemsfollowing a storm event will be at least
equivalentto thoseexperiencedn wet retentionbasinsand first order settling rates
can be determined  from
consideration of particle settling | Required Wetland Volume .
velocities using proceduressuch as | & iau s con e rese dcconson rutes weland
outlinedin Hall et al (]_993)f0r flood | volumes(V) for a particularlocationby multiplying the retention
. . time (HRT or tre) by thedaily flow (Qq; m%d):
storagedetentionbasins A procedure V = tex Qi

for calculatingthe settling velocityof | to achievea desiredtargetlevel of solids reduction(and for any
coarseand fine particulatesis given | "eduredsedimentradingthreshold)

in AppendixB. Basedon available

data,it is possibleto draw up a seriesof percentageolidsv time retentioncurvesfor
typical dry weatherperiods(or inter-stormintervals)asindicatedin Figure A2 which
illustratestypical capturecurvesfor threewetlandbasinsitesin S E England. It is
evidentthatfor all threesites,betweerb0 - 60% of the total suspendedolidsload can

beexpectedo beremovedwithin 5 daysfollowing moststormeventswith morethan
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70% of particles greater than 0.5mm being settled out. With the enhanced
sedimentationenabled by vegetative biofiltration, it is evident that stormwater
wetlandsarefully capableof achievingsatisfactorysolidsremovalefficiencies.

100

80 ——

- o
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Retention //
40
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Retention time (days)
Figure A2. SolidsTime Retention Curvesfor Three Wetland Sites

In wetlandshaving a significant biofilm mass, particles of less than 4-5 nm are
unlikely to coagulateand may stayin stablesuspensionApart from retentiontime,
the most significant factors affecting solids settling are emergentplant densities,
turbulence,inlet-outlet conditionsand water depth. Adverseflow conditionscan be
minimised by promoting sheetflow conditionsinto the wetland. The use of inlet
distribution weirs or surfacefilter stripsin SF wetlandsor gabion blocks for SSF
systemscan provide efficient inlet flow distribution (Ellis, 1990). Uniform flows
distributedevenlyacrossthe wetlandmacrophytezonewill reducechanellisatiorand
shortcircuiting andenhancesedimentatiomatesaswell asencouragehe retentionof
thefiner claysizeparticles(LawrenceandBreen,1998).

Re-mobilisationof pollutantsfrom oxygendeficientbenthalsedimentmay still occur
asa resultof thedisturbanceof bacteriallydecomposedrganicmatterdepositedafter
stormevents Finesediment®itherin suspensioim thewatercolumnor re- suspended
from the bed, may be flushed out whenrelatively cleanstormwaterentersthe basin
during a large storm event. The cleanerstormwaterinflow displaceshe moreturbid
wetland water, causingnetexportof contaminated sedimemlicrobial activity under
reducingor anaerobidoed conditionscan also releasesoluble pollutants (phosphate,
nitrogen, heavy metals,ammonia)into the overlying water column and thusreduce
the overall retention performance.In addition, bioturbation and benthic organism
excretioncan also releaseheavy metalsinto the overlying water column. Such re-
mobilisation processesan be offset by increasingthe wetland areaor by cycling
the wetlandoutflows throughan openwaterzone(or further wetlandcell) to take up
the releasedhutrientsand organiccompounds Whilst the underlying substratemay
remainanoxic, the sedimemwater interfacelayer is likely to be re- oxidisedby both
naturaldrawdownandrechargéetweerandduringrainfall events.

In gravelbedwetlandsystemssolidsaccumulatiorandassociatetiofilm development

can impede influent contact with both the macrophyteroots and the underlying
mediaespeciallyadjacentto the inlet wheremost sedimentatioroccurs.
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Efficient inlet distribution (e.g using gabions)and carefully selectedwashedgravel
mediasizescanhelp to alleviatethis problem. Where metal removalis a key water
quality objective, mixing with coarseorganic soil may be appropriate althoughit
should be notedthat introducedweedsare likely to be presentand can causelater
problems.

2. Adsorption

Adsorption of pollutants onto the surface of suspendedparticulates,sediments,
vegetationand organicmatteris a principal mechanisnfor the removalof dissolved

andcolloidal pollutantssuch
asnutrients,bacteriaandthe
more soluble metal species
as well as the more toxic

polyaromatic hydrocarbons.

As much as 70 - 90% of
these pollutant groups can
be associatedvith the fine
particulate and colloids in
stormwater runoff.

