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Abstract

Today, urban runoff is considered as an importantrce of environmental pollution. Roofing materjais
particular the metallic ones, are considered asappmsource of urban runoff metal contaminatioms.the
context of the European Water Directive (2000/6Q,@HE accurate evaluation of contaminant flows froofs
is thus required on the city scale, and therefoeedevelopment of assessment tools is needed. Howav this
scale, there is an important diversity of roofingterials. In addition, given the size of a citygaamplete census
of the materials of the different roofing elemenépresents a difficult task. Informations relatirgpfing
materials and their surfaces on an urban distochat currently exist in urban databases. The t¢ibgof this
paper is to develop a new method of evaluating anoontaminant flow emissions from the differendfing
material elements (ex: gutter, rooftop) on the eitale. This method is based on using and adaptiisging
urban databases combined with a statistical appradzifferent rules for identifying the materialstbie different
roofing elements on the city scale have been defilbde methodology is explained through its appilicato
the evaluation of zinc emissions on the scale etity of Créteil.
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1 Introduction

In the city, pollutants released into the runoff bioan infrastructure, are considered as a majarcsoof
receiving water contaminatiorig&llis and Hvitved Jacobsen, 1996; Sageal., 1995) Many studies developed
since 1990 have highlighted the pollution from fngfmaterials in urban runofBertling et al, 2006; Forster,
1996; Gromaire-Mertet al, 1999; Odnevall Wallindegt al, 1998; Quek and Forster, 1998) this context, the
OPUR (Observatory of Urban Pollutants in lle-derfe&) program focused on identifying and quantifyihg
emissions of different pollutants (Zn, Pb, biocidgsfrom roofing materials runoff on the test-bedpf and
small urban catchment scal@Sromaireet al, 2011; Gromaire-Mertet al, 1999; Robert-Saintet al, 2009;
Van de Voorde, 2012)In these studies, the evaluation of pollutantssions was limited to small scaled
catchments. However, the city scale is charactérizg big diversity and large number of buildingsth
different roofing materials. This diversity deperaldremely on the history of the building (age,eneal), the
urban planning (land use, building typology...)e tocial characteristics, the town regulation fraork...To
date, no study has been conducted to evaluateotiimg material emissions in urban runoff on thiy cicale.
Today, in the context of the European Water Dixect{2000/60 CE), which aims at achieving a good
environmental status of aquatic environments W@ail5, it is important to evaluate roofing matepallutant
flows on the city scale. For this task, a spegiimdel is needed.

Existing roofing material emission models were elalbed on the scale of test-beds. Annual averafjetamat
runoff rates have been evaluated for differentirgpmaterialgBertling et al., 2006; Leuenberger-Minger et al.,
2002; Odnevall Wallinder et al., 2004; Robert-Sagttal, 2009; Van de Voorde, 2012).

To model the emission on the city scale, new patarneelated to the large scale have to be takeraitcount.
An important part of the modelling is based on tifging and quantifying roofing material areas orcity.
However, on the city scale, the information cong®groofing materials and their surfaces on an mirthigtrict
does not currently exists in urban databases Soethotts have already been developed for the evatuafi
roof surfaces on a large-scale in order to studidimg-integrated solar-energy applicatiofigergamasco and
Asinari, 2011; Izquierdet al, 2008)or to explore the potential of green infrastruetim adapting cities for
climate chang€Gill et al, 2006).But, in these studies, the roofing materials weretaken into account. Other
approachegGromaireet al, 2002a; Le Bris and Robert-Sainte, 200@)\ve evaluated roofing material areas
using data obtained from aerial photographs andjéntdassification software. The classification mdtbased
on aerial images was applied to an urban catchmiéimt2.25 km? of surfacé_e Bris and Robert-Sainte, 2009)
Nevertheless, this classification method preseatseslimitations especially in terms of confusionvieen
different materials (e.g. zinc in the shadow araded in the sun). In addition, the identificatidrttee material is
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limited to the input data. For example, if threpey of roofing materials are defined in the inpatiad the model
will try to classify all roofing materials into thiaree types and will not be able to recognize lz@omaterial.
Moreover, the roofing material age is not identfi€inally, from an aerial image, only rooftop miékareas
can be evaluated. Besides, roof is also composethef small elements (ex: gutter and valley) whiah be a
large source of runoff contamination. These elemarg generally not visible on the aerial photolyap
Therefore, a method must be developed to evaluwatfing material contaminant emissions on the cdgles.
This method is based on the use of urban knowlettigeadaptation of existing urban databanks incttyeand
the definition of new approaches.

The objective of this paper is to describe the wetbvaluating roofing material emissions on thg sitale by
studying the zinc emissions in the city of Crété&his application in Créteil has two objectives €Tirst one is
to validate the methodology. The second one isntlyze the transferability of the method to othies and
also to other contaminants. The development ofntie¢hod from Créteil has enabled us to produce rdifie
methodological principles and practical rules.

2 Methodological Principles

This part describes the general methodology ofatbik, applicable to any contaminant. It is thuastrated by
examples for different contaminants.

2.1 General method to evaluate contaminant annual flovemitted by roofing material on the
city scale

To evaluate roofing material contaminant emissiorthe city scale, the equation of its annual flawiteed by
roofing material on the city scale is needed.

On the city scale, two parameters which determhe rbofing material contaminant emissions have been
retained: thesurface or the length of the different materiaksed forthe different roofing elementnd the
annual runoff rate for each contamindndm these materials.

