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Abstract: Groundwater discharges of biocides from façades in urban regions  

This study addresses the emissions of biocides from construction materials, specifically focusing 
on their leaching to groundwater. Biocides, commonly used in building materials, are released 
through precipitation and can contaminate the groundwater. Despite the well-documented risks, 
current risk assessment models do not adequately reflect these emissions. To close this gap, this 
project develops realistic worst-case emission scenarios based on a holistic source-path-target 
framework, considering building geometry, weather conditions, and urban soil properties. The 
study evaluates the transport of biocides through urban pathways—vegetated soils, permeable 
pavements, and infiltration systems—by applying the dynamic leaching model COMLEAM and 
the soil transport models PEARL and PELMO. A representative building geometry was derived, 
refining standard regulatory geometries, to better model biocide emissions of façades. 
Furthermore, the research integrates data on urban soils and weather conditions in urban areas 
to enhance the modeling of biocide transport to groundwater. The project underscores the 
importance of considering multiple emission pathways in urban areas and biocide load 
emissions to better describe biocide emissions to groundwater and preserve groundwater 
resources.  Recommendations for refining the European Emission Scenario Documents (ESD) for 
biocides are presented, suggesting improvements in the characterization of building geometries 
and the inclusion of diverse urban emission pathways. The study's findings culminate in the 
development of a guideline for architects, engineers, and municipalities, promoting sustainable 
construction practices to reduce biocide emissions. These measures aim to enhance 
groundwater protection in urban areas, advocating for the use of biocide-free materials and 
sustainable rainwater management as part of broader blue-green infrastructure strategies. 

Kurzbeschreibung: Grundwassereinträge von Bioziden aus Fassaden in urbanen Gebieten  

Diese Studie befasst sich mit den Emissionen von Bioziden aus Baumaterialien, insbesondere 
mit deren Auswaschung ins Grundwasser. Biozide, die üblicherweise in Baumaterialien 
verwendet werden, werden durch Niederschläge freigesetzt und können das Grundwasser 
kontaminieren. Trotz der gut dokumentierten Risiken spiegeln die derzeitigen 
Risikobewertungsmodelle diese Emissionen nicht angemessen wider. Um diese Lücke zu 
schließen, entwickelt das Projekt realistische Worst-Case-Emissionsszenarien auf der Grundlage 
eines ganzheitlichen Quelle-Pfad-Ziel-Ansatzes, der die Gebäudegeometrie, die 
Wetterbedingungen und die städtischen Bodeneigenschaften berücksichtigt. Die Studie evaluiert 
den Transport von Bioziden durch städtische Pfade - begrünte Böden, durchlässige Beläge und 
Versickerungsanlagen - unter Anwendung des dynamischen Auswaschungsmodells COMLEAM 
und der Bodentransportmodelle PEARL und PELMO. Zur besseren Modellierung der 
Biozidemissionen aus Fassaden wurde eine repräsentative Gebäudegeometrie abgeleitet, die die 
standardmäßigen regulatorischen Geometrien verfeinert. Darüber hinaus werden Daten über 
städtische Böden und Wetterbedingungen in städtischen Gebieten einbezogen, um die 
Modellierung des Biozidtransports ins Grundwasser zu verbessern. Das Projekt unterstreicht, 
dass die Berücksichtigung mehrerer Emissionspfade in städtischen Gebieten und von 
Biozidbelastungen wichtig ist, um die Emissionen in das Grundwasser besser zu beschreiben 
und die Grundwasserressourcen zu schützen.  Es werden Empfehlungen zur Verfeinerung der 
europäischen Emissions-Szenarien-Dokumente (ESD) für Biozide vorgelegt, die Verbesserungen 
bei der Charakterisierung von Gebäudegeometrien und die Einbeziehung verschiedener 
städtischer Emissionspfade vorschlagen. Die Ergebnisse der Studie münden in die Entwicklung 
einer Planungshilfe für Architekten, Ingenieure und Kommunen, um nachhaltige Baupraktiken 
zur Reduzierung von Biozidemissionen zu fördern. Diese Maßnahmen zielen darauf ab, den 
Grundwasserschutz in städtischen Gebieten zu verbessern, indem die Verwendung biozidfreier 
Materialien und eine nachhaltige Regenwasserbewirtschaftung als Teil umfassenderer 
Strategien für eine blau-grüne Infrastruktur gefördert werden. 
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2.2 Pathways of biocide emissions through soil to urban groundwater 