Adsorption Behaviour of a Pollutant
The balanceor equilibrium betweenthe solid-associated(Cs, sorbed)and
dissolved(Cw) phasesof a pollutantis commonly referredto as a sorption
isotherm The expressionused todescribethis pollutant partitioning or
adsorptiorrelationshigs knownastheFreundlichisotherm

Cs = K. C)"
whereK is the Freundlichconstant(or pollutantadsorptioncoefficient)andn
is a measureof deviation from linearity. A value of n = 1 reflects those
situationsin which the attractivenessf the solid for the sorbateremainsthe
samefor all levels of Cs. This linear isothermalrelationshipusually only
appliesover narrowrangesn Cy particularlyat low pollutantconcentrations.
The distribution ratio (Kq) of total pollutantequilibrium concentrationsn the
sorbedanddissolvedphasess expresseds:

Kd = Cs/ Cw

w

1L I 4o o~ n-1
AITUTTETICE, Nd — N\, U

Adsorption occurs as a
result of electrostatic and

physical forces as well as chemicalreactions Adsorption rates under sustainedor
attenuatedoading conditionssuchas encounteredvith urbanstormwaterflows, are
consideredto be inversely relatedto the particle size and directly relatedto the
organicmattercontent.

Adsorptionprocessesire thereforeenhancedy increasingthe contactof the surface
runoff with the wetlandmineralsubstratesndwith the vegetativesurfacesand plant
detrituswhich provide large surfaceareasfor adsorption.In addition, high retention
times, shallowwater depthsand an evendistribution of influent will further enhance
theinteractionsof the stormwatemwith substrateand plantsurfacegherebyincreasing
the adsorptionpotential. The macrophytesubstrateand associatediofilm comprise
essentiatreatmentzonesfor colloidal and dissolvedpollutantswith organic carbon
uptakeratesbeingin the orderof 0.2- 1.2 g/m’/dayfor a typicalurbanrunoff wetland
system(Cooperet al., 1996). This compareswell with the uptakeratesreportedfor

trickling filters and maturationponds
which range between 0.14 - 0.96
g/mflday (Metcalf & EddyInc, 1991).
The biofilm is particularly susceptible
to scouringduring storm eventsand thus the wetland should be designedto limit
velocitieswithin themacrophyteonewhichideally shouldbelessthan0.3- 0.5m/s.

Maximum Inflow Velocity

The expectedmaximum velocity (Umax m/s) in the wetland
canbe calculatedasa function of the peakflow rate (Q pkmax;
m¥s) andwetlandsurfacearea(As; m?) as: Umax= Qpkmax/ As

3. Precipitation and dissolution

Manyionic speciesuchasheavymetalsdissolveor precipitaten responseto changes
in the solution chemistry of the wetland environment. Microbial oxidation and
precipitationin the wetland substratefix metals such as cadmium, copper, lead,
mercuryand zinc as insoluble sulphidesunder the reducing conditionscommonly
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found in wetlands.Fulvic and humic acidsreleasedby decayingorganic mattercan
alsoform complexesvith metalions.

4. Filtration

Enhancediltration occursin most wetlandsas a direct result of reducedvelocities
broughtabout bythe hydrauliaresistancef macrophytaoots,stemsandplanttissue.
Such biofiltration is most effective when inflow velocities are below 0.5 m/s and
flows are distributediniformly across the widtlof the bed A dense vegetatiooover
canalso be very effective at removinggrosssolids, litter and floatable materialfrom
the incoming stormwaterflows. Furtherpollutantfiltration will alsooccurwithin the
soil matrix of thewetlandsubstrate.

5. Biochemicalinteractions

Vegetative systemspossessa variety of processedo remove nutrients and other
pollutant material from the water column. In general,theseprocessesnclude high
plant productivity (a large biomass)decompositiorof organicmatter,adsorptionand
aerobicor anaerobianicrobialmechanisms.Throughinteractionswith the soil, water
and air interfaces plantscanincreasethe assimilationof pollutantswithin a wetland
systemproviding surfacesfor bacterial growth and adsorption,filtration, nutrient
associatiorand the uptakeof heavymetals,hydrocarbonsetc. Various studieshave
demonstratedthe efficiency of pollutant removal following contact with the
macrophytehizospheréCooperetal., 1996).

Two principal biochemicalprocessesperateto immobilise heavy metalsin plant
tissue following uptake; (i) complexationby free ions in root cell walls and, (ii)
enzymemediatedncorporationinto shoottissue.Thereis someevidencethat aquatic

macrophyteshave genesproviding Pollutant Decayin Wetlands

a toxic tolerance which enables The reduction achieved in pollutant concentrations across a

considerable p|ant metal | constructed wetland can be related to a first-order kinetic

. . lationship:
accumulation to occur without | Co 0T Con = o x oxp"

interfering with vital metabolism | wherepollutantconcentrations theinflow andoutflow areCi, and
Coutrespectivelyk is thereactionrateconstantindt is theHydraulic

processes.PIant _uptake of these RetentionTime (HRT). ForanunrestrictedSFwetlandflow system,
pollutants provides temporary HRT = wd / Qv

removal of metals, nutrients and
hydrocarbonsfrom the sediments,allowing renewed adsorption sites within the
sedimentfor the attraction of other ions. Heavy metals and low level (<1 mg/l)
concentrationof soluble inorganic phosphorusare readily immobilised in neutral
mineral soils by adsorptione.g on clay mineralsand precipitationreactionse.g with
aluminiumandiron. As adsorptiorprecipitationphenomenare partially reversible,
this processcannotbe assumedo be a permanensink for phosphoruor metalsand
incoming dilution water can for example, cause phosphorusrelease from the
sedimentsnto solution.

