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ABSTRACT

Over the last decade, a growing interest has bleewrs towards innovative stormwater management jges;t
breaking away from conventional “end of pipe” apmioes (based on conveying water offsite to centrali
detention facilities). Innovative strategies, reder to as Sustainable Urban Drainage Systems (SULSSY
Impact Development (LID) or Green-Infrastructuradyocating for management of runoff as close toiigin
as possible, have therefore gained a lot of pojlamong practitioners and public authorities. Hoer, while
the need for pollution control is generally welktapted, there is no wide agreement about managesritaria
to be given to developers. This article hence aimgompare these criteria through literature anslyd
different state or local stormwater management ranar guidelines, investigating both their suitigpifor
pollution control and their influence on Best Maeagnt Practices selection and design. Four catgofi
criteria were identified: flow rate limitations, ‘ater quality volumes” (to be treated), volume reahurc(through
infiltration or evapotranspiration), and non-hydigic criteria (such as loads reduction targets aximum
effluent concentrations).This study suggests thalrdiogic criteria based on volume reduction (rattiean
treatment) might generally be preferable for om-sibntrol of diffuse stormwater pollution. Nonetsd,
determination of an appropriate management appré@ch specific site is generally not straightfordiand
presents a variety of challenges for site desigeeeking to satisfy local requirements in addresstormwater
quantity and quality issues. The adoption of edfiti LID solution may therefore strongly depend be t

guidance given to practitioners to account for ¢h@mnagement criteria.
KEYWORDS: Guidelines, Pollution control, Review of practicBsjnoff management, SUDS

1.INTRODUCTION



While urban runoff used to be merely directed tdasie water bodies through combined and separ&wdrs
networks, it is today recognized as a major soofcairface water impairment. Since the early eaghtseveral
studies indeed evidenced that urban runoff and awedbsewer overflows (CSO) were responsible fofasar
water quality and biodiversity deterioration (USAR983; Marsalek 1990; Saget 1994; Herricks 1995).
Stormwater management therefore substantially edotwer the last decades. Efforts for mitigatiorudfan
runoff and associated pollutants initially led be tadoption of “end of pipe” strategies, basedhentteatment of
stormwater collected by sewer networks, prior ® ritlease to the environment (Roy et al. 2008).s&he
conventional approaches however proved to be iicgerit due to the limited capacity of drainage syss (often
overwhelmed in older cities) and because the adomif end of pipe treatment facilities would reguirandling
huge runoff volumes (Mitchell 2006). Innovative apaches, referred to as Sustainable Urban DraiSggiems
(SUDS),Green-Infrastructures or Low Impact Develepm(LID), advocating for management of runoff as
close to its source as possible in small decent@dlbest management practices (e.g. rain gardessyddes or
micro-detention facilities) to preserve natural tofdgic balance and minimize pollutant dischargeyehhence
gained a lot of popularity among practitioners gnblic authorities (Ahiablame et al. 2012; Fletcletral.

2014).

While initially focused on flood mitigation, a brder range of benefits is today expected from staataw
management and LID (Fletcher et al. 2014). Inddéstributed stormwater control not only reduceskpibaw
and volumes so they match drainage systems cama¢hindoh and Declerck 1997), but also providesst ¢
effective solution (Taylor and Fletcher 2007; Q3) for water quality improvement through manageino
nonpoint runoff pollution associated with frequenain events and moderate contamination levels. ISmal
integrated best management practices (BMPs), ssidticafiltration, are usually promoted because thaye
been not only shown to efficiently retain runo#rttporarily or not), but also to remove noticeabiwmants of
stormwater pollutants (Hatt et al. 2009; Gallo et2812). In some cases, stormwater facilities thate not
specifically designed for pollution control, butoal for temporary retention of runoff volume andiltnation,
were shown to have a significant impact on pollutaads (Bressy et al. 2014). BMPs’ efficiency fmilution
control however largely lies in their hydrologicrfmrmance. Recent studies indeed indicate thaufzoit load
reduction mostly tallies with runoff volume redustj although specific treatment processes (e.dglinggt

adsorption...) may also retain contaminants (Daved.2009; Trowsdale and Simcock 2011).

While public authorities emphasize the need to miné the impacts of stormwater discharge, managemen

criteria given for on-site runoff control signifiedly differ from one country to another, and théevance of
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these criteria is seldom questioned. This artiblased on an extensive literature analysis of iatéynal
practices therefore aims to compare these critAftar a brief discussion on the importance ofimgibnal and
regulatory framework, four categories of stormwateanagement criteria identified from grey literatur

(national or regional guidelines, engineering stadd, rules or local ordinances) will be presented.

The relevance of these criteria for on site patlutcontrol will be examined, considering (1) théamaale for
their definition, (2) how well they reflect the pation control objective, and (3) discussing whetbempliance
to these criteria is always likely to provide thepected outcomes. Finally, this study will inveatig to what
extent management criteria may influence BMP sileand design. More specifically, concerns willraesed

about the possible impediments to LID and innowafivactices adoption.

2. INSTITUTIONAL FRAMEWORK

Stormwater management governance is usually descréls an increasingly cross-organizational and-inte
disciplinary process generally involving multiplatiéies, that does not solely result from legalnmrmative
framework (Brown 2005; Roy et al. 2008; Porse 2018has thus to be acknowledged that the influesice

“management and design criteria” is only one (nyogtithnical) aspect of a much wider issue.