2.2.1 Characteristics of urban soils  

Biocides infiltrate to groundwater via urban soils. Urban soils have characteristics that are 
different from their natural counterparts (Craul, 1985). Due to intense anthropogenic influence, 
they are generally characterised by 

► modified, often compacted soil structure, 

► ubiquitous sealing, 

► restricted aeration and water drainage, 

► interrupted nutrient cycling and modified, often hampered activity of soil organisms, 

► presence of anthropogenic materials and other contaminants, and 

► more extreme soil temperature regimes. 

These characteristics interact, cause great vertical and spatial variability, and pose problems to 
define typical urban soil types and profiles. 

In urban areas, natural soils are generally refilled or redeposited. In addition, urban soils contain 
anthropogenic components e.g. brick debris, garbage, mine deposits or organic residues. As a 
result of the destruction of World War II in the city of Berlin, for example, the fine earth soil 
fractions contain 3–5  % bricks, while the coarse fractions contain up to 50 % (Nehls et al., 
2013). At other locations, soil compaction prevails, which occurs deliberately during 
construction activities or unintentionally by traffic. In principle, soil compaction increases 
surface runoff and at the same time reduces water infiltration and pollutant transport to 
groundwater. On top of that, sealing by impervious surfaces such as asphalt and concrete is 
common. 

Natural soils generally show a gradual decrease of OC with depth, while in urban soils OC-
enriched layers may be stripped or buried. Thus, unexpectedly high contents of OC be found in 
deeper soil horizons. However, most urban soil profiles have low OC (1–2 %), because of the 
parent material (Puskás and Farsang, 2009).  

Recently, Makki et al. (2021) analysed OC in the area of Berlin (Figure 1). They found that urban 
green spaces exhibited higher OC stocks in the topsoil than forested areas on the north-western 
and south-eastern outskirts. Soil carbon storage in the subsoil varied even more and depended 
on the substrate available for soil formation. However, in deeper soil layers the measured OC 
was not exclusively attributable to natural origin, but also originated from a wide variety of 
technogenic materials.  
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Figure 1:  Depth profiles of organic carbon contents (OC) of different soil types in the area of 
Berlin (N = 441) 

 
Source: Makki et al. (2021) 

With only few exceptions, urban soil pH is more alkaline compared to e.g. forest soils, which can 
be attributed to filling materials contaminated with building wastes, such as concrete and 
cement. Examples of measured urban soil range from 7.4 to 8.6 in Siena, Italy (Nannoni et al., 
2014), from 7.6 to 9.1 in Szeged, Hungary (Puskás and Farsang, 2009), or from 7.2 to 8.2 in 
Murcia, Spain (Acosta et al., 2014).  

Again, the study of Makki et al. (2021) in Berlin provided the most extensive overview of urban 
pH-values and also facilitated a relation to structure types and a comparison to natural forests 
surrounding the urban area (Figure 2). 

Figure 2:  pH values of soils in Berlin grouped by the urban structure (N = 1'794)  

	
Source: Makki et al. (2021) 

2.2.2 Biocide pathways to groundwater 

Directly around buildings, at the bottom of the façades, surfaces can be distinguished according 
to four characteristics (Figure 3).  
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Gravel beds are designed to prevent splashing during rainfall, but they do not provide retention 
for biocides. If they are not sealed at the base and connected to the underground, they must be 
considered as a hotspot for biocide leaching to groundwater. These hotspots are not typically for 
urban areas and should be avoided where possible. Therefore, they are not considered in the 
representative scenarios presented in this study. However, the transport of biocides in gravel 
beds is not controlled by the properties of the substances, and the most hazardous substances 
would only be defined by their toxicity and persistence.  

