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Abstract

A methodology is presented for estimating, at the city scale, the amount of biocide released from

facades during rain events. The methodology consists of two elements. First, leaching of a single

facade is simulated using a two-region model, one region for the biocide in the facade and the

other for that in the flow over the facade surface. In the latter region, water advection moves the

biocide to the base of the facade, and so into the environment. Rates of detachment and deposi-

tion define the exchange process between the two regions. The two-region model was calibrated

on laboratory data, and afterward applied at city scale to Lausanne, Switzerland (200,000 inhab-

itants). The city-scale application uses the second element of the methodology, which consists of

an estimate of the exposure of the city’s facades to rainfall, and relating that rainfall to the over-

facade flow in the calibrated single-facade model. This results in a straightforward translation

of over-facade flow volume to facade paint age, a necessary connection since facade leaching is

dependent on paint age. For Lausanne, it was estimated that approximately 30% of the mass of

biocides applied annually is released into the environment.
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1. Introduction1

Biocides are substances designed to destroy, repulse or make harmless adverse organisms2

via a chemical or biological reaction, as described, for example, in the European Parliament3

Directive 98/8/CE (E. U., 1998). Their presence in the natural environment can affect fauna and4

flora even at low concentrations (Chèvre et al., 2006; Mohr et al., 2009; Wittmer et al., 2011a).5

Agriculture has traditionally been the main source of environmental contamination by pes-6

ticides. However, recent studies have demonstrated that the same compounds in urban envi-7

ronment, which have multiple and complex origins (Wittmer and Burkhardt, 2009), should be8

considered also (Schoknecht et al., 2003; Wittmer et al., 2010). These substances, when present9

in the urban environment, are usually named biocides. Biocides contained in exterior building10

paints are often considered as a major contamination source (Burkhardt et al., 2011). Indeed,11

fungicides and algaecide are frequently used in resin-based paints and renders to prevent the12

growth of organisms that would otherwise colonize facades under moist conditions (Shirakawa13

et al., 2002). These products are widespread, accounting for more than 95% of the insulated14

facade market (Burkhardt et al., 2011).15

Surfaces treated with biocides and exposed to rainfall can potentially be leached and thereby16

release biocides into the environment. The main physico-chemical factors controlling facade17

leaching are dissolution, complexation, sorption, diffusion, percolation and surface wash-off18

(Hall, 1977; Van der Sloot et al., 2008). For a given substance, leaching rates are influenced19

by pH, type of reactive surface in contact with it, and water phase composition (Appelo and20

Postma, 2005).21

Detailed mechanistic models of these processes for building facades have yet to be presented.22

Validation of such a model would be a major task, but even a validated model would be unlikely23
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to be readily applicable due to the difficulty in obtaining site-specific parameter estimates. In24

addition, in practice the amount of biocide leached from a given facade gains significance when25

considered at the city scale, since city drainage systems collect runoff and channel it, possibly26

untreated, to receiving waters.27

Recently, a facade leaching model was presented by Wittmer et al. (2011b). In common with28

the model presented below, their model fitted well experimental data. Interestingly, they showed29

empirically that the temporal variation of biocide concentrations could be fitted using an expres-30

sion consisting of the sum of two exponential functions. Unfortunately, their approach is limited31

to the 2-m long experimental facade, since their model does not consider spatial variations. It32

cannot, for example, be extrapolated easily to the practical problem of city-scale facade leaching,33

where varieties of building heights are present. Our goal here is to present an alternative model34

that accounts for different facade lengths. It will become clear below that such a model can be35

extrapolated in a straightforward manner to the city scale.36

The methodology presented herein consists of two steps. First, we adopt a phenomenological,37

two-region model to predict the biocide concentration in rainwater that has flowed over a single38

painted facade. The model considers the painted surface as one region, and the surface water as39

the second, with transfer between the regions. Such models are widespread in the literature, and40

have been applied in many contexts (e.g., Field and Pinsky (2000); Griffioen and Barry (1998);41

Griffioen et al. (1998)). Biocides transfer rates are defined by detachment and deposition rates.42

Biocides within the facade surface can transfer only to the surface flow region. Biocides in the43

surface flow region can advect within the flow or be redeposited onto the facade. Below, the44

two-region model is calibrated using the experimental laboratory data of Burkhardt et al. (2011).45