At a local scale, stormwater management implemiemtabften results from various rules or engineering
standards delivered by public authorities at déferinstitutional levels. “Criteria”, as referreal in this article,
thus simply consists of numerical targets or mamagg principles given to practitioners for on-stermwater
control, which may not systematically be regulatang can be found as prescriptions or recommendatio

the US, States have often been delegated the #@wythorregulate stormwater management through NPDES
(National Pollutant Discharge Elimination Systen@rmits issuance. Management criteria may hencereith
result from States’ rules and guidelines or locadles or ordinance set by counties or municipali(dRC
2009). Likewise, French stormwater management jesliclepend on various national or regional guidance
documents or planning tools, master plans covesimgller territories, and eventually local rules @téd by
municipalities (GRAIE 2009). Although stormwateguation is generally complex and criteria may orége
from various entities, two main institutional leselere identified here, namely local authoritied aglatively

centralized regional or national bodies or agencies

Prevention of surface water pollution typically faéms to somewhat general objectives identifiedniast

national or regional guidance documents. In mosintiées, national or regional agencies thereforedpce



management or design standards afterwards adoptddchl communities (e.g. city councils) to regalat
stormwater discharge to sewer systems. In the WSGamada local codes (that primarily regulate steatar
discharge) often directly refer to guidelines amaging from regional agencies and must comply véttheral
(US) or provincial (Canada) requirements (BC-MWLAR&B02; CH2MILL 2002; PDEP 2006; PWD 2011).
Similarly, in Germany, Switzerland, Sweden or Udit€¢ingdom, management criteria may also be found in
guidance documents produced at national level Hialmrative groups including both water industrydan
national agencies (Chouli 2006; CIRIA 2007; DWA ZD0Direct discharges to the environment may even
require, like in France or in the US, approval efldral or state agencies which is also indicatifz¢heir
involvement in stormwater management policies imetation (US-EPA 2004; NRC 2009; DDT-03 2011).
Water quality management criteria or guidelinegdaf@e often originate from centralized regionalnational
agencies. It should however be acknowledged thatridéng stormwater regulation for water qualityaastrictly
“top-down” process (e.g. from government and regioentities to local communities) may not always be
accurate. Some pioneer communities may actuallyeldpvtheir own guidance and management or design
criteria, going beyond national standards, likeMaryland where aquatic habitat restoration in theadostia
river became a key driver for the adoption of inmibxe and more stringent local stormwater regutetio

(ARWRP 2010).

On the other hand, although management criterend#d to prevent flooding (e.g. quantity contralecia) or
downstream erosion may be encountered in mostnatio regional guidelines, discharges to sewetesys are
often regulated on the basis of criteria emandifiom local communities (or sewer networks operatdrsthe
perspective of pollution control, these are thaefmostly subsidiary criteria usually assumed tsues water
quality improvement through combined sewers overfl{CSO) prevention. Philadelphia Stormwater
Management Guidance Manual’ (PWD 2011) is for exaenyery similar to “Pennsylvania Stormwater Best
Management Practices Manual” (PDEP 2006) but auiwditly requires 17 I/s/ha flow rate control forahiarge

to city’s combined sewers (PWD 2011). Similarly, éivb Vancouver Source Control Design GuidelinesV{G
SDD 2012) are based on British Columbia’s Guideb@®&-MWLAP 2002), but additionally requires dischar
rate to city’s drainage network not to exceed 0/2%a. There are however exceptions to this rinlehe UK,
national guidelines indicate that discharges tdhldbe environment and sewer systems should notedx2e

l/siha (DEFRA 2011).

From French experience, such local “drainage systemsed” criteria may outshine regional or natiomater

quality guidelines, either because assumed to it@bdel for pollution control, or because local cedleat apply
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to developers are not totally consistent with ralostandards given to drainage network operatodeed,
although recent national or regional guidelinessstrthe importance of on-site pollution control RIEJ 2003;
AESN 2013), flow-rate limitations often remain, kmance, the only discharge criteria given to devete by
local communities (Petrucci et al. 2013) and treatidevices are usually only required for highhflyted
urban areas (e.g. car-parks or fuel transfer stgtidSimilar situations could be reported elsewleifeurope or
Northern America. In the US, centralized conveyatocdetention facilities (which are assumed to mevsome
pollutant removal) remained the preferred apprdaanany US communities (Roy et al. 2008) which o
flow-rate control rather than water quality (Riteuse et al. 2006). Likewise, in Canada, Austraipain or
Sweden, several Stormwater Master Plans or munigidelines were found to be mostly focused onngjtya
rather than quality issues (Momparler and AndrésaBoech 2007; ISLE 2009; RCC 2011; AE 2012;
Matschoss-Falck 2013). Although these document®rgdiy mention regional water quality objectivesdan
encourage on-site runoff and pollutant control, imaxn allowable flow-rate or detention requireme(gsy.

quantity control) often remains the only criteraa §tormwater facilities sizing.

Fragmentation of responsibilities, as identifiedRyy et al (2008), and more generally institutiomamework
can probably explain the lack of coordination ohe&®nce between regional and local efforts forypiolh
control. Water quality governance has indeed fiauily consisted in a vertical approach to decisieaking
with local communities being “top-down recipient 8tate policies”, hindering their involvement ineth
implementation of non-traditional stormwater cotgr@Brown 2005), and may thus contribute to thesiséence
of inappropriate management criteria. This restgato change might also originate from perceivesk ri
associated with adoption of holistic managemertatiies (Olorunkiya et al. 2012). In France, sesystems
operators rarely give developers specific critéoigprevent pollutants from entering drainage systéecause
they probably remain more receptive to quantitytagdrissues like urban flooding, rather than suefacater
pollution (Martin et al. 2007; Aires and Cavaill@®09; Petrucci et al. 2013) even if they are liafe
environmental damage. More generally, the lacknsfitutional capacity and technical expertise agaiicant
impediment to the adoption of innovative approadtethe local scale (Roy et al. 2008; Porse 20Q8g could
therefore argue that these local criteria may sonest be erroneously perceived as suitable for fiotiicontrol

by practitioners, by requiring the use of stormwa&®IP (this point is discussed in section 2.1).