Figure 3: Typical surfaces at the bottom of building façades that accept façade runoff 

Gravel bed Asphalt road Vegetated soil Permeable pavement 

    
Source: Own photos, UNI Freiburg. Taken by M. Bork 

In contrast, asphalt surfaces can be considered as sealings without infiltration and without 
groundwater contamination risk. However, façade runoff to asphalt enters the stormwater 
drainage system and finally reaches infiltration facilities, i.e. swales of swale-trench systems, in 
districts with separate sewer systems.  

Urban soils are characterized by an organic topsoil and are comparable to topsoil of infiltration 
facilities. Façade runoff on permeable pavements can partly infiltrate. Here, the amount of 
infiltration (described by the runoff coefficient) mainly depends on joint size and material.  

In summary, biocides enter urban groundwater through the following three main pathways: 

(1) in vegetated soils at the bottom of façades (S1), 

(2) via infiltration through permeable pavements (S2), and 

(3) via urban stormwater infiltration facilities, i.e. swales or swale-trench systems (S3). 

These pathways form the baseline for an estimation of biocide emission to groundwater. 
Existing field information for each pathway is summarized in the following chapter, while their 
individual characteristics for the GRUBURG-scenarios are deduced in chapter 3.3.  

2.3 Monitoring data of biocides in urban pathways 
Biocides may reach groundwater via the three main pathways S1-3 outlined above. However, an 
accurate assessment of the extent to which biocides reach groundwater through various 
pathways is challenging if not impossible. The mere presence of biocides along a pathway does 
not directly correspond to groundwater concentrations or loads, adding complexity to the 
measurement and assessment process. This is where modeling approaches, presented in chapter 
4, come into play. Nevertheless, experimental data and field measurements of biocide 
concentrations can help to assess the relevance of each pathway and provide the basis for a 
reality check of the scenarios outlined in following chapters. Only the three most used biocides 
in façade coatings in Germany, i.e. diuron, OIT and terbutryn, are included in this overview. 
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2.4.4 Design parameters for swales and permeable pavements 

Table 1 shows selected design parameters for stormwater infiltration facilities. The parameters 
in Germany are largely within the range of Belgium and The Netherlands.  

Table 1: Design parameters for swales in selected EU countries 

Design parameter Unit Germany The Netherlands Belgium  

  DWA (2005) Boogaard	and		
Rombout,	(2008) 

Bouteligier et al.  
(2005) 

Swale area/ drained area m2/m2 > 7 5 - 10 5 - 10 

Distance to houses m 1.5 > 1 - 

Swale water depth till overflow m < 0.3 < 0.3 < 0.3 

Width of bottom m 0.6 > 0.5 0.5 - 1 

Longitudinal slope V:H < 1:4 <1:3 < 1:3 

Thickness of filter soil  m > 0.1 0.3 - 0.5 0.3 - 0.5 

Humus in top layer % 3-5 3-5 - 

Infiltration capacity Kd m / day 0.86 < Kd < 86.4 > 0.5 > 0.086 

Overflowing frequency 1 /year 0.2 1 to 2 0.2 – 0.5 

Water retention time (to empty) hour < 24 < 24 < 24 

 

The main design parameters for permeable pavements are in Germany like those of other 
countries (Table 2). The infiltration rate in Germany is based on a defined stormwater event (10 
min duration, 5 years return period).  