It is the same dataset that was used by Wittmer et al. (2011b).46

In the methodology’s second step, the single-facade, two-region model is applied at the city47
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scale. This involves, first, estimation of the basic geometrical characteristics of the city’s facades48

that are subject to leaching. Since leaching depends on the facade paint age, the cumulative49

city rainfall, for which the temporal distribution is known, is related to the cumulative facade50

runoff from the calibrated two-region model. The utility of the methodology is illustrated by51

using it to estimate, for the city of Lausanne, Switzerland, the annual biocide load that enters the52

environment from painted facades.53

2. Methodology54

2.1. Leaching of a single facade: Theory55

Fig. 1 illustrates the different compartments of the two-region model. Following Hairsine56

and Rose (1991), Lisle et al. (1998) and Barry et al. (2010), the model’s governing equations are:57

∂p
∂t
+ u
∂p
∂x
= −αp + βq, (1)

∂q
∂t
= αp − βq + g(t), (2)

where t [T] is time since surface flow commenced, x [L] is position and q [M/L3] and p [M/L3]58

are, respectively, the concentration in the facade and the concentration in the water flowing over59

the facade. The model assumes that the water flow rate, u [L/T], is constant over the period of60

model application. The coefficients α and β [1/T] are, respectively, the biocide transfer rate from61

the flow to the facade and vice versa. Note that the model does not include diffusive processes62

in the flowing water. This could be included (e.g., Bajracharya and Barry (1997); Ma and Selim63

(1996); Rotter et al. (2011)), but at the cost of an additional parameter. Note that the model does64

yield diffusive-like behaviour. It has been shown (Lisle et al., 1998) that this model produces an65
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effective diffusion coefficient that is proportional to u2, which is typical short-time behaviour of66

transport in heterogeneous domains (e.g., Li et al. (1994); Sposito and Barry (1987)). In terms67

of model parsimony, diffusion in the water phase is ignored since, as shown below, the model68

describes satisfactorily the experimental data to which it is applied.69
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Figure 1: Diagram illustrating the interaction between the wall matrix, leachable surface (detachment zone) and water

flow during facade leaching. Biocide becomes available for leaching at a rate g(t), enters the surface flow at a rate

proportional to β, and may return to the facade at a rate proportional to α.

The source term, g(t) [M/L3/T], models the concentration flux from within the facade (not in70

contact with advected water) to the facade surface, where it becomes available for leaching. We71

consider that this process is likely diffusion-limited, in which case it is reasonable that g(t) takes72

the form of an exponential decay:73

g(t) = λexp(−ϵt), (3)

where λ [M/L3/T] is the initial concentration flux and ϵ [1/T] is the decay rate of the biocide74

transfer to the facade surface (Fig. 1).75

The model described here does not rely on specific physico-chemical mechanisms controlling76

the biocide-leaching rate, or transport processes that are involved in movement of biocide to the77

facade surface or uptake by the surface flow. Rather, it recognizes that the facade contains a78
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pollutant source that feeds continuously the facade surface, until depletion of biocide within79

the facade, the characteristic time scale of which is 1/ϵ. Note that biocides are expected to80

migrate to the facade surface to protect it from damage. An analogy can be made between81

our model and the detachment of particles from roads during a rain event. Broadly speaking,82

the concepts are the same, despite the fact that biocides are mainly dissolved compounds. A83

peak in concentration, often referred as the “first flush”, is observed at the beginning of each84

rain event, after which the concentration decays exponentially (Deletic, 1998; Sansalone and85

Buchberger, 1997). Similarly to the facade model, the decaying exponential behaviour results86

because, as the road is washed, particles become progressively less available for transfer from87

the road to the water flow. When the water flow ceases, particles again start to build up on the88

road. Similarly, biocide concentrations build up on dry facades so that there is a concentration89

peak at the beginning of each rain event. In this model, the transfer to the wall surface from the90

facade interior is described by the parameter λ, which varies according to the age of the facade91

paint.92

The initial and boundary conditions used in the solution to the above governing equations93

are:94

p(0, t) = 0, (4)

p(x, 0) = 0, (5)

q(x, 0) = q0, q0 > 0. (6)

Eq. (4) states that, at the top of the facade, the water is free of biocide, as is the water initially95
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on the facade surface (Eq. (5)). The facade surface itself is initially at concentration q0, as given96

in Eq. (6). Like λ, q0 varies with the age of the facade paint. Because the model is applied to97

individual rain events, λ and q0 are treated as constants in the analytical solution.98

The solution to Eqs. (1)-(6) was obtained following Barry et al. (2010). Its derivation is given99

in Appendix A. As an alternative to the analytical approach in this Appendix, the solution can100

also be determined using standard numerical methods in the Matlab1 environment, for example.101

Table 1: Fitted parameters for the four sampled rainfall events.