3. DENTIFICATION OF DIFFERENT CRITERIA FOR ON -SITE POLLUTION CONTROL

3. 1. Flow-rate limitations



Peak-flow control is perhaps the most common amréa conventional stormwater management, and géyer
aims at preventing urban floods or combined sewerflows during infrequent storms. In Europe andtNo
America, allowable flow-rates are usually justifiey (1) drainage network capacity, (2) preservatain
downstream “pre-development runoff rate” or (3) manance of peak-flow rates in the receiving stréafow
pre-construction levels to prevent flood and stredmannel erosion (Vuathier et al. 2004; Balascid hncas
2009; Brown et al. 2010). While generally not adedpas a water quality criterion, it often remaths only
numerical target given to developers for on-siteratvater management. The following interpretationas then
be put forward to explain this omission of watealify criteria: there seems to be a common beliet {1)
pollution control is generally unnecessary unlessoff originates from highly contaminated surfadesg.
trafficked roads, metal roofs, gas station...) andtifat peak-flow control can be a suitable solufionwater

quality management.

Several local ordinances (France), guidelines (Ganar planning documents (Denmark) were founcetuire
specific treatment solutions for car parks, tr&iid roads or storage areas in addition to flow-hatétation
(NM 2003; CAA 2010; KWL 2012), suggesting that pdhiw control (which generally does not aim at
reducing pollutant discharge) would be “suitabl@t fother urban surfaces. Bressy et al (2011) howeve
demonstrated that micro-pollutant concentrationsuimoff could remain significant at an individualt Iscale
because of pollutant wash-off from building matksriar atmospheric deposition. Despite low to motéera
contamination levels, such surfaces thus contrituteon point source pollution of surface watensitirermore,
even if such runoff was “clean”, it should be ouwlil that simple peak flow control prior to dischangto sewer
systems would probably not make much sense foiterpsliution control given the high cross contaatian

potential during transport in sewer networks (Byessal. 2012).

Claiming that peak-flow control does not providey gyollutant reduction would however be inaccurase a
delaying runoff requires temporary storage and liswuElows for some infiltration or evapotranspiat.
Detention may additionally promote specific proesssuch as particle settling or adsorption of digsb
contaminants. As a consequence, many local ordésarar guidance documents today encourage the
implementation of green infrastructures to providgume or pollution control when a flow-rate critar is
adopted (LSL 2009; Lehoucq et al. 2013; HCC 208B4nilarly, the criterion itself may be envisaged aas
instrument to promote more sustainable stormwatenagement approaches: as outlined by Petrucci J2012
various benefits are thus expected from the mostgent flow-rate limitations (e.g. 1 I/s/ha). Exples from

France and Sweden indicate that flow-rate limitegican be intended to reduce runoff volumes ermges@wer
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networks, as an alternative to total infiltrationevaporation (LSL 2009; Lehoucq et al. 2013). &iny, flow-
rate limitation might be considered as relevant gotlution control (MISEN-PL 2008; LSL 2009; DDT-36
2013). Results from Bressy et al (2014) howeved@&wie that, although on-site solutions designedhéak-
flow mitigation could achieve significant reductiofi both runoff volumes and pollutant loads, theficiency
yet remained variable. Besides, the finding thewvftate control could actually extend the duratidrerosive
flows cast doubt on their viability as pollutionrtmol strategy (Emerson et al. 2005; Tillinghastakt2011;
Petrucci et al. 2013). Development and adoptiorothier management criteria, directly targeting padiu
control or volume reduction, would therefore prolgdiie advisable wherever stormwater managementinsma

only based on peak flow reduction.

3. 2. Volumes based approaches

3. 2.1. “Water quality volume” criteria

Definition of a “water quality volume” is probablhe most common approach for pollution control. sThi
criterion is widely adopted in Northern America (d8d Canada), but also in New Zealand, Englandtéise

1) or South Africa (Armitage et al. 2012). Contrémypeak-flow control strategies, such a criteinectly aims

at reducing surface water impairment through daiarand treatment of a given volume. Although wageality
volume definition may vary from a country to anathié generally encompasses the following objeciyas
summarized in British guidelines); “Capture andatr¢he runoff from frequent small events and [...] a
proportion of the initial runoff [...] from larger anrarer events” (CIRIA 2007). As detailed in tallethis
criterion is often supposed to enable capture eratrhent of 80 to 90% of annual runoff volumes (MBED9;
ARC 2010a; MDDEP 2012) and is usually expressed esinfall depth, either associated with a designns
(for which runoff shall be treated), or simply repenting a storage volume (corresponding runofftdespthen
computed from rational or “curve number” methodBgw details are however given about the rationale
underlying the determination of the amount of wadtebe captured and volume targets value may tiféesr d

significantly from a community to another (cf. tall).