6. Volatilisation and aerosolformation
Evaporationand volatilisation can remove the most volatile pollutants such as

ammonia,chlorinatedhydrocarbonsand some surfaceoils from wetlands. Air and
watertemperaturewind speed subsurfacegitationand particularlythe existenceof
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surfacefilms can affect the rate of volatilisation. Aerosolformation may also play a
minor role in removing wetland pollutantsbut only during periodsof persistently
strong winds.

7. Infiltration

For wetlandshavingunderlyingpermeablesoils, pollutantsmay be removedthrough
direct infiltration to ground and may eventuallyreachthe permanentgroundwater
level. Percolationthroughthe underlyingsoil matrix will provide physical,chemical
andbiologicalattenuatiordependingn the matrix depth particlesize,organiccontent
and degreeof saturation.Whilst wetlandrecharges unlikely to leadto groundwater
contaminationt shouldbe avoidedwhereverpossibleby the useof an impermeable
bed(clay or clay bentonitemixtures)or artificial (PVC or HDPE)liners.

Additional References

METCALF andEDDY INC. 1991. WastewateengineeringTreatmentgdisposal
andreuse 3rd Edition, McGrawHill, London.

R&D TECHNICAL REPORTP2-159/TR2 76



APPENDIX B

WETLAND POLLUTANT EFFICIENCY RATES
1. Introduction

A full procedurdor estimating the pollutanetention efficiency of avetlandbasin as
afunction of particlesizeis givenin Section6.5 (pages89 - 95) in the CIRIA manual
"Designof Flood StorageReservoirs (Hall et al., 1993). A simplified modification
of theproceduras presentedhere(in theform of a"look-up” table),with theemphasis
beingplacedon solidsretention.

2. Particle Settling Velocity

As adesignguide, TableB1 providesvaluesof fall velocity (Vs) for atypical rangeof
particlediameters.The settlingvelocity (Vs) valuesin Column3 assumea density(or
specific weight) equivalentto commonquartz(2.65) for all particle sizes.However,
for particleslessthan 0.1mm (very fine sand),the density actually

Table B1. Solid Sizesand Settling Velocities

SolidsGrade Particle Settling Velocity Density Sedimentation

Diameter (Vs; mm/sat10°C) (kall) Efficiency

(d; mm) Density; 2650 kg/m (%)
PeaGravel 10.0 800.0 2.65 100
Coarse sand 1.0 200.0 2.65 95
Mediumsand 0.5 70.0 2.5 90
Finesand 0.2 22.0 2.5 90
Very fine sand 0.1 10.0 2.5 90
Coarse silt 0.05 6.7 2.3 80
Mediumsilt 0.01 0.18 2.0 70
Finesilt 0.005 0.016 1.7 60
Clay 0.001 0.011 1.1 50
(and organics)

reducesquite sharply which reducesthe sedimentationefficiency of such small
relatively buoyantparticles. In addition, evensmall eddiesand currentsinducedby
flow, wind or thermalgradientsin the wetlandwill exacerbatehis buoyancyaswill

shortcircuiting. The sedimentatiorefficiency loss is thereforehighestfor the finest
silt andclay gradingsascanbe seenfrom inspectionof thefinal two columnsin Table
B1. It shouldbenotedthat TableB1 assumesnambient temperaturaf 10° C, butas
temperaturencreaseshe kinematicviscosityand densitydecreaseavhich in turn lead
to anincreasen the settlingvelocity. Thusthe retentionefficiency valuesquotedin
TableB1 areontheconservativesidefor mostUK weatherconditions.

3. SolidsRetention
Thetotal solidsretentionof thewetlandbasincanbeestimateds:

Retention(%) = S[Fraction(%) x {1 - e (-Vs.t/ d)}]
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whereVs is the fall velocity (m/s),t is time in secondsandd is the averagewetland
depth.