Rainfall Event Number / Age Class α (1/s) β (1/s) q0 (µg/l) λ (µg/l/s) ϵ (1/s)

1st / Age Class 1 0.463 1.033 2494 149.912 0.013

21st / Age Class 2 0.416 1.531 250 15.839 0.015

41st / Age Class 3 0.286 1.599 167 6.591 0.010

61st / Age Class 4 0.693 1.995 152 6.847 0.015

102

2.2. Experiments103

Burkhardt et al. (2011) reported a series of careful laboratory experiments in which artificial104

rain repeatedly washed prepared facades. The experimental facade was a 2-m high, 0.75-m wide105

vertical panel. The panel’s surface was painted according to manufacturer’s instructions with 3.0106

g/m2 paint. The paint contained 0.5 g/kg for each of Diuron, Terbutryn, Irgarol and Carbendazim,107

giving for each 1.5 g/m2 of active substance on the surface paint. The panel was subjected to 80108

simulated rainfall events. Each event was identical: 85 mm of water was discharged at the top of109

the facade over a period of 1 h.110

1http://www.mathworks.com, site last accessed on 07.19.2011
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Burkhardt et al. (2011) provided concentration data as a function of rain duration for the four111

biocides in the facade effluent after 1, 21, 41 and 61 rain events. Their data are valuable since112

the leachate contains very low biocide concentrations (in the order of µg/l to ng/l, see Fig. 2),113

which are challenging to measure (Bonvin et al., 2011; Bossi et al., 2002). Since the data show114

similar behaviour for each compound, only Terbutryn was considered in the present analysis.115

That is, Terbutryn is for us considered as a generic compound typical of biocides used for facade116

protection, and the concentration data for each of the sampled rain events constitute four data117

sets available for model fitting. Also, among the four substances considered, Terbutryn has the118

highest LogKow value of 4, with that for the others is approximately 1.5. Being the most water119

soluble, Terbutryn is a conservative choice in terms of mass transferred to the environment.120

The solution to Eqs. (1)-(6) was fitted to the data to estimate the model parameters. The121

fitting algorithm consisted of two main steps, similar to the approach used in Bajracharya and122

Barry (1995). First, an acceptable range for each parameter was estimated by trial-and-error.123

Each of the chosen parameter ranges was considered as a uniform distribution and was sampled124

randomly to produce 105 initial parameter sets. Least squares fitting of the data was performed125

using each of the initial parameter sets. The least squares fitting assumed the data were ho-126

moscedastic as Burkhardt et al. (2011) did not provide any uncertainty quantification, although127

it is straightforward to include such information if it were available (e.g., Barry (1990)). The128

parameter values giving the global minimum for each of the data sets are listed in Table 1. Note129

that velocity, u, was not fitted, as it was determined following an experimental study of water130

velocity flow on a vertical surface (Kholostykh et al., 1972). In the following, u = 0.9 m/s was131

used as flow velocity of water running down the wall.132

Results of fittings are presented in Fig. 2. There is close agreement between the fitted model133

and the experimental data. Fig. 2 also presents the model’s prediction of the cumulative biocide134
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mass that is transferred into the environment as a function of cumulative runoff or, equivalently135

since the flow rate was uniform, leaching time.136

2.3. Parameter sensitivity analysis137

The sensitivity of the model predictions was estimated by varying each parameter by ±20%138

of the best-fit value. The results, given in Fig. 3, show that the model results are relatively in-139

sensitive to parameter variations, except for q0, the initial amount of biocide that can be removed140

from the facade (Fig. 1). The magnitude of q0 impacts on the magnitude of the concentration141

peak that appears soon after initiation of the rainfall event. The second most sensitive parameter142

is λ, which, as can be seen in the figure, is mainly responsible for the magnitude of the slowly143

declining tail that follows the peak concentration.144

145

0 20 40 60 80 100

1

2

3

4

5

500

1000

1500

2000

2500

0 20 40 60 80 100

2

4

6

50

100

150

200

250

0 20 40 60 80

1

2

3
x 10

3

20

60

100

140

1

2

20

60

100

140

x 10
4

x 10
3

x 10
3

C
u

m
u

la
ti

v
e

 M
a

s
s

C
o

n
c

e
n

tr
a

ti
o

n
 

(μ
g

)
C

u
m

u
la

ti
v

e
 M

a
s
s

(μ
g

)

(μ
g

/l
)

C
o

n
c

e
n

tr
a

ti
o

n
 (

μ
g

/l
)

t (min)t (min)
0 20 40 60 80

1st runo!