The method developed to evaluate these paramsteésscribed in figure 1. The different parts ofthiethod

will be explained in the following sections of thpaper.
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Figure 1: General method to evaluate contaminant arual flow emitted by roofing material on the city €ale

In order to model the contaminant emissions orcityescale, describing and understanding the eonissh the
roof scale is needed. Thus, a new concept caffgidal situation of contaminant emission from iogfmaterial

on the roof scaldéhas been defined. This concept allows the tramshiigtween the roof scale and the city scale.
For each typical situation a contaminant annuabffurate is associated.



A new method has been developed to identify andtifyaroofing material surfaces or lengths on tlity scale.
This method is based on two main steps. The finst@nsists in quantifying treurfacesof rooftop materials
classe$ and their associatedalley and gutter lengthsThe second one is the quantification of the wft
material surfaces, gutter material lengths anceyathaterial lengths using specific rules (Figure 1)

2.2 Annual runoff rates and typical situations of contaminant emission from roofing materials

A typical situation of contaminant emission fronofing materials on the roof scale is a situation fehich a
unique annual runoff rate for a contaminant is asated On the roof scale, different parameters influetiee
contaminant runoff rate from roofing materials. $bgarameters can be classified into parametert®deio the
roof characteristics and parameters related toettposure conditions and the time-related factorse foof
characteristics include material characteristioge(aype and compositior(Bertling et al, 2006; Odnevall
Wallinder et al, 2001),the roofing element (gutter, rooftop. ([Robert-Sainteet al, 2009) inclination and
orientation(Odnevall Wallindert al, 2000) On the city scale, the material characteristizsutd be taken into
account. However, the orientation effects becomeathed as all types of roof orientations are comdinT he
roof slope was shown to be determinant for the ffurade per m2 of exposed material yet does nati@antly
affects the runoff rate per m2 of projected af@dnevall Wallinderet al, 2000) On the city scale, identifying
roofing materials is based on aerial photographgatiises which provide only projected area measursme
Thus, roof inclination will not be taken into acewuThe different roofing elements do not have sagne
contaminant runoff ratgqRobert-Sainteet al, 2009) due to different collected runoff volumes, so the
contaminant location on the roof is an importanapzeter to be taken into consideration on the igle. In
addition, contaminant runoff rates depend on exmodluration, rainfall characteristics (value, irgiéeyn
duration, pH) and a parameter considering previsy®sure perioGromaireet al, 2011)

These parameters are not taken into account icase because we are focusingaomual contaminant runoff
rate valuesSo for a city scale evaluation, two types of pagtars seem relevant. The first one concerns mhteria
characteristics (age, type and composition) andst#t®mnd one is the location on the roof. Thus, eggital
situation of contaminant emission from roofing mis on the roof scale is defined as a simple c#Hsa
contaminant emission characterized bybi$onging to a specific materiahd itslocation on the roofsee Table
1). The contaminant runoff rate for this typicalation will be noted material, roof ocation

Table 1: Examples of typical situations

Pollutant Material Location on Annual runoff rate
Type Age Form the roof
Chrome | Stainless{ Component of stainless Rooftop 0,8a 1,2_(mg.rﬁaril) (Odnevall
steel steel sheet Wallinderet al, 2009
Component of copper 0,9 (mg.mtt.ari*
Lead Copper old P sheet i Gutter (Robert—(Sa?nteet al, )2009)
Zinc Zinc new Principql component of Gutter 0_,871
natural zinc sheet (Robert-Saintet al, 2009)

2.2.1 Belonging to a specific material

- Material age
Runoff rates depend on the age of the materiath®mne hand, the material composition dependb®périod

of its production. For example, a tin-lead compdneas added to the stainless steel composition9inl 1
(Invernizzi, 2000) On the other hand, old materials present differanoff rates from the new material. For
example, copper emission are higher for the oldeterial (2,1 g.ifan” for copper 40 year old and 1,3 fan’
for new copper)He et al, 2001) whereas for paint containing biocides, the bieaidnoff rate decreases from
rain to another due to the limited quantity of litecin the pain{Jungnickekt al, 2008)

- Sources of pollutants in roofing materials
A pollutant released from a roofing material haspacific form of presence in the material. The ygaiht can be
the principal or a secondary component in the nateomposition. This is the case of metal mater{alg. zinc,
copper and lead) which are based on specific alloggposed of different components with different
proportions. For example, steel is an alloy of iesmd other elements such as nictelrernizzi, 2000) This is
also the case of other roofing materials. For msta bituminous membranes contain polycyclic aramat
hydrocarbons (PAHgBowen and de Groot, 20Q0)
The pollutant can also be a component in the coatiided to the material during the production psec&or
example, zinc as a pollutant, releases from gabeshsteelBertling et al, 2006) i.e. steel coated with a thin
zinc layer.

1 A material classs defined as the gathering of different materiesing the same principal material. For exampkselds
considered as a class which gathers differenttiesiof steel: natural steel, galvanised steehlsiss steel, coated steel.
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In addition, roofing material maintenance practisesy be sources of pollutants. For example, rendats
paints contain biocides which leached during rdlingariods (Burkhardtet al, 2007; Jungnickeét al, 2008;
Schoknechet al, 2009) Benzalkonium is a pollutant widely used as a d&simg agent for cleaning tile roofs.
This practice leads to benzalkonium transfer imborswater(Van de Voorde edl., 2012)

To conclude, a pollutant may come from three défférsources: the material itself, the coating ef taterial
and the roofing maintenance practices.