Solidsretentionfor individual size rangesfor any specifictime period (say0.2, 0.5,
0.8,1 . 2 é days)canbeestimateds:

Retention= gh/gp = 1-1/[{1 + (10n.Vs.As/Q)}]

wheregh andg arethesolidsconcentrationafterl day,t, andstarttime, to respectively;
Vs is thesettlingvelocity (m/d); As is thewetlandsurfacearea,(hax 10* m?); Q is the
(poststorm event) averagedry weatherflow rate (Ml/d x 10° m¥%d); and n is the
sedimentatiorbasin performancecoefficient. Given the shallow depthand potential
for significant inflow eddy currents within constructedwetlands, their
sedimentatiorefficiency rating (especiallyfor particle sizesbelow 80 nm), appearto
berelatively poor (n = 0.5) to very poor (n = 1). Theinterceptionequationdor these
differing sedimentatiorronditionswould thusbeof theform:

VeryPoor: g/gp =1-1/(1+{10Vs. As/Q})
Poor: /g = 1-1/(1+{10Vs. As/Q}>)
Excellent: g /o= 1-e(10Vs.As/Q)

Thecumulativesolidsretentionis thengivenby:

CumulativePercentag®etention= S[Fraction(%)x (1- g,/ ®)]
4. Solids-Retention Curves

Basedon particle size analysisof solids dischargedo a wetland over specific time

periodsduring and following a stormevent,it is possibleto computea site-specific
"solidstime" retentioncurveasillustratedby Figure A1L(AppendixA). Theprocedure
canbe shortenedy taking a few key sizegroupsfrom TableB1 e.gcoarsesand fine

sand and clay. The procedure can also be improved by direct laboratory
determinatiorof the settlingvelocitiesratherthanusingthe Vs valuesgivenin Table
B1. A procedurefor empirically determiningVs is givenin Hall et al (1993)which

utilises Camp's threeparameterfunction (Camp, 1946) for determining the trap

efficiency. Vetter'sformulais usedto adjustfor shortcircuiting and basinturbulence
(Vetter,1940).

The useof estimatedoollutantpartition coefficients(and/orparticle size weightings)
derivedfrom theliteraturefor metalshydrocarbons etccan alsde appliedto derive
anapproximatiorof othertoxic speciesemovalrates. TableB2 providesestimates

Table B2. Pollutant Load Fractions Attached to Stormwater Solids

Pollutant PercentageSolids Partitioning
BOD 60-70
COD 75-85
Bacteria 80-90
Hydrocarbons 65-75
Zinc 30-45
Lead 75-85
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of the rangeof observedpollutant loads attachedto stormwatersediment,mainly
associatedvith the finer particle size fractionsbelow 0.05 mm. Adjustmentscan be
madeto the solidsretentionresultsobtainedfrom the calculationsn Section3 above
to derive an estimateof the retention efficiencies for the various toxic pollutant
speciesotedin TableB2.

5. Empirical Approachesto SolidsRemoval

5.1 Solidsremovalis essentiallya function of sedimentation.e. (bio)infiltration and
retentiontime, which is primarily affected by the relationshipsbetweensize and
settling velocity (Section 2 above). A number of empirically derived regression
equationshavebeenderivedto predictsolidsremovalefficiency for SSFwetlandsin

theabsenc®f detaileddataon influent particlesizedistributionandsettlingvelocities
(Vs). The two mostwidely usedarethoseassociatedvith the US NADB. (Knight et

al., 1993) andUK/Denmarkwetlanddatabase@Brix, 1994):

Csout = 4.7+0.09Csin  (Brix, 1994)

Csout = 7.8+ 0.063Csin  (Knightetal., 1993)
Reed(1994)hasalsosuggested:

Csout = Csin[(0.1058+ 0.0011)HLR (cm/day)]

5.2 Taking the wetlanddesigndatafrom Section2.2, Appendix C andthe derived
HLR value (0.043m/d) of Section2.3 in Appendix C, andassuminga TSSinfluent
concentration(Csin) of 100 mg/l, the Reed equation derives an outflow (Csou)
concentratiomf:

Csout = 100[{(0.1058 + 0.0011)4.3}] = 46 mg/l = 54%removalefficiency

The UK/Europeanand US NADB equationsderive Csout Valuesof 5.6 mg/l and14.1
mg/l respectively.e a94%and86%removalefficiency.

Additional References

BRIX, H. 1994. Useof constructedvetlandsin waterpollution control: Historical
developmentpresenstatusandfutureperspectivesWat.Science& Tech, 30,2091

223.

CAMP, T R. 1946. Sedimentatiorand the designof settling tanks. Trans, Amer.
Soc.Civil Eng, 111,895- 952.

VETTER, C P. 1940. Technicalaspectf the silt problemon the Coloradoriver.
Civ,Eng, 10(11),698- 701.
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APPENDIX C

KINETIC DESIGN MODELLING OFWETLANDS
(SeeSection2.1.5and3.2.2in maintext)

1. Introduction

1.1 Plugflow is generallyconsideredo bethe optimal flow conditionfor a wetland
andis from a hydraulic viewpoint the preferredflow regimesinceall fluid elements
residearoundthe normalresidencdime. Furthertheremovalratesof pollutantssuch
asBOD, SSandnitrogenincreasewith theloadingrate,which makesplug flow more
desirable.Mathematically,plug flow canbe definedas a residenceime distribution
(RTD) with a variance(s?) equalto zeroi.e no dispersionother than the advection,
and a quotient betweenmeantime (tmn) and nominal residencetime (tnom) Which
equalaunityi.e nodeadzones.