41st runo!

21st runo!

61st runo!

Figure 2: Results of fitting the experimental data (circles). The left and right axes correspond, respectively, to the total

biocide leached, as calculated from model (grey), and the concentration at the bottom of the wall (black). Experimental

data are taken from Burkhardt et al. (2011).
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Figure 3: Model sensitivity to ±20% variation of the best-fit values. Solid lines are the model results for age class 4

(Table 1). Dashes stand for variation resulting from ±20% of the parameter given at the top of the plot.

3. Extension of model to city-scale application146

Above, the two-region model was validated for a single facade. By estimating relevant data147

on facades for a given region, the model can be used to produce an integrated estimate of the148

total biocide load entering the environment, as described in the next section.149

3.1. Extrapolation to the city scale150

As four sets of data were provided, the four model fits gave four sets of fitted parameters,151

each pertaining to a specific rainfall event. To extrapolate the model fits, two steps were taken.152

First, it was assumed that the equations derived were applicable to the rainfall events preceding153

the modelled event, up to the previously modelled event. The final model fit (for the 61st rain-154

fall), was assumed to apply subsequently also. This step gives ranges of cumulative rainfall in155

contact with facades over which the formulas apply. Second, the cumulative rainfall (as it varies156

temporally) was matched to that occurring at a given location. Given that the temporal distribu-157

tion of rainfall at the specified location is known, the matching of cumulative rainfall maps the158

two-region model equations to time ranges for the site under consideration, allowing the model159

to be applied to a specific range of facade paint ages at that location. We return to this point in160
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the second step of the methodology, where the fitted single-facade model is extrapolated to the161

city scale.162
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Figure 4: Comparison of evolution of sensitive parameters with cumulative distribution of paint age (solid line). The

dashes divide, for the Lausanne case study, the ranges over which the fitted single-facade equations apply. Also shown

are the values of key model parameters (normalized to their maximum values). Crosses stand for q0 and triangles for λ.

3.2. City-scale facade estimation163

Prior to model application at the city scale, the following information is needed for each164

building: (i) time since painting, (ii) building height (as a proxy for facade length), and (iii)165

facade area. The facade heights and surface areas can be estimated with GIS tools, at least for166

cities that use GIS to interrogate land use data.167

Even for cities with GIS-compatible building data, information on facade paint age will not168

be available. A direct measure could be obtained by a combination of household/building surveys169

and, perhaps, direct sampling of facade paint. Directly measured, region-specific data have great170

value, but they are costly, time-consuming to gather, and subject to uncertainty. In practice, such171

data are unlikely to be readily available. Here, we adopt a stochastic estimation method, which172

has the advantage of being applicable to a wide range of cities.173

The approach used has an analogy with queuing theory. New facades are considered as174

arriving customers that wait to be painted. Once a facade is painted, it automatically re-enters175
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the queue to await the next painting. Thus, the waiting time in the queue is the governed by the176

arrival rate of new buildings and the service (painting) time. For simplicity, we consider that177

the time facades spend in the queue (i.e., waiting to be painted) follows a Poisson distribution;178

this assumption is very common in queuing theory (Ross, 1978; Wolff, 1982). Manufacturers179

recommend that facades be painted every 10 y, so that the average age of facade paint is taken as180

5 y. Thus, we model the age distribution of facade paint age as Poisson distributed with a mean181

of 5 y. The cumulative distribution function of this distribution is plotted in Fig. 4.182

In §3.1, we illustrated how the different sets of fitted parameters can be assigned to different183

paint age ranges. In Fig. 4, the period over which each equation applies is indicated for the184

case of Lausanne. For the present, note that the figure shows that each age class corresponds to185

a certain proportion of the facades. Then, with knowledge of the distribution of facade length186

and area (deduced using GIS data), an estimate of the biocide leached is obtained by applying187

each equation and calculating the weighted sum that results, with the weights deduced from the188

cumulative distribution. That is, the weighted sum gives the overall leaching of the city’s facades.189