2.2.2 Location on the roof

A roof is composed of four main elements: the mypftthe tightness elements (valley, ridge, hipsthg,
evacuation of rainwater elements (gutter, pipesnd accessories items (fixing components for slafed=ar
the same material, each element of the roof ha®eific runoff rate. For instance, runoff rate fead flashing
against sidewall (0,88 g:fry™) is very much lower than from rooftop lead (5,2818.y") due to orientation and
shelter effectWilson, 2003) In addition, runoff rate from zinc rooftop (3,868mz2.y™) is higher than from
gutter zinc (1,654 g.ihy") (Robert-Saintet al, 2009)

We should note that the production of runoff raiasthe roof scale is not the objective of our wdtkwever,
the existing runoff rates in the literature will bsed to model the contaminant flow on the cityesca

2.3 Identification and quantification of roofing materi al elements on the city scale

A new method has been developed to identify andtifyaoofing material surfaces or lengths on tlitg scale.
This method is based on two approaches. The fisti®a survey made by conducting interviews withdctors

of the roofing material sector (industrials, mastgrk, architect...) and consulting different doants (e.qg.
town planning regulation framework, constructiomwda standardized technical documents). From thigesuy
concrete rules for the identification of roofing texdals on the city scale have been established.sEleond one

is a statistical approach for estimating the distiion of the materials of the different roofing®lents on the
city scale. The two approaches are combined imiéinod.

In figure 1, thefirst step of the method consists in dividing the cittpihomogeneous urban units. Each unit is
obtained by crossing:

-“Building classes” established through the adaptation of an exiskamgl use databasahich allows us to
connect building scale and urban scale;

- With the historical urbanization process of ttg.c

The crossing is conducted using specific rules Wwhie based on three hypotheses:

- The choice of a roofing material depends on thiding typology.

- The spatial and temporal urban evolution of titygiofluences the use of roofing materials.

- The town regulation framework allows/recommenai®is roofing materials in the city.

Each ‘Building clas$ located in an historical area represents a #at.each unit, a random sampling technique
is elaborated from the available building databdaseensure an absolute error less than 3%, the eupflthe
selected random building depends on the total numbine existing building in the unit. This steppides the
distribution of the rooftopmaterial classegex: zinc, tile) and the gutter and valley lengtbs each rooftop
material class in each unit.

In asecond stephe material of the different roofing elementsach unit is quantified using a new set of rules.
Three types of rules have been used:

- Rules linking the rooftop material class to theftop material:these rules allow us to distinguish between the
different varieties of the material class. For eglmif the proportion of steel (as a material sJasas identified

in a specific unit, the objective is to get thetdlimition between galvanised steel, coated stedistainless steel.
In the case of units based on industrial buildthg,obtained rule is “coated steel is used in itrdalsunit”.

- Rules linking theooftop material to the gutter materiafor a rooftop material there is a specific usethaf
gutter material. Thus, the obtained rule is “in afiet roof the gutter has the same material agabéop”.

- Rules linking the rooftopaterial to the valley materiafor a rooftop material there is a specific usehs# t
valley material. Thus, the obtained rule is “in aliét roof the valley has the same material agtivdtop”.

Finally, for each unit the rooftop material surfarea distributions and the valley and gutter nigtégngths are
computed. Thus, contaminant annual flow emittedomfing material runoff on the city scale is congulitby
multiplying the surface or the length of the matkelement by its associated runoff contaminarg. rat

All of these rules will be explained in the nextiply studying the zinc emission in the city of @ik In fact,
the different rules are sometimes global or spedii the site. Thus, it will be easier to underdtdéimem by
studying a case study.

3 Application of the methodology for zinc emissionsni the city of Créteil

3.1 Case Study Site

The goal of our research work is to develop a gdnmaethod to quantify roofing material surfacedemgths on
the city scale. In this context, a case study &ded to achieve two objectives. The first one igalidate the
method. The second one is to make it possible plyahe method to other cities. Therefore, a sidfitdy
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complex case study should be chosen in order t@sept most of the urban functions of any cityfdet, the
city should present a sufficient urban diversitheTselected city is Créteil located about 10 krmfrBaris
(France). Créteil with a total area of 11.5 kfiNSEE, 2008) presents a big diversity and a large number of
buildings which represents about 24% of the cigaaiThis city also presents an interesting urbanfamctional
diversity (residential area, industrial area...).

To quantify the different roofing material surfaaaslengths, urban data banks (historical urban)mapd use
databaséOS-IAU have been reorganized in order to match with dijeative and interviews that have been
conducted with various actors such as masters df,veontracting authorities and architects. Thegerviews
showed that information relating roofing materiafgl their surfaces on an urban district does noently exist

in urban databases. In the city of Créteil, differerban data (historical urban evolution, land .u}eare
available but they are not sufficient to achieve ahjective to evaluate roofing material emissions.

In this contextdata acquired on Créteil have been adapted andsfiamed to provide new useful data that will

be used in our wotk

3.2 Annual runoff rates and typical situations of zincemission from roofing materials

In the city of Créteil, zinc annual runoff rateavie been produced for different metallic mater{Risbert-Sainte
et al, 2009) (see Table 2). We should note that zinc runofégafrom roof did not include atmospheric
deposition. In fact, Robert-Sainte et al (2009) endivstly evaluated atmospheric input values onxiglas
panels. Then, they have directly deduced theseesdhom concentration levels before the calculatbzinc
runoff rates.