Country/Community Volume Details
targets
us
Georgia (AMEC and CWP 2001) (regulatory) 31 mm Storage volume = corresponding runoff depth
Maryland (MDE 2009) (regulatory) 23to 25 mm  Storage volume = corresponding runoff depth
New-Jersey (NJDEP 2009) (regulatory) 32 mm Design storm approach
Canada
Québec (MDDEP 2012) (non-regulatory) 25 mm Design storm approach
Alberta (AEP 1999) (non-regulatory) 25 mm Storage volume = corresponding runoff depth
England
National guideline¢CIRIA 2007) (non-regulatory) 10 to 15 mm  Storage volume (stormwater ponds only)




New Zealand

National guidelines (NZWERF 2004) (non-regulatory] 15to 43 mm  Storage volume or Design storm approach
Auckland Region (ARC 2010b) (non-regulatory) 25 mm Storage volume or Design storm approach
Christchurch City (CCC 2003) (non-regulatory) 25 mm Storage volume = corresponding runoff depth
Netherlands

Bloemendaal (GB 2007) (regulatory) 7 mm Storage volume (expressed as runoff depth
Aa and Maas (WAM 2011) (regulatory) 2109 mm Storage volume (expressed as runoff depth

Table 1 lllustration of “water quality volume” ceitia for various communities - Volume targets aqeressed as rainfall
depth unless specified.

The water quality volume is generally establishemhf the analysis of long-term rainfall records Haligh
design storm approaches may as well be adopted)y Blathorities such as Auckland Regional Councibava
Department of Natural Ressources (IDNR 2003; ARC02) MDDEP 2012) thus indicate that water quality
volume can be computed by identifying a rainfalptihethat include up to 80 or 90% of monitored eseht this
case, captured volume is however not necessarilgleq 80 to 90% of annual runoff volumes (as dejpenon
rainfall distribution). This statistical analysisopes to lead to very different values dependingainfall event
definition. As shown in Figure 1, using a 15 yeamd rainfall record (5-min time-step) from Paridan area
with different Minimum Inter-event Times (MIT) begé&n non-zero precipitation records resulted in wate

quality volumes ranging from 8mm for a 3h MIT ton@h for a 24h MIT (cf. figure 1).
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Figure 1 Calculated volume targets depending oneaémt definition (MIT = Minimum Intra-event Tim&r a 15 year
rainfall record from Paris urban area using AucHll&egional Council procedure (ARC 2010a)

More generally, guidance documents analysis indicdhat water quality volume is often understoodaas
storage volume (cf. table 1). The runoff volumeeinepted during a given rain events may therefomngly

depend on antecedent weather conditions (Hatt .eR@09), stormwater facility’s design and drawdown
requirements. Determining the amount of water aapkun a stormwater facility over a year would thus

probably require continuous modeling.



Another issue may be that while infiltration, evapaspiration or re-use are supposedly the preferre
approaches to manage the water quality volume (AMBE CWP 2001; MPCA 2005), treatment and release
(e.g. without significant volume reduction) mayalse accepted. In the US, although several stagscidly
require a fraction of the water quality volume te infiltrated, harvested or evapotranspired (PDBB62
MDEQ 2010), others simply specify that this volusteould be “managed” or “treated” on-site (AMEC and
CWP, 2001; MPCA, 2005). Without volume reductiorguigements, the water quality volume approach
implicitly suggests that treatment of captured flivall necessarily result in an “acceptable” pddnt load
reduction, regardless of BMP type and pollutantiwaf dynamics. Indeed, in Minnesota or Michigan&hto
90% load reduction of total suspended solids (TiSxpected when meeting this volume criterion (MDE
1999; MPCA 2005), as long as design requiremergsespected. BMPs treatment performance has however
been shown to vary significantly from a facilityaaother (CWP 2007) and the efficiency of treatnpeatesses
(such as settling, adsorption or filtration) in tfatepend on pollutant and runoff characteristicatiBle size
distribution can for instance noticeably affect gatlutant removal performance of detention poigigs et al.
2013). Expecting a level of performance from a BkBardless of its design and site characteristichiis
probably inappropriate. Moreover, water qualityurok criteria are often completed by drawdown requents

to provide (1) sufficient residence time for sedinto settle out and (2) sufficient capacity foe thext event.

As water residence times are generally expectedmekceed 24h to 72h hours, large outflow ratey ba
needed to empty stormwater facilities when higmfedi volumes are captured, which may impede their

efficiency for smaller rain events.

Finally, while specific “de-pollution” processes.defiltration, adsorption...) in BMPs can be sigo#it for a
highly polluted runoff, stormwater, treatment mapt always be relevant for on-site management odessal
watersheds where concentrations in runoff ofteraiamelatively moderate. Recent studies indicase ¢h) the
concentration decrease at the outlet of LID prastioften depends on the concentration at the (Bletrett
2005; Larm and Hallberg 2008) and that load reductioes not always result from this concentratiecréase
(associated with treatment or “de-pollution” prases) but more systematically tallies with runofluroe
reduction (Davis 2007; Hunt et al. 2008; Trowsdatel Simcock 2011; Bressy et al. 2014). One coddefore
argue that a diffuse pollution mitigation criterismuld probably better be expressed as runoff velueduction

targets rather than a “water quality volume” (tottsated).

Water quality volume requirements alone therefavendt necessarily guarantee a particular leveladufant

reduction, but they do provide at least some watrlity benefits over requirements based solelynamaging
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flow-rates. Such policies’ outcome probably depemishe guidance given to developers for BMP siElrand
conception which may promote volume reduction dWeratment and release” strategies. Besides, itilshioe

acknowledged that “treatment and release” presumalohain consistent for more contaminated areas.