A schematic representation of the overall methodology used is presented in Fig. 5. The190

scheme proceeds from top to bottom. The model assigns site-specific information (rain series,191

facade surface areas, mean building height) as inputs to the different sets of age-specific equation192

parameters, according to the distribution of facade paint age. As a result, it provides an esti-193

mate of the total mass of biocide transferred from the facades to the environment for the period194

corresponding to the city’s rainfall series.195

4. Illustration: Estimate of the facade leaching for Lausanne, Switzerland196

Here, we illustrate the methodology using Lausanne (200,000 inhabitants), a mid-sized city in197

Switzerland with an area of 41.38 km2. A GIS-compatible database of local building information198
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provided by Swisstopo2 allowed estimation of the total building surface facade area (35 × 106
199

m2) as well as the mean building height (17 m). This estimate does not account for non-painted200

parts of facades, e.g., windows or bare masonry. It also does not account for eaves, which201

protect facades from rainfall. In Lausanne, building regulations stipulate that at least 1/8 of floor202

surface must be must be available as windows on the surrounding walls (RLATC, 1986). From203

discussions with local architects and civil engineers, it was found that this proportion is likely204

closer to 1/6. Thus, we estimated 23 × 106 m2 as the total painted facade surface.205

206

The total amount of water discharged during the facade experiments corresponds to about 6207

y total rainfall for Lausanne. However, only about 30% of a given rainfall event reaches facades208

due to wind effects (Blocken and Carmeliet, 2004), so the experiments correspond to 15 y of209

rainfall. Since paint is assumed to be renewed each 10 y, the facade leaching equations derived210

2http://www.swisstopo.admin.ch/, site last accessed on 14.05.2010
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Figure 5: Schematic representation of the methodology. Rainfall and, using GIS, the average citywide facade geomet-

rical characteristics are determined (top row). With the paint age and temporal rainfall distribution (second row), the

proportion of facades in each age class is estimated (third row), along with its associated equation parameter set (fourth

row). The model results are summed proportionally to give the overall biocide discharge (fifth row).
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Table 2: Annual total of predicted mass of biocides leached from Lausanne facades.

Age Class Temporal Range (y)

1 0-3

2 3-6

3 6-9

4 > 9

above cover the range of paint ages expected in Lausanne. Lausanne’s average annual rainfall211

of 1100 mm is distributed in a near-uniform fashion throughout the year (Meteo-Suisse3). Thus,212

elapsed time is linear in the cumulative runoff in the experiments, yielding the time intervals213

listed in Table 2, and the age classes in Fig. 4.214

The total mass of biocides on Lausanne facades was estimated from the facade surface area215

estimate. As facades are generally painted every 10 y with 1.5 g/m2 of facade, the total mass of216

biocides used for facade protection each decade is approximately 34,000 kg (3,400 kg/y). This217

figure is subject to uncertainty (discussed in §4.5).218

4.1. Results219

Using the approach described above, we estimated about 900 kg/y of biocide is leached220

annually. This figure, although at first glance very large, has to be compared with the total mass221

of biocides applied to the facades, which was estimated above as 3400 kg/y. Thus, we find that222

between 25% and 35% of applied biocides is leached annually.223

It is apparent in Fig. 4 that only a very small portion of the facades (< 5%) has paint less224

than 3-y old, so that those buildings contribute little to the total amount of biocide leached. In225

addition, in Fig. 4, the most sensitive parameters q0 and λ are plotted as they vary with time for226

3www.meteosuisse.admin.ch, site last accessed on 05.20.2011
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the Lausanne case study. The figure shows that these parameters decline to relatively constant227

values after about 3 y. That is, the facade leaches rather rapidly initially, but then settles to a228

slowly varying stage. This feature of facade leaching, and the associated parameter behaviour, is229

used subsequently to simplify the modelling approach.230
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Figure 6: Density function of total mass of biocide leached annually from Lausanne facades.