Table 2: Design parameters for permeable pavements in selected EU countries 

Design parameter Unit Germany The Netherlands Belgium Denmark 

  DWA (2024),  
FGSV (2016) 

Boogaard and 
Rombout, (2008) 

VLARIO  
(2005) 

(Støvring et al.,  
2018) 

Infiltration capacity L/(s*ha) 270 270 270 190 to 230 

Percentage of joints  % 3-25 % - - - 

Minimum distance to 
groundwater 

m 1 0.5 to 0.7 - - 

 

2.4.5 Implementation of stormwater infiltration in the EU  

Based on the legislation and technical guidelines presented, urban stormwater infiltration 
practices are increasing worldwide and are common in the EU. There is currently no specific 
information on the number of swales or permeable pavements that have been constructed at 
national or EU level. However, data from case studies and the growing number of guidelines 
suggest that swales and permeable pavements are being constructed with increasing frequency.  
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3.2 Source term  

3.2.1 Biocide Products 

To realistically estimate the relevant biocides as well as their embedding form (free vs. 
encapsulated) and the quantities used in Germany, stakeholders (manufacturers, associations) 
were surveyed. The questionnaires sent covered various aspects, including the quantity, 
concentration and relevance of the biocides used. Substances of the product type 7 “film 
preservatives” (PT 7) for paints and plasters of exterior façades, disinfectants and algaecides for 
façade cleaning (PT 2) and construction material preservatives (PT 10) were considered. A total 
of 7 questionnaires were dispatched, in which the most important manufacturers of biocides 
were addressed. As a result, the findings should provide a comprehensive representation of the 
biocide market share in Germany. The feedback from the manufacturers reflects the situation 
until the end of 2021 (Figure 6). 

Results for PT7 

According to the manufacturer's response to the survey related to PT7, several substances 
including DCOIT, diuron, IPBC, isoproturon, OIT, terbutryn and pyrithione zinc are used for 
applications on façades. No other substances were identified for this specific application. 
Furthermore, the survey revealed that Carbendazim will be discontinued from the year 2022 on. 

Regarding the embedding form of the substances, manufacturer's information differed greatly 
based on the substance. For instance, IBPC is available in both encapsulated and non-
encapsulated form, depending on the manufacturer. Although variable embedding forms were 
reported for most of the above-mentioned substances, a general tendency towards increased 
encapsulation was observed. Manufacturers expressed the view that, in the future, all biocidal 
active ingredients from PT7 will be encapsulated. 

The concentrations recommended by biocide manufacturers for use in plasters ranged from 100 
to 1000 ppm, depending on the substance. For paints, the recommended amount is usually 
higher, falling in the range of 100 – 1500 ppm depending on the substance. This coincides with 
the findings from a previous survey (Burkhardt and Dietschweiler, 2015). 

Figure 6: Annual usage tonnages of various biocides estimated by manufacturers 

	
Left: Survey within this project with data of 2021; Right: Earlier survey (Burkhardt and Dietschweiler, 2015). 
Source: Own illustrations, OST 

According to manufacturer estimates, the consumption of diuron, isoproturon, terbutryn, OIT, 
and carbendazim as film preservatives (PT7) constitutes a significant portion, ranging from 
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80 % to 100 % of the total consumption volume across all product types (PT1-PT22). However, 
for IPBC, the amount consumed as PT7 is comparatively lower, estimated to be only 10 % - 20 % 
of the total consumption across all product types (PT1-PT22). In the case of DCOIT and zink 
pyrithione, the manufacturers did not agree on how large the amount used as PT7 is compared 
to other applications. For DCOIT, the figures varied between 40 – 100 % and for zinc pyrithione 
between 10 - 80 %, as DCOIT is also increasingly used for applications in PT21 (antifouling) and 
zinc pyrithione is also widely used in PT6 as a in-can preservative for interior paints.  

Manufacturers were also queried about the use of biocides in roof paints. The estimated market 
share of biocides in roof paints is minor, accounting for less than 5 % of the total usage of 
substances falling under PT7. According to information provided by manufacturers, the annual 
consumption volume of biocides in roof paints typically falls within the range of 1 to 10 tons per 
annum. Itis worth noting that for the application of biocides in roof paints, the substances are 
reported to be exclusively utilized in encapsulated form. 

Results for PT2 

The survey findings indicate that only quaternary ammonium compounds (QACs), specifically 
BAC (benzalkonium chloride) and DDAC (didecyldimethylammonium chloride), are used in 
product type PT 2 (disinfectants and algaecides for outdoor surfaces, for façade cleaning and 
green pavement removal). These substances are applied at concentrations ranging from 0.1 % to 
1 %. Other substances such as nonanoic acid, lactic acid and chlorocresol were not mentioned by 
any manufacturer. However, UBA has information that both nonanoic acid and lactic acid are 
listed in PT2 registrations.  