3. 2.2. Volume reduction strategies

“Volume reduction” or “permanent interception” ingd that volumes captured in a facility will notda be
discharged to sewer networks or surface watersioifjh volume reduction is often specified as thst be
approach for stormwater management, “volume reduoctriteria” do not systematically aim at providing
pollution control and often address other environtakissues. In France, infiltration or “zero diaoye” (total
infiltration) regulations adopted by some sewemeks operators are essentially intended to preflentls and
CSO (HBCA 2010; SyAGE 2013), although national aegional agencies’ guidance documents indicate that
infiltration should generally be preferred for atespollution control (CERTU 2011; DRIEE 2012). Ekikise,
some states in the US require a fraction of them@ality volume to be infiltrated to maintain gtevelopment
groundwater recharge and to preserve water tablaibn, but this strategy is not systematicallgoagted
with pollution control (VANR 2002; NJDEP 2009). Garsely, in Oregon, New-York State or British
Columbia in Canada runoff volume reduction pertamdoth stormwater quantity and quality management
Chilliwack policy and design criteria manual stattest “reducing volume at the source — where thefels — is
the key to protecting [...] water quality” (CH2MILLO®?2). Likewise, it can be found in Portland Storrteva
Management Manual that “infiltrating stormwater site [...] is a multi-objective strategy that provide

number of benefits including [...] pollution reduatif...]” (PBES 2008).

“Volume reduction” strategies probably provide legsriable pollution control and could presumably be
preferred over treatment criteria (e.g. “water gualolume”), as pollutant loads corresponding rifilirated or
evaporated volumes are entirely mitigated whileitaithl pollution control may be obtained from theent
processes like filtration, adsorption or sedimeotatAs for water quality volume criteria, the ambwf water

to be captured nevertheless significantly diffexenf a community to another (cf. table 2), and difin of
performance targets, when justified, only reliessonple statistical rainfall analysis, similar ttat described in
3.2.1 (BC-MWLAP 2002) or estimation of predevelopménfiltration volumes. Indeed, although British-
Columbia guidelines indicate that such analysisuficient for setting performance targets (andticarous
modeling is thus not always needed) (BC-MWLAP 20@®¥inition of an optimal “volume reduction” criten

for pollution control is arguably complex, as ptdiot loads and runoff volume abatements may natchel
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(because of temporal variability of concentratiamsunoff). Furthermore, volume reduction critedee either
accepted as daily performance targets or managesbgttives for a design storm (cf. table 2); deieation of
corresponding storage volume is hence not straightird and proper BMP design presumably requires

providing sufficient guidance to practitioners twsare that volume reduction objectives are met.

Country/Community Volume targets Details

us

lowa (IDNR 2003) (non-regulatory) 21025 mm Depending on soil characteristics
Vermont (VANR 2002) (regulatory) 0to 10 mm Depending on soil characteristics
Montana (MDEQ 2010) (regulatory) 12.5 mm Design storm approach

New York (NYDEC 2015) (regulatory) 20 to 31 mm 90" percentile storm

Portland (PBES 2008) (regulatory) Up to 86 mm Design storm approach

Canada

British-Columbia (BC-MWLAP 2002) (non-regulatory) | Up to 30 mm Daily volume reduction capacity
France

Paris (Nezeys 2013) (regulatory) 410 16 mm Daily volume reduction capacity
Yerre Catchment (SYyAGE 2013) (regulatory) “Zero discharge” Daily volume reduction capacity

Table 2 lllustration of “volume reduction” criterfar various communities - Volume targets are egped as rainfall depth
unless specified

Eventually, special attention should presumablypéie to the terms used for the definition of sudmagement
criteria. “Infiltration” may indeed either refer tdemporary storage in upper soil layers prior to
evapotranspiration or to water percolation dowradmifers. “Volume reduction” or “permanent intertiep”
should therefore probably be preferred over “irdiiibn” since massive infiltration may not alwayes desired in
highly pervious soils (which are more vulnerable gimundwater contamination), neither possible fow |
permeability substrates (which may however stome-megligible amounts of water and result in runaffume

reduction through evapotranspiration).

3. 3. Non-hydrologic criteria
3. 3.1. Concentration thresholds

Concentration thresholds in runoff or surface wat@ay sometimes be given for specific purposes, dikect
discharge to surface waters regulation, In Eur&mwjronmental Quality Standards (immission stanslatdve
been adopted under the Water Framework DirectiveO/BD/EC for various contaminants. Nonetheless,
assessing the impact of a stormwater managemenohapt receiving water is generally complex andeustain.
As a consequence, regulations are often basedroission criteria” which are much easier to handled may

be adapted to the ecological status of receivingmadEngelhard and Rauch 2008).

Maximum effluent concentrations are typically erfaascontrol criteria. However, like environmentalaiity
standards, they usually remain mostly informatisea simple methodology can presently guarante¢eatBP

will produce the expected concentrations for a igentaminant. As stated in a 2006 report to thiéfaCaia
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State Water Resources Control Board (Currier 2@06), while the choice of BMP could be based filnent
concentrations or pollutant removal efficienciesenfr the literature, such approach may not be comlplet
satisfactory as effluent concentrations and pafiuteemoval efficiencies usually depend on influent
concentrations (Barrett 2005; Larm and Hallberg®Q@hd are more generally highly variable (Par&le2010).
Moreover, selection of stormwater management gfiedein accordance with expected effluent concéotra
pushes BMP design into the background as it inpfieissumes that for a given type of BMP desiguanibkely

to affect their performance. In the US, compliandgn water quality standards is thus simply assutodoke met
through the implementation of properly designed bemnagement practices (US-EPA 2014). Similarlyesign
effluent objectives” for copper and zinc deliveredAuckland regional council’s unitary plan are poped to be

achievable with most BMP as long as design stamsdam@ respected (ARC 2013).