4.2. Influence of parameter uncertainty231

We next examined the combined effect of parameter uncertainty on the predicted total mass232

of biocide leached annually from Lausanne facades. The best-fit parameters for each age class233

(Tables 1 and 2) were varied by ±20%. The parameter ranges, considered as uniform distribu-234

tions, were sampled randomly 105 times following a Monte-Carlo procedure, and used in the235

same scheme (Fig. 5) to estimate annual mass of biocide leached from facades for Lausanne.236

Fig. 6 shows the effect of the combination of these uncertainties on the prediction of the total237

amount of biocide leached annually from facades (900 ± 50 kg/y, i.e., ∼5% uncertainty). By238

varying the ranges of the assumed uniform distributions, we found that the overall uncertainty239

in model predictions is proportional to the uncertainty in the model parameters. For example,240

allowing a 35% and a 50% uncertainty of the best-fit parameter set results in, respectively, a241
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∼9% and ∼13% uncertainty on the prediction of mass of biocide transferred from facades to the242

environment.243

4.3. Model simplification244
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Figure 7: Amount of biocide discharged annually as function of surface of contaminated facades, for different building

heights (H).

In the above estimate, by matching the model equations used to the paint age distribution, we245

took explicitly into account the age distribution of facade paints. Thus, the number of parameters246

necessary to compute our model is 20 (5 parameters were calibrated for each of the 4 different247

data sets, Table 1). It is possible to reduce the number of parameters of this model by using only248

a synthetic set of them. This set was obtained by fitting the model to the weighted sum of all249

four curves plotted in Fig. 2. Weights were deduced from the cumulative distribution (Fig. 4)250

and account for the relative contribution of each class age to the total cumulative distribution.251

In this way, the entire temporal response of city-scale facade response was conserved. That is,252

the age distribution of the city’s facades is incorporated into the model parameters. The so-253

determined parameter values are: α = 0.5 (1/s), β = 1.7 (1/s), λ = 36 (µg/l/s), ϵ = 0.014254

(1/s) and q0 = 434 (µg/l). Computation of the model with this unique set of values leads to255

the same annual amount of leached biocides (approximately 900 ± 50 kg/y), although with a256

considerably simplified model. The proposed synthetic parameter values apply for all cities257
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with similar building height, paint age distribution and rainfall regime as Lausanne (see §4). Of258

course, in certain circumstances, e.g., considering in isolation a recently painted neighbourhood,259

the paint age would become important. Indeed, from cumulative loss plots in Fig. 2, we find that260

more than 30% of the possible biocide leaching for a specific facade occurs in the first year after261

painting.262

For a given facade area, the facade height is the assumed distance over which the rainfall263

flows. The facade area was fixed in our example (17 m), so it is necessary to examine the influ-264

ence of building height on leaching estimates. The biocide concentration at the facade bottom265

varies with the facade length. For the Lausanne example, the total facade area was held constant266

while the facade length was varied, with results as shown by the vertical dashed line in Fig. 7.267

More generally, the figure shows that, in terms of facade leaching, taller buildings are relatively268

less sensitive to changes in height than shorter buildings. This is physically reasonable, since the269

shorter travel time across the shorter building results in higher concentrations in the effluent.270

4.4. Double exponential behaviour271

As mentioned in the § 1, Wittmer et al. (2011b) proposed a facade leaching model that ac-272

counts for temporal (not spatial) variations only. Their work included fitting the experimental273

facade leaching data with, first, a single exponential temporal decay function. This fit was unac-274

ceptably poor, and so in a second attempt Wittmer et al. (2011b) fitted the data to a sum of two275

exponential functions, which matched the data very well. The same behaviour can be deduced as276

a consequence of our model. First, to remove the spatial dependence, the water velocity on the277

facade is equated to zero, i.e., u = 0. Second, an initial concentration, p0, in the effluent was used278

in Eq. (4) to account for the non-zero initial concentration in the double exponential formula of279

Wittmer et al. (2011b). We remark, in our model we take p0 = 0 since the rainwater on the facade280
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is considered to be initially free of biocide. As shown in Appendix B, the solution to the model281

in Eqs. (1)-(6) then takes the form of p = Aexp(−Bt) + Cexp(−Dt), with p the concentration of282

biocide in the facade leachate, and A, B, C and D are constants that can be expressed as functions283

of parameters α, β, λ, ϵ and q0. The detail of this formulation can be found in Appendix B.284

This simplified formulation is identical to that found empirically by Wittmer et al. (2011b). As285

already noted, the lack of spatial dependence in their model limits its direct utility in applications286

involving variable facade lengths, such as is the case for the city scale.287

4.5. Discussion on model assumptions288

For our case study, a major uncertainty concerns the estimate of facade surface area subject289

to leaching. We considered that all facades are covered with biocides, which neglects that some290

facades are metallic or made of another non-painted material. Since leaching estimates are pro-291

portional to the facade area, better estimates of leachable facade surface area would improve the292

accuracy of our approach. It could be feasible to improve such estimates using GIS tools, market293

penetration of different paint products and 3D building models (McKinney and Fischer, 1998;294