At 20 – 30 t/a, the consumption of substances falling under PT2 are significantly lower 
compared to the substances of PT7 (120–280 t/a). The market share of QACs in PT2, when 
compared to all product types (PT 1-22), is estimated to be less than 5 %, or < 1 % for 
applications on roof areas. This indicates that the applications within PT2, which exclusively 
involve quaternary ammonium compounds (QACs) based on the survey results, have a relatively 
minor significance in the broader context of the product types relevant to this project. 

Results for PT10 

In the field of construction material preservatives (PT10), BAC is the most commonly used 
biocide, with a consumption of 20-30 t/a. OIT also finds application in PT10, but its consumption 
volume of < 1 t/a is significantly lower than that of BAC.  

The market share for PT10, in the case of BAC, falls within the range of 5 % to 10 % when 
compared to all product types (PT1-PT22). For OIT it is estimated to be < 5 %. Due to the effort 
and costs involved in substance registration, manufacturers anticipate that the use of active 
ingredient in PT10 (as well as PT2) will remain stable or slightly decrease over time. The 
comparison survey's results with a previous study confirms this assumption (Burkhardt and 
Dietschweiler, 2015). In fact, 10–50 t/a QACs and 1-10 t/a OIT were used as PT10 in 2015, a 
decrease of nearly 50 % compared to this study's survey. 

3.2.2 Building geometry 

To estimate the release of biocides from façades, the building geometry must be described, as it 
influences the total façade area available for leaching. Multiple standard building geometries are 
documented in literature for research and regulatory purposes (e.g. BPR/OECD house, DIBt 
house), which are rarely confirmed by a true empirical basis. This section aims to establish a 
representative building geometry for the emission of biocides in urban areas using satellite data, 
as well as to verify the suitability of already existing standard geometries. 
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Figure 15: Results of building surveys in Freiburg 

 
Left: Occurrence of plaster on façades, right: Occurrence of glass surfaces on façades  
Source: Own illustration, UNI Freiburg 

Summary of the studies on building materials 

A comparison of the results is provided in Table 4. It should be noted that in the Berlin and 
Zürich studies, the material composition and fractions were based on the total façade area 
examined, while in the Freiburg study, they were related to the number of buildings surveyed.  

Regarding the distribution of plastered buildings, the studies show fractions ranging from 50-
100 %. However, it's worth highlighting that the study in Berlin (BaSaR) specifically focused on 
plastered buildings, so it's not representative in this regard as it intentionally targeted such 
structures. 

Table 4: Comparison of the building materials from three different studies 

 Berlin  
(BaSaR) 

Zürich  
(OST) 

Freiburg 
(UNI) 

Buildings considered 12 200 2200 

Districts considered 2 4 15 

Proportions based on Area (m2) Area (m2) Buildings (-) 

Plastered buildings 100 % - 86 % 

Proportion mineral 68 % 65 % - 

Proportion plaster 68 % 28 % > 50 % (valid for at least 
56 % of total façade area 

Proportion glass 11 % 33 % < 50 % (valid for 93 % of 
total façade area) 

Proportion balconies 21 % - - 

3.2.4 Weather conditions 

Precipitation, wind speed, and wind direction are key factors influencing biocide emissions from 
façades. In this project, three distinct locations (Hamburg, Zürich and Seville) were selected to 

 

75.3%

9.2%

6.4%
1.7%

7.3%

Render 4/4 Facade Render 3/4 Facade
Render 2/4 Facade Render 1/4 Facade
Render 0/4 Facade