The studied new stainless steel, coated steel, zieey new aluminium and coated aluminium samplesewe
standard products. Thus, they are considered assetatives for the hole of Créteil. However, tloe pre-
weathered zinc, the process depends on the prodndehe product.

Table 2: Typical situations of zinc emissiorfRobert-Saintet al, 2009)

: Annual average
Material Localisation on runoff rate
the roof 2
Type Age Form (g/melyear)
(g/mllyear *)
Rooftop 3.9
. Principal component of zinc sheet Sealing element )
Zinc natural New
Gutter* 0.87
Valley* * )
. 35 years - . Rooftop 4.2
Zinc old Principal component of zinc sheet
I 40 years P P Gutter* 0.81
. o . Rooftop 2.3
Anthra zinc New Principal component of zinc sheet Gutier* 050
. Principal component of the coating the
Galvanised steel New of galvanised steel sheet Rooftop 2.0
Coated galvanised New Principal component of the coating the Rooftop 0.025
steel of galvanised steel coated sheet
Stainless Steel New Component of stainless steel sheet Rooftop rhieston
Lead New Component of lead sheet Rooftop 0.052
50 years Component of lead sheet Rooftop 0.11
- Component of aluminium sheet Rooftop 0.034
Aluminium New — —
Component of aluminium sheet Gutter* No emission
Aluminium coated New Component of aluminium coated sheet Gutter* eNssion
Copper New Component of copper sheet Gutter* 0.002
PP 20 to 25 years Component of copper sheet Gutter* 0210.

The market share between the different producer% for VMZINC, 20% for RHEINZINK and 10% for the
others(MSI, 2012).In Paris area, the market share of VMZINC is eviginér (information given by producer).
VMZINC produces two types of pre-weathered zincthka zinc and Quartz zin®kobert-Saintest al (2009)
only tested Anthra zinc. Literature data in otheumtries do not allow concluding on the differerofezinc
runoff between anthra zinc and quartz zinc.

3.3 Dividing the city into homogeneous urban units

To develop the method to evaluate roofing matexiafaces or lengths on the city scale, specifianrtiata are
needed. Thus, a survey has been established bwltogsdifferent urban databases, scientific litara,

2 JAU: Institut d’Aménagement et d'Urbanisme d'lle-dFrance: institute of planning and development thee Greater Paris region.

http://www.iaurif.org/
3 For sealing element and valley, no runoff rates datve been produced. Thus, we propose an appriinfar these two values. For
sealing element they have been approximated bsotifeop runoff value and valley it was approximabsdthe gutter one.
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technical documents and interviews. The resulthisfsurvey enable us to define new rules for ifgng the
use of a roofing material on the city scale. In tfiolows, rules will be described and applied @il city.

3.3.1 Rule 1: A specific roofing material distributon is associated to each “Building class”

The choice of a roofing material depends on thédimg typology. For example, in France, individimusing
roofs are mostly covered with concrete or claystilen Créteil, a land use database named MOS-IAU is
available. This database is very detailed and descrll types of land uses such as green spaceoadd. To
optimize the use of this database for our objectilerent operations have been elaborg@elmezitiet al,
2013) The first one is to focus only on building lansewvhich still very detailed. Then, the buildingdause
data are organized by gathering all buildings with same use of roofing materials. Therefore, neilding
types have been created call&uilding class” characterized by a specific roofing material digition.
Thirteen “Building classes” have been createdindividual houses, apartment, secondary activities,
administrations, sports, commercial space, educaticultural, offices, health equipment, transpasther
building (ex: jail), other equipment (water, gas...).

Finally, a new map of Créteil has been elaboratestidbing the differentBuilding classes” (see Figure 2).
This map has been associated via JGi&tware with a numerical cadastre named BD-toatltasgIGN,
2008) which contains a vector description of the buitdlayer. BD-topo database provides the roofindaser

for each building Thus, by crossingBuilding classes” map and the BD-topo, roofing surface areas are
computed for eachBuilding class.

3.3.2 Rule 2: A specific roofing material distributon is associated to each historic urban area

The spatial and temporal urban evolution of thg affects the use of roofing material. For exampiecentral
Paris, roughly 40% of all roofing surfaces are cedewith rolled zinc, due to the urban planning madny
Haussmann in the 19's centu@romaireet al, 2002) The city of Créteil is divided into four majorsorical
urban areas: Old center, Mont Mesly, New CreteiNéw Créteil 1l. This division is however not pestly
relevant to identify roofing materials. The urbam®&y made in the city, enabled us to divide thg mito 3
historical urban areas corresponding to differemiquls of construction (see Figure 2).

- Area 1from 19th century to 1950: characterized by dowmt@nd a majority of individual houses.

- Area 2from 1951 to 1980: construction of economic buiglfi with several floors and flat roof.

- Area 3 from 1981 to 2008: great urbanization of the dtgainly apartment buildings) with specific
requirement of the mayor: each new building shdaddwith a pitched roof in order to get an urbanticarity
with the downtown. Architects who preferred flabf®tried to build flat roof with slate or tile rbbreaks.

3.3.3  Rule 3: The town regulation framework allowsprohibits roofing materials in the city.

In central Paris, architectural rules concerning finotection of historical monuments and their mrwinent
prevent any changes for many yed@romaire et al, 2002) In the city of Créteil, there is no specific
recommendation for the roofing material use. Thiy eastriction is the mayor requirements to haviehzd
roofs to preserve the identity of the old Crétéitte 19th century.