Halifax (CAY London (CA) Auckland (NZ) Yonne (FR)
(HRM 2003) (LCC 2001) (ARC 2013) (MISEN-89 2010)
TSS 15 mgl/l 15 mgl/l 25 mg/l 50 mg/l
COD - - 50 mg/I
P 0.5 mg/l 0.4 mg/l 0.2 mg/l -
Qil, grease 15 mgl/l 15 mgl/l 10 mgl/l 5 mg/l
Cd 15 pg/l 8 ugll - 10 pg/l
Cu 30 pg/l 40 ugll 12 pg/l 4 ugll
Pb 50 pgl/l 120 pgl/l - 500 pgl/l
Zn 300 pg/l 50 pg/l 40 pgll 2000 pg/l

Table 3 Comparison of maximum effluent concentratifam various contaminantGA=Canada, FR=France, NZ=New
Zealand) (regulatory water quality standards)

Both effluent and surface water concentration t@rgleerefore remain uncommon as design criteriao(dy
apply to large development rather than on-sitensieater control), as a concentration can hardly ipectly
related to best management practices design. Fomtine, verification and enforcement of such linidas
would believably be difficult provided the variabjl of concentrations at the outlet of a BMP (Cerret al.
2006). Besides, definition of admissible efflueahcentrations may be somewhat subjective and tbigsican
noticeably differ from a community to another ($¢able 3), which indicates the lack of common agresinon
what a “clean discharge” should be. It should adailly be outlined that concentration based detelo not
necessarily guarantee improvement of surface watglity. In the case of residential or relatively
uncontaminated catchment, pollutant concentratioag remain low whereas runoff volumes are typichllgly

to increase as well as pollutant loads (MBWCP 2006)

In the context of on-site stormwater managemerd, difinition of concentration thresholds for effitieor
receiving water cannot totally be discarded, bwséhshould probably remain informative and suppiost

adoption of certain BMP solutions in the case afyfacontaminated urban runoff or sensitive recegvivaters.
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However, rather than assuming a given level ofqrerhnce from a BMP, stormwater management fadlitie
should be selected and designed in accordance(Witlvater quality standards (themselves consistdtit the
ecological status of receiving waters) and (2) pb#utant removal processes that are likely to adsithese

requirements (Clark and Pitt 2012).

3. 3.2. Load reduction approaches

In few cases, stormwater management guidelinesdinagtly be based on numerical targets relateditonnum
pollutant loads reductions, instead of hydrologiitecia such as interception volumes or flow ratateol. In
Northern America or New Zealand such targets caregdly be found as objectives rather than desigara
(e.g. treatment of “water quality volume” expectedorovide an 80 to 90% TSS load removal) and ésetfore

not directly used for BMP design (IDNR 2003; MPCB05; ARC 2010b; MDDEP 2012).

In Australia, most authorities have on the contrianplemented annual load reduction objectives aesign
criterion (MBWCP 2006; TCC 2011). Targeted contaamts are usually total suspended solids, nitrogen,
phosphorous and gross pollutants (see table 4h Sncapproach hence implicitly supposes that aniwaal
reduction for these contaminants ensures removall other pollutants of concern. However, whensidering
highly contaminated urban surfaces, it is probajlgstionable whether loads associated with mictlhHamts

will be “acceptable” (Strecker et al. 2004), esp#yiif treatment only targets these four contamisa
Conversely, in the case of moderately contaminateds, volume reduction is probably the only wayntet
these load reduction objectives (as mentioned pusly, BMPs are generally less likely to affect &w

concentrations).

These annual performance targets might in fact lsimpginate from what is reasonably achievablehwitost
conventional BMPs. In the US, the 80% TSS remougedive (supposed to be achievable when meeting
volume based management criteria) specified in CEARoastal Zone Act Reauthorization Amendment)
guidance is “assumed to control heavy metals, pgharsus and other pollutants” and is adopted because
“analysis has shown constructed wetlands, wet pandsinfiltration basins can remove 80% of TSS” {EIRA
1993). Similarly, Australian TSS, TN or TP reductidargets are often similar to most BMP’s median

efficiencies reported by Center for Watershed Rtaia (CWP 2007).

Authority TSS Phosphorous Nitrogen Gross pollutant
Parramatta Catchment (URSA 2003) (non-regulatory) [ 50 to 80% 45% 45% 70%
South East Queenslan@MBWCP 2006) (non-regulatory] 80% 60% 45% 90%
State of Victoria (VSC 2006) (regulatory) 80% 45% 45% 70%
City of Townsville (TCC 2011) (regulatory) 80% 60% %45 90%
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City of Logan (LCC 2013) (regulatory) 80% 55% 45% 90%
City of Melbourne (CM 2006) (regulatory) 80% 45% 45% 70%

Table 4 Annual pollutant loads reduction targetairstralia {Capture and management of the first 10mm of runaff m
alternatively be expected for site with less th&#dmpervious area)

In Germany and Switzerland, while guidance docusamé also based on a load reduction approach (DWA
2007; VSA 2008), an indicator system was adoptedpunting for both pollutant loads produced on arba
surfaces and receiving waters’ vulnerability toedetine the level of treatment required. Althoughrr@Gan
standards were initially only addressing infiltoati or direct discharge to the environment, they rbay
mentioned in local rules for treatment requiremeefiore discharge to sewer networks (SW 2013). InADV
guidelines (German association for water, wastewatel waste), dimensionless variables are intradiuoe
quantify both air quality L (depending on traffic land use) and surface contamination F (depengimgover
type). A pollutant load indicator B (=L+F) or “emsisn value” can therefore be computed from catchimen
characteristics, and compared to an “admissiblae/aE depending on the sensitivity of receiving evat A
“reference value” D is eventually introduced sd@saccount for various BMP'’s efficiency for polloti control