71.2%

9.6%

3.9%

0.8%
0.9%

13.5%

Glass area < 50 % 4/4 Facade Glass area < 50 % 3/4 Facade
Glass area < 50 % 2/4 Facade Glass area < 50 % 1/4 Facade
Glass area > 50 % 4/4 Facade Unknown
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represent different climatic zones across Europe. Hamburg is situated in a temperate region 
with a strong maritime influence, characterized by high and frequent precipitation along with 
windy conditions. Zürich, on the other hand, is in a pre-alpine region with an annual 
precipitation exceeding 1000 mm per year. Meanwhile, Seville is positioned in a Mediterranean 
climate zone, where total precipitation is relatively low, but occasional intense precipitation 
events occur. Hamburg and Seville, with average yearly precipitation of about 770 mm and 540 
mm respectively, are among the selected locations included in the FOCUS models for the 
regulation of plant protection products. 

Climate data series with hourly resolution spanning the period from 2005 to 2015 were chosen 
for the modelled scenarios. The essential parameters necessary for the modeling included 
precipitation, wind direction, wind speed, temperature, relative humidity, global radiation, and 
potential evapotranspiration.  

Wind-driven rain drives biocide emissions from façades and is strongly influenced by wind 
distribution. Figure 16 shows the relative wind distribution for the three locations throughout 
the specified time period. Hamburg is notably influenced by westerly winds, whereas in Zürich, 
the wind distribution leans somewhat more toward the west-southwest. In Seville, the 
prevailing wind direction tends to be southwest to south. Additionally, it is evident that in 
Hamburg and Zürich, the wind predominantly flows in one primary direction, whereas in Seville, 
the wind exhibits a more even distribution across multiple directions. 

Figure 16: Relative wind distribution at the Hamburg, Zürich and Seville sites for the years 
2005 to 2015 

	
Source: Own illustrations, OST 

3.2.5 Dynamic vs. static emission modelling 

Biocide release from building façades is not linear but decreases with time (Burkhardt et al., 
2012). Consequently, in addition to the dynamic release due to wind-driven rain, the nonlinear 
progression of the emission from the building products should also be considered for a realistic 
characterization of biocide emissions from façades. The COMLEAM model (COnstruction 
Material LEAching Model) can be used to simulate such dynamic biocide emissions.  

COMLEAM uses precipitation, wind distribution and wind speed with an hourly temporal 
resolution as well as material properties to estimate the biocide leaching from building 
materials. Detailed documentation about the model and the calculation methodology can be 
found online at www.comleam.ch. To assess the relevance of biocide emission to groundwater 
for different scenarios, several calculations were performed using the COMLEAM model. These 
calculations were then compared to the established static emission models provided by ECHA in 
the form of the ESDs, see chapter 5.1. 

http://www.comleam.ch/
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3.3 Emission pathways  

3.3.1 Relevant soil profiles for biocide infiltration to groundwater 

To establish representative soil profiles for the emission pathway of biocides to groundwater, 
three different experimental setups, each with two soil horizons, are proposed in accordance 
with the literature review in chapter 2.2 

(1) Urban	soil	(S1) consists of vegetated soils with an organic top layer (ca. 10 cm), 
underlain by urban subsoil. 

(2) Permeable	pavements	(S2) are characterized by different types of paving stones 
embedded into sandy or gravelly seam material underlain by urban subsoil. 

(3) Infiltration	facilities	(S3) are represented by an organic top layer (5 – 30 cm depth) 
underlain by urban subsoil, or in the case of swale-trench-systems by sand with 
direct contact to groundwater. 

For these three setups relevant soil parameters are required. These are defined in following 
chapters. 

3.3.2 Urban soil 

There is no systematic evaluation of urban soils, particularly at direct contact to building 
façades. On the one hand, OC in topsoil of urban spaces can exceed those of forested areas 
(Makki et al., 2021). On the other hand, loose soil material in the immediate vicinity of buildings 
can be expected to also consist of remnants from building activities, which are often in the sandy 
fraction. 