The application of the different rules enablesauproduce two different maps. The first map is &tohnical map
and the second one is thBUilding classesmap (see Figure 2).

Windividualhouses  IApartment B
M Secondary activities ' Administrations

B Commercial space Education

: M Other equipment M Cultural W Sports|
Hliake Health equipment M Transport Ml Offices
[ Other building [Unbuiltarea [ Lake

W 1900- 1950
W 1951-1980
1981 - 2008

Figure 2: (a) Historical map (b) “Building classes” map

4 Quantum GIS (often abbreviated QGIS) is a crosHepla free and open source desktop geographicrimdtion systems application that
provides data viewing, editing, and analysis cdjtes. http://www.qgis.org/
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3.3.4 Homogeneous urban units

By overlaying these two maps (see Figure 2); eaildibg class located in an historical area is embgeneous
urban unit in terms of building types and historicgation.

In what follows the ternunit will be used. To optimize the computation time,yotile most importantBuilding
classes corresponding to a cumulated surface of at |€&8t of the total roofing surface of the considered
historical area are selected (see Figure 3).

Three different units have been selected to sthdyinfluence of building typology and surfaces ba rinc
emission:

Unit 1: “individual houses class” located in are¢b®.5% of the area 1 roofing surface)

Unit 2: “apartment class” located in area 1 (37%hefarea 1 roofing surface)

Unit 3: “health equipment class” located in are4. 8% of the area 1 roofing surface). This unit bhesn
selected because it presents many zinc roofs.

Selected unit 95%
S 50 /16 ~
E’ 45
.g 40 ‘
o 3 |
S 20 } 28
§ 5| =
i f 8
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5 1008 [ ;6
5 4 4
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T A O s ot
.4\6“‘) RNt ™ o PP
o o RO o™ o

Figure 3: The distribution of roof surface “Building classesin the area 1 (1900- 1950)

3.4 Quantification of rooftop material class surfaces ad their associated valley and gutter
lengths

This method is based on a stratified random samptechnique in conjunction with aerial photograph
interpretation of the rooftop material class arglrtsurfaces and measuring the gutter and vallegthes.

In this part, the statistical approach will be éggbifor the selected units. By overlying the ungprand the BD-
topo database, the roof surface for each Wifni?)) is obtained. The sampling strategy is bamedandomly
generating independent buildings. Each selecteldlibgi (b) has a specific roofing material. So, a databdse o
buildings sampled in the unit with their roof swés S, (m2) is generated. By associating BD-topo and BD-
ortho® (IGN, 2008) for each sampled building (b), its valley length(m) and gutter length, ,(m) are measured
with QGIS and its rooftop material class is idaatifby looking to the image. In the samplthe total building
surfacess; (m?), the total valley lengtHs (m)and thetotal gutter lengthg, (m) are evaluated

Finally, for each rooftop material classn the sample, the rooftop surface aBgm?2) and its proportiorps;
(%), the gutter length, si(m) and the valley length s; (m) are computedThese results are then extrapolated to
the unit with uncertainty calculations.

3.4.1 Uncertainty calculations

The sampling strategy uncertainties were compuied f
- ps,i: proportion of rooftop material clagé the samples
- The ratio between the valley length for each miatelassi and the total valley length in the samgle

Ivsi
Ryq =

AASH |
V,S

- The ratio between the gutter length for each rratelassi and the total gutter length in the sample

R = lg's’i

osi T
g,s

The Theorem for Proportions (Saporta, 1990) isiegpln which the sampling distribution for sampleih size
n > 30 (generated without replacement) is approximateiynal, so:

® BD-ortho images come from IGN’s (Institut Géogripie National) which contains digital colour orthhetos with three or four (red—
green-blue—near infrared) bands and with a 50 curgt resolution.
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T, - N1, = (1 D1

where T, O{p iR,: R, | Ty 0{p,; iR iR
p: : the material proportion in the unit
R, ;: the material valley ratio in the unit
Ry- the material gutter ratio in the unit
The point estimate of; is Ts; and an estimation of standard error is given by:

i@-T5) o
. 1-—
T \/ - X ( N)
At the confidence-level coefficient af 0.05:

Cl =T O[T, - 196x 0 ,T,, + 196x o, |
Results are illustrated in Table 3.

3.5 Quantification of rooftop material surfaces, gutter material lengths and the valley
material lengths for the selected units

A survey was made by conducting interviews withesip of the roofing material sector (industrialasters of
work, architects...). Different documents have beemsulted: town planning regulation framework, stouction
laws, standardized technical documents (in Frabde&): Documents Techniques Unifiés), marketing resea
(MSI, 2006, 2012) A historical study was made concerning the rapfimaterial evolution (appearance,
disappearance, evolution characteristics ...). I fhe rapid development of industrial technologéfects the
use and the material characteristics. Thus, arorigal table was elaborated for roofing materiatduical
evolution.

The objective of this survey is to identify thefdient parameters influencing the choice of a netéom the
different material class varieties. Different hyjpedes have been identified from this survey; tHewaus to
define rules. These latter enable us to get adisitibution of the material in the different rowd elements.

In what follows, the different rules to evaluatetergls in the selected unit are described.

The first step was toross roofing material historical evolution withetltity of Créteil urban historyThis work
allows us to identify the roofing materials potatiyi existing in an historical area.