1.2 Thegeneraliseglug flow input/outputreactor k- C' modelis given inthebox in
Section 1.7 as: (-k/HLR) = In[(Cout- C) / (Cn- C)] and where the Hydraulic
Loading Rate (HLR) = (Qin/ As); seethird box in Section 1.6.3.Re-arrangement
(with appropriateunit conversion)of this generaimodelthereforeprovidesa basisfor
determiningthe required surfacearea(As) of a SF wetland basin intendedfor the
removalof a particularpollutant:

As = (Q/K) IN[(Cin - C") / (Cout- C")]

1.3 Reedet al (1995 havealso proposeda simplified kinetic designequationwhich
placesk into the numeratorof the equation,and that can be usedfor preliminary
estimationof SSFwetlandsizing:

As = Q (In Cout' In Cin)/ kD
whereD is thefreewaterdepth(r x d); seeboxesin Sectionl.6.3.

2. Wetland Sizing

2.1 As anexample,it is intendedthat a stormwaterSF wetland shouldreducethe
long-terminlet annualaverageT otal Nitrogen (Nwt) concentratiorfrom 4.5 mg/l to a
targetoutlet concentratiorof 1.6 mg/l for an averagenfluent dischargg(Qin) of 25.8
m>/d. Whatsurfacearea(As) of wetlandwill berequired?No valuesaregivenfor the
nitrogendecayrate constant(knr) or for the wetlandbackgroundconcentration(C")
but referenceto Table 3.1 givesvaluesof 22 m/yr and 1.5 mg/l respectivelyfor these
two parameters.
Applying andre-arranginghe generakquation:

As = [(25.8x 365)In{(4.5-1.5)/ (1.6- 1.5)}] / 22
1,455.86m° = 0.15ha
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It shouldbe notedthat the effect of ignoring the backgroundC” value would give a
much smallersurfacearea(As) value of 0.046ha. Reducedwinter temperaturesvill
alsoreducethe k value, thus leadingto a requirementfor larger surfaceareas.For
example,with a meanwinter temperatureof 5° C (seebox in Section1.7) and still
ignoringthebackgroundC” value:

kntot = 20(1.09°29 = 10.6m/yr
whichwouldyield awetlandsurface(As) valueof 0.095ha(i.e twice aslarge).

2.2 A 0.6mdeepSSFwetlandwith substrateporosity of 0.4 (40%) receivesan
averagedaily flow of 60.5m*d with aninfluent BOD concentratiorof 140 mg/l and
hasan outflow targetconcentratiorof 10 mg/l. The prevailingwinter temperatures
1(° C andthereactionrateconstantk) is 1.104daysat 20° C. Whatsurface areéAs)
is neededo meetthetargetconcentration?
keoot = 1.104(1.09§°-29 = 0.47/day
andAs = 60.5(In 140-In 10)/ (0.47x 0.6x 0.4) = (160/0.113)
= 1416m°

2.3 An alternativenon-kinetic approachto the sizing of SSFwetlandshasbeen
suggestedby Reed(1993)which is basedon the premisethatin a "temperate'tlimate,
the annual BOD removal rate approximates2.5 kg/mf/yr. Using the design
information providedin Section2.2 above,the annualBOD removalfor the wetland
would be: [(Cin - Cout) (Q/1000)]365

= [(140- 10) (60.5/ 1000)] 365= 2,871kglyr

andAs = (2871/2.5) = 1148m?
whichis within 20%of the 1416m? figure derivedfrom thekinetic procedure,
andHLR = (Q/As) =(60.5/1416) = 0.043m/d ( = 4.3cm/day)

3. Pollutant DecayRatesand RemovalEfficiency

3.1 Forthegenerabollutionreductionrate(J) equationgivenin sectionl.7:

J=-k(Cn-C)
and the pollutant mass balanceequation,assumingplug flow conditions, for the
wetlandalsocanbeexpresseds:

HLR (Cin / iX) = -k (Cin - C")
with the pollutantfraction remaining(Fr) in the wetlandof the total possiblechange
in pollutant(seeboxin Sectionl.7)thenbeing:

Fr = [(Cout- C)/(Cin-C) = e[(-k/HLR)]

3.2 Thedecay rate (k) for Total NitroggiiNiot) removalin awetlandis 31.7m/yr ata
determinedHLR valueof 28.65m/yr. Whatis the pollutantfractionremaining(Fr) in
thewetland?