(no elements are however provided for the calauatf D values). If “emission value” is higher than
“admissible value” (E<B), runoff treatment is regpd and ‘emission value” may then be reduced to an

admissible levels if BMP are implemented (E>BxDRiSTBMP selection procedure is summarized in figure

URBAN CATCHMENT RECEIVING WATERS
TREATMENT
Type and
h 4 -
. o e vulnerability of
Atm(.)spllcnc Sl?l'face BMP’s efficiency receiving waters
pollution factor pollution factor “reference value *
L F D
[ ]
; - !
o Acceptable « . .
Total “Emission value” N P " Admissible value
B-L+F »  “Emission value” |#— E
BxD<E

Figure 2 BMP selection process for pollution controtording to German standards DWA-M-153 (DWA 2007)

While, somewhat equivalent to a load reduction apph, these metrics-based methods remain fundaligenta
different from Australian guidelines and can hardig considered as “criterion-based”. Indeed, wherea
difficulties would have arisen from the use of mas# pollution control targets (cf. 4.2.); loadslaulation is
here simplified and directly integrated to BMP d@sand selection tools. This example once morstitites

that, for a given management criterion, guidanceudents given to developers might be a decisiveofdn
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stormwater facilities design and LID implementatidmerestingly, DWA'’s standardized approach furthere
allows for both emission and immission control &8MBselection is based on both the vulnerabilityeafeiving
waters and catchment characteristics, which istivelg uncommon in stormwater regulations. Nonetke)
such a method may be regarded as a “black-box’esihcloes not provide any scientific rationale fbe

determination of emission or BMP efficiency values.

4.FROM MANAGEMENT CRITERIATO LID IMPLEMENTATION

Several stormwater management criteria have beamtifiéd. While their relevance for pollution cooitthas
been discussed from a relatively theoretical stamdp their relationship to low impact development

implementation (through BMP selection and desigs to be investigated

4. 1. Preferring permanent interception over captue and release

Flow-rate criteria and their relevance for on-git@nagement strategies have been investigated bycPiet
(2012) who found that sizing methods often “do mptarantee [...] systematic implementation of LID
solutions”. Indeed, flow-rate control necessariBgquires temporary storage of runoff volumes; déent
facilities are therefore the easiest way to compity these criteria. In Hauts-de-Seine county (Eegnwhere
stormwater management rules consist in 2 to 5d/8fw-rate limitation and sizing approach is mgibhsed on
a storage volume calculation (CG92 2010), undemptaar mineral detention facilities remain very wsgdecad

(Lehoucq et al. 2013), although probably not slétdbr volume and pollutant loads reduction.

Unlike flow-rate limitation, “water quality volumedefinition implies that captured volume should paty be
detained but also treated, and should thereforbainly promote practices that are more suitablepfdiution
control. These criteria are however often completét time-to-drain requirements. Expecting a 25mmoff
volume to drain within 24 hours would for instarfee similar to a 3 I/s/ha outflow rate limitationséaming
constant outflow rate). While permanent intercapticould generally require large seepage surfacesamote
infiltration and evapotranspiration (so as to complith volume drawdown requirements), developers ma

hence be more likely to adopt the most compactst@ter practices, based on treatment rather tHatnation.

Inversely, if volume reduction policies were adabteunoff management in small and decentralized LID
practices could presumably become a relevant astlatfective solution for both runoff and pollutasgntrol.
Indeed, green roof implementation, which is a tgpycdistributed runoff reduction method, could pably be

preferred to underground detention facilities, dretome like in Philadelphia a “tool of choice” fepace
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constrained developments (Horwitz-Bennett 2013).weler, demonstrating compliance with “volume
reduction” criteria may remain difficult for pratitiners and development of easy-to-use methodshmayeeded

to guarantee optimal BMP design (PBES 2008).

4. 2. Uncertainties associated with BMP design fromon-hydrologic criteria

Assessing pollutant removal efficiency of LID piiaes is generally difficult and simplified methoae hence
often given to developers for BMP design so aseimahstrate compliance with loads reduction critéféile
such approaches do not require extensive knowletiget processes associated with pollutant remoivete

may however be questionable.

New Jersey guidelines assume that TSS removal catesbe calculated from median efficiencies given f
various BMPs (Balascio and Lucas 2009). Correspangiollutant removal rates are hence supposed to be
achieved as long as these practices are sizeaviiel quality volume” treatment (NJDEP 2009). Wihiilech an
approach recognizes that treatment of a given velamay not result in same TSS load reduction inyeB&MP,
calculated rates remain approximate and arbit@afaiscio and Lucas 2009) (as they do not consigdin®ent
characteristics or BMP design). Similarly, in Aadim and Germany, average pollutant removal efiicies
associated with LID solutions are expected undercifip design conditions. In Greater Brisbane, 1.6%6
drainage area for bio-filtration filter media aiedor example “deemed to comply” with water quabibjectives

for smallest developments (SEQ-HWP 2010). In ottegjions, stormwater management manuals integrate
“performance curves”, linking BMP’s size parametés). length or area) to annual TSS or nutriemoneal
rates (NTDPI 2009; TCC 2011). In Germany, althoaghindicator-based system is used, design approach
remains very similar to Australian “deemed to coyhipdolutions, with treatment values given for vaso
practices and design options (DWA 2007). As memibpreviously, many elements in treatment BMP dgsig
like filter media composition in bio-retention sgsis, or vegetation in sedimentation devices, mélyence
their pollutant removal efficiency (Scholes et2008; Davis et al. 2009). Direct relationship betwgollutant

removal and BMP’s size assumption may thereforg belrelevant under strict design conditions.