Figure 4 describes the history of the different emats found in the city of Créteil and which ertiie zinc
contaminant(Aocdtf, 1989; Lamesch, 2004; Hartmann, 2004, 20@6ernizzi, 2000; Payet-Gaspard, 2012;
Schonnenbeck and Neumann, 2013).

In addition, in France, roofing techniques are dbsd in details in standardized technical docum&bTU),
addressed to professional roofers. Indeed, alimgdechniques are indexed: materials that mayseel and the
way of their implementation (DTU 40.1, 40.2, 4048,4, 40.5 and 43). All constructions are expetbeaspect
these reference documents. Thus, these documergsbban used in order to identify the roofing nmatarsed
for the different roofing elements. In DTU docun®rgutter material is not specified for each ropftoaterial
class. The roofer has the choice between fiveeguthterials: zinc, copper, stainless steel, PMCamminium.
For metal rooftops, valley is considered as a phthe rooftop and thus has the same metal matevizreas
for the other rooftop material classes, valley malke could be zinc or lead or the same materighasrooftop
(tile, stales...).

1900 1950 1980 Créteil urban
= Area 1 = Area 2 H Area 3 evolution
. : .
1900 1950 1980 Material historical
u u = ) evolution
. .

1990: Appearance of coated zinc
1992: Natural Zinc without cadmium
1996: Standard alloy of copper

2000: Massive use of gutter in coated

= Before 1900: Use of lead on roof 1964: Shingles marketing
l 1900: massive production of galvanized steel 1970: Appearance of coated stainless
= 1908: aluminum alloyedto copper and steel
: magnesium 1975: Appearance of coated steel

= 1914:Massive production of zinc 1978: Appearance of pre-weathered aluminum _ )
= 1930:Natural Zinc with cadmium zinc 2000: D(lélcreasmg lead in the PVC
= 1934: Massive production of galvanizedsteel 1980:Appearance of gutter in PVC composition

2005: Appearance of colored zinc
2007: pre-weathered copper

with lead

. 1950:Appearance of stainless steel
u 1980:Massive use of shingles

snnnBunnnnnsn

Figure 4: The historical evolution of roofing material emitting of zinc



Table3 : Rooftop surface area, gutter length and ey length computed for each material class for ttee units: individual houses, apartment and healtlequipment
classes located in area 1 (1900-1950)

. Rooftop surface Gutter length Ig;+ Cl (m?) Valley lengthl,; = CI (m?)
Material areaS = Cl (m?) (Rys, % Cl '(%)) (Rys;* Cl '(%))
class (ps.t Cl (%)) o o
Unit 1 Unit 2 Unit 3 Unit 1 Unit 2 Unit 3 Unit 1 un2 Unit 3
Tie 278648+21123| 91793:9638 | 5100+ 123 | 7167625143 | 222982069 | 10337 7060£568 | 1757+ 147 | 163+7
(83.247.58) | (43.32+10.50)| (19.65+2.42)| (85.31+7.18) | (74.12+9.28)| (66.6620.68)| (80.43+8.04)| (80.56+8.39)| (91%4.3)
84519 851+ 9 3354
Coated stee} ;5511 02) - (3.28+1.08) |  (0.40+1.28) - 773 (53.9) - - -
Galvanized 53061134 i ) 1280+32 i i i i )
steel (1.58+2.53) (1.52+2.48)
Bituminous |  5409+138 | 17813+1047 | 6151 % 159 ] ] ] ] ] ]
flat roof (1.61#2.56) | (8.41#5.88) | (23.70+2.59)
Gravelflat | 6406+178 | 68017+ 6729| 11176 + 336 ] ] ] ] ] ]
roof (1.91#2.78) | (32.10+9.89) | (43.06+3.01)
Zine 7379£220 | 28176%2027| 2299 * 40 250686 6703501 346+ 6 137+ 3 424+36 16 0.3
(2.20£2.98) | (13.307.19) | (8.86+1.73) | (2.98+3.45) | (22.28+8.82)| (22.34+1.74)|| (1.56+2.51) | (19.44+8.39)| (8.9+1.87)
Slates 20552+1000 ] ] 6510353 ] ] 1581+ 123 ] ]
(6.14+4.86) (7.755.42) (18.01%7.79)
. 10405+366 | 6102216 375+ 3 170849 1081443
shingles | 3114352) | (2.88£3.54) | (1.45:0.73) | (2.03+2.86) | (3.6+3.94) | 2 *4(6+4.3) - ; )




3.5.1 Rules linking the rooftop material class tofte rooftop material

Table 3 and Table 2 show that the roofing matai@dses that emit zinc are galvanized steel, zind,coated
steel. The zinc material class presents differegienial varieties: natural zinc, pre-weathered zowated zinc
and coloured zinc. During the identification of fimp material from aerial images, all collared mizis were
classified into “other material class”. Thus, es#d zinc will be ignored. To distinguish betweka bther zinc
varieties, other information is needed. The setbcteits: individual housing class, apartment clasd health
equipment class, are located in area 1. In thterlaby looking to Figure 4, the only zinc existimgriety is
natural zinc. Buildings located in area 1 (1900@)9&re however old and their roofing materials harabably
been renewed at least once time. The zinc cydeidifabout 50 year@VSI, 2006) The zinc producers (e.g.
VMZINC) say that old natural zinc renewal is usyalbne with the same zinc variety. To concludeaiiea 1
the zinc variety used is natural zinc. The natanat age is less than 58 years if we consideritheds renewed
once. For coated and galvanized steel they areaaggeén roofs in 1975, their age is about 33 yeahe life
cycle of steel is about 100 yedhSI, 2006)