Fr

[(Cout- C)/ (Cin-C)] = etk/HR)
(-31.7/ 28.65)
0.031
Thereforethe percentagef total nitrogenretainedwithin the wetlandas a result of
theseconditionswould be 33.1%.
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Note that the combineddimensionlessvalue (-k / HLR) is also known in many
textbookgqe.g.KadlecandKnight, 1995)asthe Damkohlemumber(Da)

3.3 A SSFwetlandis designedfor a maximum stormwaterdischargeof 300 m*/d
with hydraulicretentiontime (HRT) of 4 days. The gravel(Diameter,Dp = 10mm)

substratdnasa porosity(r ) of 40%andthe averagevaterdepth(d) is 0.55m.

Fromthefirst boxin Section1.6.3, HRT = (LWD) /Q = (A«r / Q)
4 = [(LW x 0.55x 0.4)/ 300] andasLW =As
As= 5455m* andwith HLR = (Q/As)
HLR = 300/ 5455 = 0.055m/d

With a particlesizeof 10mm,the hydraulicconductivity(kn) canbe estimatecas(see
thelastboxin Section3.2.2):
kn = 12,600(0.01)-° = 2.0 x10%m/s

3.4 The first-order kinetic plug flow reaction model can be usedto predict the
pollutantremovalefficiency usingthe alternativeform of the generalmodelasshown
in theboxin Section2.1.5:

Cout = Cin e[(‘k/ HLR)]

For thel.3 haAnton CrescenSFwetlandin Sutton,Surrey,Cutbill (1997)calculated
thatthe meaninlet concentratiorfor Total Coliforms was 1990 MPN/100mlwith an
averagennualHLR of 13.33m/yr anddecayratek valueof 19.89m/yr. Therefore:
Cout = 1990e[(-19.89 /13.33)] = 448MPN/100m|
77%averagannualremovalrate

FigureCl illustratesthe removalefficiencyfor varying hydraulicloadingrates(HLR)
valuesrangingfrom 1 up to 1,000m/yr. Thefigure showsthatthe SFwetlandis able
to reducebacterial concentrationsffectively up to HLR ratesof about 100 m/yr
although65%removalcanbeexpectedatratesof lessthan12 m/yr.
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Figure C1. Bacterial RemovalEfficiency and Hydraulic Loading Rate
Additional References

REED, S C. 1993. Subsurfacdlow constructedvetlandsfor wastewatetreatment
ReportEPA832R-93-008, EnvironmentProtectionAgency,WashingtorDC, USA.
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APPENDIX D

SURFACE WATER DISCHARGE, SEDIMENT QUALITY
STANDARDS AND RECEVING WATER CLASSIFICATION IN
ENGLAND & WALES

1. DischargeStandardsand Consentsfor SurfaceWaters in England & Wales

1.1 Section 95 ofthe 1991 UK Water Industry Act statesthe general duty of
sewerageundertakersis to "provide,improve and e x t esgstedoé pulalic

sewersé . to achieveeffectualdrainagewithin urbanareas.This duty includesthe

requirementto collect and disposeof surfacewater. Outfalls from separatgsurface
water) sewersarenot subjectto routineconsenin the UK althoughunderSection85

of the 1991 WaterResourceg\ct it is an offenceto "causeor knowinglypermitany

poisonous,noxious or polluting matter or any solid waste matter to enter any

controlledwaters. Section100of the1980HighwaysAct givestheright to discharge
roadrunoff to surfacewatersthroughhighwaydrains(which include ditches gutters,
culvertsandpipes).

1.2. However,under Section89 (5) of the 1991 Water ResourcesAct (WRA), the

highways authority does not require the statutory defenceof a dischargeconsent
although the 1998 GroundwaterRegulations(which implementthe EU Directive

80/68/EEC) doesimposespecificrequirementslt shouldbe notedthatthe exemption
statusfor stormwaterdrainagedoesnot applyin Scotlandwherethey weretakenout

of direct control asa deregulationnitiative at the time thatthe ScottishEnvironment
ProtectionAgency (SEPA)was establishedMeasuregequiredto preventor alleviate
pollution areusuallyagreed througlkonsultatiorbetweenthe highwaysauthorityand

the EnvironmentAgencyanda policy implementatiorguidancenote (SC/CC/014)or

highway dischargeswas issuedin Septemberl992. The EnvironmentAgency and
Highways Agency have a Liaison Agreementin place which sets out their joint

understandingf the relevantlegislationand arrangementsor early consultationon

the effects of new and improvementschemesand maintenancevorks on the water
environment.This is currently being updatedand is intendedto becomea formal

Memorandunof Understandingr Advice Note. Thecriminal defenceagainsthighway
dischargesembodiedin Section89 (5) WRA 1991 doesnot hold againstliabilities

arising undercivil law where pollution can be shownand provento be "causedr

knowinglypermitted.