3.3.3 Permeable pavements 

According to German regulations, permeable pavements must be designed to fully infiltrate a 10 
min rainfall with a return period of 5 years. This results in a surficial infiltration capacity of at 
least 97 mm h-1 and in a saturated hydraulic conductivity of underlying soils of at least 19 mm h-

1 (Borgwardt, 1998). Figure 17 shows the typical layers and extent of a permeable pavement 
that has been built in accordance with German national regulations (Schaffitel et al., 2020). 

Figure 17: Layers of a typical permeable pavement built in accordance to national regulations 

 
Source: Schaffitel et al. (2020) 

Schaffitel et al. (2020) determined the dimensions and dominating grain sizes of 18 permeable 
pavements in the city of Freiburg (Table 5). With a few exceptions, the pavement layer had a 
thickness of 8 cm. Mixtures of sand and gravel dominated base and subbase layers, only rarely 
finer grain sizes were found. The average degree of sealing of the permeable pavements was 
about 83 % (54-97 %). Infiltration rates determined with a double ring infiltrometer test are 
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used as an estimate of the saturated hydraulic conductivity (kf). For the study and scenarios, kf 
values of 15 permeable pavements were averaged (0.000034 m/s).  

Table 5: Vertical dimensions and the grain sizes in different depths of 18 permeable 
pavements in the city of Freiburg 

No. Depth [cm] 

  paving stones silt clay sand gravel mortar 

1 0-8 / / 8-45 8-45 / 

2 0-8 / / 8-45 8-45 / 

3 0-8 / / 8-45 8-45 / 

4 0-8 / / 8-45 8-45 / 

5 0-8 / / 8-28 11-45 28-45 

6 0-7 / 16-45 7-16 7-45 / 

7 0-13 / 27-45 13-27 13-45 / 

8 0-9 20-45 / 8-10, 20-45 10-20 / 

9 0-8 13-45 / 8-13 8-45 / 

10 0-8 / / 14-40 8-45 / 

11 0-9 / / / 8-45 / 

12 0-8 13-21 / 9-13 8-45 21-45 

13 0-8 / / 8-23 8-45 22-45 

14 0-12 / / 12-20 12-45 20-45 

15 0-8 29-45 / 8-29 8-45 / 

16 0-8 29-45 / 16-29 0-45 8-16 

17 0-8 / / 35-45 8-45 8-35 

18 0-8 / / 8-13, 23-45 8-45 13-23 
Source: (Schaffitel et al., 2020) 

Seams in the pavement layer are decisive for water infiltration and biocide retention. With 
increasing age, the original seam filling (usually coarse sand) becomes less conductive 
(Borgwardt, 1998; Wessolek and Facklam, 1997) due to accumulations of e.g. foliage, soot, oil, 
etc. Whether these accumulations can act as a pollutant filter, is still largely unknown. Nehls 
(2007) sampled seam material of permeable pavements in the cities of Berlin and Warsaw. A 
dark layer at 0–1 cm depth was always distinguishable from a much brighter 1–5 cm layer. 
Texture of the uppermost dark layer was as follows: 

► Sand (63 – 2000 µm): 85.5 % (59.4 - 100 %) 

► Silt (2 – 63 µm): 11.9 % (4.6 - 19.1 %) 

► Clay (<2 µm): 2.6 % (1.7 - 3.7 %) 

The texture of the brighter 1-5 cm layer was as follows: 
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paths were absent in the 3-year swale (F.3), they caused quick breakthroughs in the 18-year 
swale system (V.18). 

Figure 19: Breakthrough curves of tracers and biocides in soil column experiments of swale 
soils 

 
The tracers used are bromide, chloride, uranine (UR), sulforhodamine B (SRB), diuron, terbutryn and OIT. F3: 3 year swale 
system, W.10: 10 year swale system, V.18: 18 year swale system. 
Source: Bork et al. (2021) 

3.4 Target 

3.4.1 Depth to groundwater 

The depth to groundwater defines the depth of the unsaturated zone and thus the depth of a 
representative soil profile for the scenarios in this study. Depth to groundwater beneath cities is 
highly variable and depends on the local geology (Table 7). Appendix A.4 provides a detailed 
analysis of six German cities, while data for Berlin is presented in detail below. A representative 
minimum depth to urban groundwater in Germany typically stands at 1 m, with the lowest values 
occurring in proximity to the rivers or within floodplains. 