3.5.2 Rules linking the rooftop material to the guer material

Gutter materials are of six different types (DTWhe used zinc is mainly natural zinc. The survegwshthat
today, the gutter market in France is divided betwéhree principal materials: natural zinc, PVC apdted
aluminium. The other gutter materials represeny &% of the market and therefore, their contributcan be
neglected in a first approach. Figure 4 shows BAAE appeared in the 1980’s and coated aluminiu@00.
Therefore, in area 1 (1900-1950) these two matedet not originally present: the existing guttertenials are
copper and natural zinc. If we consider the cyifedf natural zinc (50 years) and of copper (7@rgg(MSlI,
2006) thus, the gutters have been renewed at least dimteand copper are noble materials, gutter Witise
materials are generally renewed by the same mbkfadeording to interview with roofing material exs). In
selected units, gutters are linked to the rooftogtemial: tile, coated steel, galvanized steel zsiates and
shingles. Coated steel and galvanized steel areoetio roofing solution appeared in 1975. Such rcas
strongly correlated with PVC gultters, in the prdjwor of about 80% in PVC, the 20% remaining beingstly
in natural zinc (according to interview with rodfirmaterial experts). For natural zinc rooftop, thater
material is old natural zinc. For shingles whicle amainly used during the 1980’s and are conside®d
economic materials, the gutter material distribuii® probably the same as for coated steel. Finfdlyold tile
and old slates rooftops, the considered materialsiatural zinc and copper. Copper is an expemsaterial and
its use in gutter will be very limited comparedratural zinc. In addition, as our objective is t@leate zinc
emission, we assume, using a first overestimatippraach (Belmeziti et al, 2013), that gutter material
distribution for old tile rooftop is 95% in naturald zinc and 5% in old copper.

3.5.3 Rules linking the rooftop material to the vdky material

The survey made with the actors of the roofing matsector shows that for metal rooftop, valleytenals are

the same as the rooftop materials. The obtainedisutFor metal rooftop, the valley is a part of the rbap”.
Thus, valley will be computed only for non metabftop (tile, slates, shingle). In this case, valtegterial could

be zinc or lead or the rooftop material (tile, statand shingle). The survey shows that the zied fr valleys

is then natural zinc. For lead, it was used in \@dybuilding built before the 1ocentury. In addition, in area 1,
the oldest building is dating from 1900 and thesdlén valley was not used. To have an estimatiotheftile
valley proportion, natural zinc valley proportiomda slates valley proportion, we adopt here again an
overestimation approac{Belmezitiet al, 2013).It means that, as our objective is to evaluate emission, the
quantification of valley lengths will be majored bgnsidering that all valleys are made in natuirat.z

3.6  Zinc annual flow calculation for the selected units
The zinc annual flow emits by rooftop, gutter amdley material will be computed using the followiaguation:

innc,roof location — 2 (Droof location ,i X r.zinc.roof .location ,i)
i=material

WhereD represents the roof location dimension: areadoftop (m?) and length for gutter and valley (m)).
I'zinc, roof location 1S the zinc annual runoff rate emitted by thdeddnt roofing material elements. Runoff rates are
taken from Table 2.
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4 Results and discussion

The evaluation of zinc emissions from roofing miatlsron a city scale shows that zinc emissions wclépet
only on the surface of the considered unit butp @e the building typologysee Table 4) In addition, the
principal source of zinc emissions is the rooftdpwever, other elements of the roof such as guétedsvalleys
may contribute significantly to zinc emissions. kwstance, for the individual housing unit with fimps with a
majority of tiles (83% tile roof, 2% zinc roof), atprincipal source of zinc emissions is the gut&.7% of the
whole zinc emissions from the three units versug3%bproviding by rooftop) (see Figure 5). Besidsdthough
the zinc emissions from valleys are the lowest3%2f the total for the three units), the valleyigsions in the
individual houses (2.64% of the total) are of thene order of magnitude as the rooftop emissiortedrhealth
equipment unit (3.7%). Thus, the zinc emission fitaghtness elements such as valleys should noegkected.
Therefore, the contribution of the different elertseaf the roof (rooftop, gutter and valley) to ziemissions
strongly depends on building typology and the anéa.

The validation of this method is difficult. In faét is impossible to experimentally measure rawissions on a
city scale. In addition, stormwater collected ie tirainage systems are a mixture of the diffengreg of urban
surfaces. Moreover, in Créteil, no experimentabdat zinc emissions from roofs or from other sosrbave
been found.

Figure 5: Distribution of the total znc emissions
Table 4: Results for annual zinc flow for the threeselected units from the three units from théifferent sources

Unit Roof Roof area | Annual zinc errz1ii2§ion 45 el = Individual houses
distribution flow +ClI A 40 :
(area l) Area (m?) o ka/ distribution 35 = Apartment
(%) (kglyear) (%) 9 % Health equipment
Individual | 334950 585 | 111.4445.73 421 | 82 27
houses S 20
Apartment | 211901 37.0 142.65+10.71 53.8 8.5 57
o
Health 25954 45 10.91+0.18 4.1 10 - 8
equipment 5 3.7 2.64
Total 572805 100 265+16.62 100 0 04 o 0>40.05
Rooftop Gutter Valley

Nevertheless, some literature zinc fluxes datakmfound. In fact, zinc emissions can be measuresbine
experimental roof runoff, sometimes with a rouglraxolation to the whole roofing area of a catchirssale.
In addition, measurements can be made in the statemgewer on a catchment scale.