1.3 TheEnvironmentAgencycanchooseto applythe provisionsof Section86 of the
WRA 1991 to serve a Conditional or Absolute Prohibition Notice to an existing
surfacewateroutfall (SWO), if it saw fit todo sobecaus®f someparticular pollution
hazard. This could eitherrequirethata consente obtained(underSchedulelO, para
5 (1), WRA 1991) or alternativelythe Agency may specify the conditionsto be
observedorior to the approvalof a discharge SEPAhasa similar fall-back power of

servinga prohibitive Notice requiringpollution preventionmeasuresthe only defence
againstan AbsoluteProhibitionNotice beinga dischargeconsent. On the basisof the
limited informationavailableat the time of writing this report,thereareabout50,000
SWOsin the UK of which some 7% (about 3540) are consentedWhere surface
water dischargesare highlighted as a causeof receivingwater quality problems,a
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similar approachto that appliedto combinedseweroverflows (CSOSs)is likely to be
adoptedasedndischargdrequencydurationmagnitudeelationships.

1.4 Theconsentingapproachncludesthe assessmertf the effectsof shortduration
pollution pulses on the aquatic biota together with considerationof aesthetic
requirementge.gno visible oil, grosssolidslimitation etc..). The natureandform of

surfacewateroutfall (SWO) consentss thereforelikely to be similar to thosesetfor

combined sewer overflows (CSOs) and the Environment Agency may also set
conditionsfor treatmentin a consent. The conceptualregulatoryapproachto such
intermittent, wet weatherstorm dischargeghat has beenadoptedin the UK Urban

Pollution Managemenf{UPM) Manual, is one of environmentalquality standards
linked to userelatedobjectives(FWR, 1998). Three major waterrelateduseshave
beenidentifiedasbeingpotentiallyaffectedoy CSOsandSWOs:

1 River Aquatic Life; where short periodsof low DO and/or high un-ionised
ammoniacanhinderthedevelopmenof a sustainabldisheryin inlandwaters

1 Bathing; where frequentand persistenthigh bacterialconcentrationsan cause
non-compliancewith theEU BathingDirectivestandards

1 GeneralAmenity; wheregrosssolidsandlitter canlower the perceivedquality of
thereceivingwaterbodyresultingin publiccomplaints

1.5 Environmentaluality standardgor intermittentdischarges havieeendeveloped
(FWR, 1998) for River Aguatic Life based on intensity/duration/frequency
relationshipsfor DO and un-ionised ammoniaand are illustratedin Table D1. The
intermittentstandardsn the table give allowablereturn periodsfor specifiedDO and
ammoniathresholds.For example the minimumreturnperiodfor DO falling below4
mg/l for a 1 hour spillage periodis one monthi.e suchan eventshouldnot happen
more frequentlythan 12 times a year on average.The UPM Manual standardsare
based on literature information and the resultsof ecotoxicologicalinvestigations
basedn viability of fish andinvertebrateecommunities.

Table D1. Standardsfor Intermittent Discharges

Flow Return | DissolvedOxygen(DO) Concentration Ammonical Nitrogen
Period (mg/l) (NHz-N)
(mg/l)
ExposurePeriod 1 Hour 6 24
0.25 1Hour | 6Hours 24 Hours | Hours
hours Hours
1 Week 4.0 6.0 7.0 7.5 - - -
1 Month 3.5 4.0 5.0 5.5 0.175 | 0.100 | 0.040
3 Months 3.0 3.5 4.5 5.0 0.250 | 0.150 | 0.060
1Year 2.7 3.0 4.0 4.5 0.275 | 0.175 | 0.075

With the introduction of the General Quality Assessment{GQA) approachfor
receivingwater quality classificationin England& Wales(SeeSection2 and Figure
D1 below), it hasbeennecessaryo developintermittentstandardsvhich fit the new
River Ecosystem(RE) groupings. The new Fundamentalintermittent Standards
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(FISs),follow the approachillustratedin Table D1, but havebeenextendedo cater
for threetypesof ecosystem:

T sustainablsalmonidfishery

T sustainableyprinidfishery

T marginalcyprinidfishery
In practice thetabulatedstandardgaregenerallymodifiedby usingcorrectionfactors
for individual sitesandeventgo accounfor ambientenvironmentatonditionsand
interactiondbetweerpollutants. Thecriteriafor a sustainablsalmonidfisheryin
respecbf a6 hourdurationepisodehavinga 1 yearreturnperiod(RlI), is shownin
TableD2.

Table D2. Fundamental Intermittent Standardsfor EcosystemTlypes

Ecosystem Type Dissolved Oxygen | Un-ionised Ammonia
(mgll) (mg/l)
Sustainablesalmonid 4.5 0.04
fishery 4.0 0.15
Sustainableyprinid fishery 2.5 0.20
Marginal cyprinid fishery

As an alternativeto FIS, the UPM procedurdadentifies 99 percentilecriteriathat may
be relatedto the River ecosysten{RE) classes.Thesevaluesare shownin Table D3

for BOD, total ammoniaand un-ionisedammoniaand are basedon an extrapolation
of theRE class90/95percentilecriteria.