Seitz et al., 2006).295

Furthermore, we considered that 30% of rainfall is available for facade leaching, this figure296

being consistent with that reported by Abuku et al. (2009) and Blocken and Carmeliet (2004).297

This estimate is sensitive to building height and location (Briggen et al., 2009; Nore et al., 2007).298

Specific wind-driven rain models exist for estimating this parameter, and an ISO norm has been299

detailed (ISO, 2008). More detailed investigation is needed on how to conglomerate these esti-300

mates to the city scale.301

These two important assumptions do not influence the reliability of the facade-leaching302

model we presented. We have seen in §2.3 and §4.2 that the model parameters are stable, varying303
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in a manner that is physically reasonable. It is thus more likely that model uncertainty is due to304

estimates of the facade surface area at the city scale. For the reason, it is more relevant to express305

the annual mass of biocides leached as a function of that applied annually. For Lausanne, this306

figure was evaluated as between 25% and 35% in §4.1.307

5. Conclusions308

Our findings can be summarized as follows:309

1. The two-region model, although idealized, is able to describe accurately the facade-leaching310

experimental data of Burkhardt et al. (2011).311

2. The model, although it greatly simplifies the physico-chemical processes to which bio-312

cides are subjected, is simple enough for rapid computation and thus is a candidate for313

incorporation into detailed urban water flow and water quality models.314

3. Based on an estimate of facade surface area, the calibrated model yielded, for the case315

study of Lausanne, an estimate of about 30% of applied biocides leached from facades316

annually. Concentrations predicted by the model have been confirmed by field studies at317

the facade scale (Burkhardt et al., 2008). However, we note that the leached biocide is318

subjected to several processes after leaving the facade, such as dilution, degradation and319

sorption, that reduce dramatically their concentrations before they reach receiving waters320

(Burkhardt et al., 2011).321

4. At the city scale, the model predictions are relatively insensitive to building height if the322

majority of building facades are above about 10 m high.323

5. Again at the city scale, the model predictions are relatively insensitive to paint age, since a324

range of paint ages will always be present. Then, the synthetic set of parameter calculated325

in §4.3, can be used in making predictions.326
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Appendix A. Analytical solution for the two-region model330

Here, the solution to the following model is given:331

∂p
∂t
+ u
∂p
∂x
= −αp + βq, x, t, u, α, β > 0, (A.1)

332

∂q
∂t
= αp − βq + λexp(−ϵt), λ, ϵ ≥ 0, (A.2)

333

p(0, t) = 0, t > 0, (A.3)
334

p(x, 0) = 0, x > 0, (A.4)
335

q(x, 0) = q0, q(x, 0) = q0, q0 > 0 x > 0. (A.5)

The solution was obtained using Laplace transforms in t, with the transform variable given by s.336

Laplace-transformed functions are denoted with an overbar. In the Laplace domain, the solution337

to Eqs. (A.1) – (A.5) is:338

p(x, s) =
β[q0(s + ϵ) + λ]

s(s + ϵ)(s + α + β)

{
1 − exp

[
− x

u
h(s)

]}
, (A.6)

339

q(x, s) =
q0

s + β
+
λ

β − ϵ

(
1

s + ϵ
− 1

s + β

)
+

αβ[q0(s + ϵ) + λ]
s(s + ϵ)(s + β)(s + α + β)

{
1 − exp

[
− x

u
h(s)

]}
,

(A.7)

where340

h (s)=s
(
1 +

α

s + β

)
. (A.8)

Note that h is a special case of m, given by Eq. (A.19), and is obtained with the substitutions:341

a→ α, d → β and γ → αβ. In addition, to simplify the notation, below we use the following:342

Ls(z) = L
( x
u
, t; z;α, αβ, β

)
, (A.9)
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343

Ms (z)=M
( x
u
, t; z;α, αβ, β

)
, (A.10)

where L and M are defined, respectively, by Eqs. (A.22) and (A.23) below.344

The products in the denominators in Eqs. (A.6) and (A.7) were expanded as partial fractions,345

then the resulting expressions inverted using the transform pairs in Table A.3 (in addition to346

some standard transform pairs). The results include some special cases depending on the values347

of ϵ, α and β, as given below. The solutions are:348

ϵ > 0, ϵ , α + β349

p (x, t)
β
=

q0

α + β

[
Ls (0) − Ls (α + β)