Thus, annual zinc runoff rates from roofs, computethis study, were compared to other values ctdldin the
literature (see Table 5). We should note that ahnina runoff load data are very limited in thesliature. The
comparison shows that results obtained from thighatkare promising.

Table 5: Comparison of annual zinc runoff rates fordifferent sites and different sources

Mean Zinc annual
Sources runoff rates Site location References
(mg/m2/year)
333-673 Créteil (France) This study
Roofs 478 Residential site: 3.3% of zinc roofs (NanteanEe) (Lamprea, 2009)
1062 Residential site: about 50% of zinc roofs iR &rance) (Thévenot et al., 2007)
34.2 Créteil (France) (Robert-Sainte et al., 2009)
(Azimi et al., 2005; Bressy, 2010;
Atmosphere 15 - 140 France Garnaud et al., 1999; Lamprea
2009; Sabin et al., 2005)
St ‘ 240 - 430 Residential site: 30% of zinc roofs (Ndis-Grand, France (Bressy, 2010)
ororrrllv;a er 4 -80 Residential (Florida, USA) (Wong et al., @D0
- T -
catchment 39.8 Residential s!te. 3.3 % of zinc roofs (Nankance) (Lamprea, 2009)
scale 50.2 Mixed site (Nantes, France)
54.8 Industrial site (Lyon, France) (Becouze, 2010)

In Table 5, the mean zinc annual runoff rates froofs have been elaborated by a rough extrapolatiothe
catchment scale of data measured from some expaaht@ofs. For stormwater catchment, measurentents
been taken in separate sewer systems. This latteainos mixed urban runoff sources (roof, greercepeoad,
sewer transfer...). Thus, the zinc runoff rates poted correspond to the whole zinc emissions oatehment
scale provided by different urban sources. In Fearg residential site with 3.3% of zinc roof emitg8
mg/mz/year and a residential site with 50% of zioof emits 1062 mg/m2/year. Therefore, values caegbin
this study belong to the range elaborated for ifferdnt sites. Measurements of zinc in stormwéigve been
taken in different sites in France and the USA. $itgs with a high zinc roof density (30%), zincigsions in
stormwater on a catchment scale are very high.irfadance, the zinc emission values measured imstater
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catchments are evaluated throughout the whole etchsurface area, contrary to our study wherevéhees
are computed only for the roof area. Thereforefs@aoe an important source of zinc emissions coapsw the
zinc emissions in stormwater on the catchment staienportant to note that this observation alsmains valid
even in the case where the zinc roof proportismall. Finally, even if rooftops are the princigalurce of roof
runoff contamination, the emissions of the othdfedént roof elements (e.g. gutter and valley) sttt be
neglected.

A deeper validation of this method could be donetbyntegration into a larger substance flow asizlynodel
that estimates the whole contaminant emission gealvby different sources on the city scale. Bugnewith

such an approach, this validation may create &diff to describe the processes within the sewageork.

In the city of Créteil, Robert-Sainte (2009valuated the zinc annual atmospheric depositada (34.2
mg/m?2/year). This value belongs to the range ekidrfor different sites in France. Roofs are gdasource of
zinc emissions in Créteil compared to the atmosmhiadustrial activities are very limited (14%ofétzil area)
and consequently, the related zinc emissions imatim@sphere.

5 Conclusions

A new methodology evaluating contaminant flow emiss on the city scale has been developed by stgdhie
zinc emissions in the city of Créteil. It is basmd using and adapting existing urban databasesnjusction
with a statistical approach. This method contribute an assessment of pollutant flows on the afesand
then, the impact of a city or an urban area orethéronment can be evaluated.

Our method can be used as a decision-making toairbgn planners at three levels to implement pegicn
order to reduce roofing pollutants emissions. Tim®vative method will firstly allow them to assdke state of
the emissions for existing roofs all over the cityhey will then be able to define a plan of reneyvinofing
materials on the urban scale. And finally, it vii# also possible to define a roofing material ohaitrategy for
the construction in new urban areas.

To conclude, some considerations should be takeraitcount to apply this method to other cities.

Some adaptations need specific work. The historichan evolution of the city map has to be elalaatdor
each studied city. This type of map can be availatlthe municipality library databases. It is alsportant to
identify the different existing rules in the citglated to the roofing materials use such as the tphanning
regulation framework (e.g. the Local Urban Planngsaieme) and construction regulations. For theddle-
France cities, the building class databases arsghe as Créteil. Elsewhere, land use databasesvaitable
but present some differences versus MOS-IAU. Whatéwe land use database, it should be reorgamizgdt
the thirteerfBuilding classes”created from the MOS-IAU land use database

Other elements of the method can be applied wittomthanges. Most of the rules linking the rooftogterial
classes and the material of the different roofitegnents could be directly applied. The historicablation of
the roofing material table can be used in any diither rules are specific to Créteil, but they hgfit some
principles which can be adapted to other citiese fdnewal process of the material because of gssagngly
depends on the historical evolution of the citjoreover, the specificities of the city can be usedptimize the
computing process. For instance, one can find textdibiting roofing materials in urban planningtyci
regulations: the number of roofing materials tadden into account is therefore reduced.

Finally, runoff rates for different contaminants iged from roofing elements could be used in otbities
except for those where very specific local condgionay affect emission processes. Actually, thetjwal table
of runoff rates for different contaminants presdritethis paper is not complete. The productiomofe runoff
rates is still needed.
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