Table D3. Pollutant 99 Percentile Valuesfor RE Classes

RE Class BOD Total Ammonia Un-ionised Ammonia
(mg/l) (mg/l) (mg/l)
99 percentile 99 percentile 99 percentile
RE1 5.0 0.6 0.04
RE2 9.0 1.5 0.04
RE3 14.0 3.0 0.04
RE4 19.0 6,0
RE5 30.0 25.0

The EnvironmentA g e n pofidy ®r the choiceof which criteriato apply,depending
on the significanceof a dischargeand following the approachadoptedfor AMP2, is

set out in -a separatedocument(Environment Agency, 2000). Dependingon site-

specificcircumstancessolutionscould be requiredto be compliantwith eitheror both

typesof criteria.

1.6  Theenvironmentaktandardgor protectionof BathingWatersarewell known
from the EU Directive which is being currently reviewed. As yet no inland waters
within the UK have beendesignatedunderthe termsof the Directive and as such
surfacewater outfalls dischargingto recreationalreceiving waters are not strictly
subjectto the Directive. However,the acceptabledurationof non-compliancedueto
storm dischargesvould be about1.8% of the "bathing or recreationalseason”.An
alternativeemissionbasedapproachhas beendevelopedfor CSOsin the form of a
simplespill frequencycriterion, expresse@snot morethanthreespills on averageper
"bathingseason(NRA, 1993).
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1.7 The EnvironmentAgency Regions ComplaintsRegistersindicate that urban
runoff is the sourceof some2 - 10% of public complaintscomparedo 5 - 20%in the
case of sewagerelated pollution associatedwith CSOs (FWR,1996). Aesthetic
pollution causedby intermittenturbandischargesanbe judgedon the basisof litter,
refuse, colour, odour, visible oil, foaming and excessivefungal growth in the
receivingwater below a combinedseweroverflow or surfacewater outfall discharge
point.

1.8 It shouldbe notedthat fundamentalchangeto the current UK water quality
legislation will take place with the rolling implementation of the EU Water
FrameworkDirective over the next five yearsor so. It is not asyet at all clearwhat
the implications or effects of the new legislation will have on proceduresfor
approving and/or consentingsurfacewater dischargesalthoughit may be that the
EnvironmentAgency will wish to adopta SupplementaryMeasuresapproachunder
the Directive using"generalbindingrules"to tacklediffuse pollution accompaniealy
more extensive and targeted Codes of Practice embodiedin revised Pollution
PreventiorGuidelinegPPGs)seeSection6.2.2.

2 ReceivingWater Quality Classificationin England & Wales

2.1 Under the provisions of the 1991 Water ResourcesAct, the National Water

Council (NWC) classificationschemeof absolutemeasure®f receivingwater quality

hasbeenreplacedwith a GeneralQuality AssessmentGQA) to be appliedto a given

river reachanda Rivers Ecosysten(RE) classificationfor the statutoryWaterQuality

Objectives (WQOSs) requiredto meet specifiedlocal userelated needs.The former

GQA addressedour main categories(or. Windows) covering General Chemical,

Nutrients, Biological and Aesthetic Quality whilst the RE classificationestablishes
clear quality targets(and specified compliancedates)for all controlled waterson a

statutorybasis.

2.2 Only the generalChemicalWindow is currentlyin placeandonly for a limited

numberof determinandslthoughthe structureof the Biological Window hasrecently
beenissuedin draft form andis basedon a comparisonof the observedfreshwater
invertebratefauna at a site with that which would be expectedif no pollution was
present.Figure D1 showsthe structureof andrelationshipshetweenthesenew water
quality assessmerapproacheand thepreviousNWC system.In the eventthat botha

WQO anda GQA existsfor a particularwater,thenthe EnvironmentAgencywill be
legally obliged within a specifiedperiod, to improve the water quality suchthat the
GQA is similar or betterthanthe WQO equivalentparametersAs suchtherefore the
statutoryWQO of the receiving water will dictate the treatmentlevel required for

surfacewaterdischargegincludingurbanandhighwayrunoff).

2.3 WherestatutoryWQOs do not exist, eitherthe GQA or interim, non-statutory
WQOswill beused.Wherea streamreachsupportsmorethanone usefunction, and
where both statutoryand non-statutorywater quality requirementertain, the most
stringentof the combinedspecificationswill apply. Thereforethe assessmeraf new
roadsor roadimprovementsnustinclude consideratiorof all the uses(both upstream
anddownstreamjo whichthewatercoursés put.
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