Alternative design approaches in Australia include of modeling software MUSIC, for larger develepns
(SEQ-HWP, 2010). Nevertheless, although presumatdye satisfactory, modeling may not systematich#y
used by practitioners and believably requires sigffit knowledge from users, as processes assoordthd

runoff pollution remain poorly understood (Gromadteal. 2007).

4. 3. A need for better guidance to promote LID pratices
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The example of non-hydrologic criteria indicatestthe existence of simplified methods is generaly
fundamental prerequisite for successful stormwptactices implementation. More generally, lack wffisient
guidelines to determine if LID practices are cotesis with existing rules and standards may theectue a

significant impediment to their implementation Rt al. 2008).

Precise flow-rate limitations may for example benswhat rigid, as discharge rate is in any caseaggdeot to
exceed a given value. While green roofs have besmodstrated to provide flow-rate attenuation (Gaaied
Rasmussen 2006; Stovin et al. 2012) they are famgle not very likely to comply with such rules lgss they
are equipped with flow-regulators) since their efffen peak flow rate remains variable from a ramerg to
another. Inversely, storage facilities equippedhwiibw-limiting devices would probably be preferrdxy
practitioners, as flow regulator installation i® teimplest way to ensure respect of design critet®milarly,
although most conventional stormwater facilitiea easily be sized from volume based criteria, it me&main
difficult to account for volume reduction in norfiltration BMP or non-structural practices. Indeeghile
facilities such as bioretention basins equippedhwdtains or impervious liners can nevertheless igeov
significant runoff volume abatement through evamaspiration from soil surface layers (Hatt et 02, Daly
et al. 2012) and may be relevant for volume contrmler restrictive soils condition, their hydrolo@unctioning

is not yet fully predictable.

In the US, several local authorities have thereémepted or developed innovative methods so astmqte and
account for the effect of sustainable on-site aod structural stormwater management practices (MDED;
Battiata et al. 2010; PWD 2011; Gallo et al. 2018)Philadelphia, roofs effective imperviousnessed for
runoff volume computation, may indeed be reduce@rwisconnected (PWD 2011). In Seattle, where both
flow rate and volume control are required, a sifrgidi “Pre-sized approach” based on a crediting esyst
representing the degree to which selected “predsigelutions comply with management requiremends, heen
adopted for small developments (CS-SPU 2009). Anivedpnt mitigated area can therefore be directly
calculated for a various LID practices. SimilarBennsylvania, Georgia, Minnesota or Maryland ginesl
allow for reduction of volume requirements if LIDIstions are adopted (AMEC and CWP 2001; PDEP 2006;

MDE 2010) (cf. table 5).

Authority LID practice Volume reduction approach

Pennsylvania “Minimizing soil compaction” AV = A x 6.4 /1000

(PDEP 2006) Where:4V = net volume reduction @y A = Area of
minimal soil compaction (m?)

Maryland “Grass swales™ Pz =254 x SA/ DA

(MDE 2009) Where: R = equivalent rainfall volume managed in the
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swale (mm), A = drainage area, SA = swale surfaceard
Georgia “Rooftop disconnection” AV =30.5 x C x (A-DIA)

(AMEC and CWP 2001) Where:4V = net volume reduction @) C = runoff
coefficient, A = site area (m?), DIA = disconnected
impervious area(m2)

Table 5 lllustration of volume reduction approacfasvarious LID practices

While such crediting systems will obviously faclié and promote LID implementation, they often refty
several simplifying hypotheses regarding BMP eéiindy for runoff and pollution control (Battiataat 2010).
Definition of management criteria and guidanceabeing scientific validity and ease of use, cobleréfore be

a real challenge for regulators and environmergahaies.

5. CONCLUSION AND PERSPECTIVES

Four categories of criteria for on-site runoff pdibn control, namely flow-rate limitations, “wateuality
volumes”, volume reduction and non-hydrologic tasgeave been identified and analyzed based oniewef
management practices adopted in different countRegarding the relevance of these stormwater neanagt

criteria for on-site pollution control, this studyggests that:

 “Treatment and release” strategies may not be aelefor moderately contaminated runoff. As a
consequence, volume reduction (through infiltratiewapotranspiration or re-use) should generally be

(e.g. where feasible) the preferred approach fesitanpollution control.

« Determination of an “optimal” permanent interceptieolume remains an open question and further
investigations are required to better understardrétation between targeted volume and long-term
pollutant load removal and find out whether stad®d sizing approaches based on a single criterion

are relevant for on-site pollution control.

* While volume reduction can be expected to assurenmim pollution control, the benefits associated
with pollutant removal processes should still besidered for increased BMP efficiency. A better
understanding of these “de-pollution” processethis needed to correctly address requirements such
as maximum effluent concentrations which may afieen environmental standards or to provide

acceptable pollution control for more contaminaidoln surfaces.

*  Volume reduction is typically an emission controhgegy which does not account for the vulnerapilit

of receiving waters. While recommendation aboutur@ reduction targets may be provided, it is
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essential to acknowledge that design criteria shtval adapted to site-specific requirements to meet

environmental quality objectives.

Besides, Low Impact Development implementation praper BMP design not solely depend on stormwater
management criteria, but also on guidance docunpeatéded to practitioners. The lack of technicgbertise is
indeed the major factor in the persistence of timul management and design approaches at thedoake.
Diffuse pollution control is a relatively recenbainwater management objective for local communities have
traditionally focused on flood or CSO control. Damtrating that volume reduction is compatible vétisting
flow-rate based requirements and provide bendfitbth peak-flow and pollutant control is thusaal for a
wide implementation of LID practices. Finally, @ite design methods should be believably develspeat to
deal with site specific constraints and to overcatiféculties arising from demonstration of compi@e with

stormwater management requirements.
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