]
+ λ

[
Ls (0)
ϵ (α + β)

+
Ls (α + β)

(α + β) (α + β−ϵ) −
Ls (ϵ)

ϵ (α + β−ϵ)

]
,

(A.11)

350

q (x, t) = q0exp (−βt) + λexp (−ϵt) − exp (−βt)
β−ϵ

+ q0

[
αLs (0)
α + β

+
βLs (α + β)
α + β

− Ls (β)
]

+ λ

[
αLs (0)
ϵ (α + β)

+
Ls (β)
β−ϵ −

βLs (α + β)
(α + β) (α + β−ϵ) −

αβLs (ϵ)
ϵ (β−ϵ) (α + β−ϵ)

]
.

(A.12)

ϵ = 0351

p (x, t)
β
=

q0

α + β

[
Ls (0) − Ls (α + β)

]
+

λ

(α + β)2

[
(α + β) Ms (0) + Ls (α + β) − Ls (0)

]
,

(A.13)

352

q (x, t) = q0exp (−βt) + λ
β

[
1 − exp (−βt)]

+ q0

[
αLs (0)
α + β

+
βLs (α + β)
α + β

− Ls (β)
]

+ λ

[
αMs (0)
α + β

+
Ls (β)
β
− βLs (α + β)

(α + β)2 − α (α+2β) Ls (0)

β(α + β)2

]
.

(A.14)
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ϵ = β353

p (x, t)
β
=

q0

α + β

[
Ls (0) − Ls (α + β)

]
+ λ

[
Ls (0)
β (α + β)

+
Ls (α + β)
α (α + β)

− Ls (β)
αβ

]
,

(A.15)

354

q (x, t) = (q0 + λt) exp (−βt) + q0

[
αLs (0)
α + β

+
βLs (α + β)
α + β

− Ls (β)
]

+ λ

[
αLs (0)
β (α + β)

− Ms (β) − βLs (α + β)
α (α + β)

− (α−β) Ls (β)
αβ

]
.

(A.16)

ϵ = α + β355

p (x, t)
β
=

q0

α + β

[
Ls (0) − Ls (α + β)

]
+
λ

α + β

[
Ls (0) − Ls (α + β)

α + β
− Ms (α + β)

]
,

(A.17)

356

q (x, t) = q0exp (−βt) − λ
α

exp (−βt) [1 − exp (−αt)
]

+ q0

[
αLs (0)
α + β

+
βLs (α + β)
α + β

− Ls (β)
]

+ λ

[
αLs (0)
(α + β)2 −

Ls (β)
α
+

(2α + β) βLs (α + β)
(α + β)2α

+
βMs (α + β)
α + β

]
.

(A.18)
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Laplace transform pairs used in the above solutions are given in Table A.3. In Table A.3, the357

function m is defined as:358

m (s) = s + a − γ

s + d
, (A.19)

and the Heaviside step function is given by:359

Hs (x) =


0, x < 0

1, x ≥ 0.

(A.20)

The sign function, sgn, is defined as:360

sgn(x) =



−1, x < 0

0, x = 0

1, x > 0.

(A.21)

In is the modified Bessel function of the first kind of order n.361
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Appendix B. Double exponential behavior362

The purpose of this appendix is to reproduce the empirical fit of Wittmer et al. (2011b) using363

a slight modification of the model given by Eqs. (A.1)-(A.5). Wittmer et al. (2011b) did not364

consider x, so we set u = 0 in Eq. (A.1). Further, Eq. (A.3) is replaced by:365

p(0, t) = p0, p0 > 0. (B.1)

The Laplace-domain solution corresponding to Eq. (A.6) for this model is:366

p(s) =
sp0(s + β) + βq0(s + ϵ) + β(λ + ϵp0)

s(s + ϵ)(s + α + β)
. (B.2)

In Eq. (B.2), make the substitutions:367

p0 = A +C, (B.3)

α = D − β, (B.4)

ϵ = B, (B.5)

λ = −AB
β

(D − B), (B.6)

q0 =
A
β

(D − B) − A −C, (B.7)

then the inverse Laplace transform of Eq. (B.2) is:368
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p(t) = Aexp(−Bt) +Cexp(−Dt). (B.8)

The corresponding solution for q (details not presented) is:369

q(t) = (q0 +C)exp(−Bt) −Cexp(−Dt). (B.9)
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