Table 7: Depth to groundwater and local geology of six German cities  

City Minimum depth  
to groundwater [m] 

Range of depth  
to groundwater [m] 

Geology 

Berlin 1 <2 to 40 Glacial valley  

Hamburg 1 <2.5 to 90 North German lowland, glacially shaped 

Dresden 2 <2 to 60 Elbe floodplain 

Munich  2 <2 to 18 Munich gravel plain  

Mannheim 2 <2 to 20 Upper Rhine Valley 

Ingolstadt  1 1 to 8 Donau Floodplains 
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Figure 21: Projected area of residential buildings as a percentage of total urban area 

	
Projected area of residential buildings as a percentage of total urban area for several German cities in blue and for districts 
in Berlin (project “Basar” - Wicke et al., 2021) and Freiburg im Breisgau in green (see 2.1.3- building survey in Freiburg) 
based on analyses of building models (LOD2) in ArcGIS Pro.  
Source: Own illustration, OST 

3.5 Scenario definition 
Realistic worst-case scenarios describing the emission of biocides from facades to groundwater 
need to take into account site-specific characteristics (3.2), emission pathways (3.3), and 
groundwater (3.4). Figure 22 provides an overview of the defined scenarios.  
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Figure 22: Scenarios overview 

 

	
Schematic overview of the defined scenarios 
Source: Own illustration, OST 

 

Geometry  

The source of biocide emissions is represented by a standardized geometry very similar to the 
BPR/OECD house, with a revised height of 10 meters and a flat roof. This geometry is consistent 
with building geometries currently used for regulatory purposes and observations from LOD2 
data. Table 8 summarizes the selected geometry parameters based on the review in chapter 3.2. 
The standardized building is oriented with the longest façade facing west and has a fully 
plastered façades with a runoff coefficient of 0.9.  

The choice was made to focus on a single building as a representative unit, to which a specific 
infiltration surface can be allocated. By establishing the ratio between the biocide emitting 
surface (façade), infiltration area (pathways) and equivalent groundwater surface, the outcomes 
can be scaled. This approach provides a simplified but representative characterization of 
emissions for urban regions. 
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Table 8: Geometry properties of the defined house 

Modified BPR House 

Length [m] 17.5 (=BPR) 

Width [m] 7.5 (=BPR) 

Height façade [m] 10 

Plaster façade [%] 100 

Runoff coefficient façade  0.9 

Runoff coefficient roof 1.0 

Orientation W and E = longer façades 

Weather data 

To account for the different climatic conditions, weather data from three different locations, 
Hamburg, Seville, and Zürich, were used to simulate building runoff and biocide emissions, as 
described in section 3.2.4. 

Substances 

According to the survey of biocidal product manufacturers, the most widely used substances 
relevant for biocide emissions to groundwater from buildings belong to group PT7, with 
terbutryn and OIT being the most extensively used substances. Consequently, these two biocides 
were chosen due to their high prevalence in façades coatings and their representation of 
substances with low and high degradability. 

For the simulations, leaching data from Tietje et al. (2018) were parameterized into logarithmic 
emission functions as suggested. The leaching curves and the corresponding function 
parameters are provided in Table 9.  

 

Table 9: Emission functions for terbutryn and OIT derived from leaching data of Tietje et al. 
(2018) 

Terbutryn OIT 

  

Initial concentration: 1400 mg/m2 Initial concentration: 800 mg/m2 

Parameter a: 7.30073 [mg/m2] Parameter a: 16.293 [mg/m2] 

Parameter b: 0.21099 [m2/L] Parameter b: 0.294342 [m2/L] 
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This dataset is particularly valuable as it offers emission data derived from a field experiment 
conducted under real weather conditions over a two-year period for both substances. The data 
describes the emission from a plaster and paint system containing encapsulated terbutryn and 
OIT at an initial concentration of 1400 mg/m2 (400 ppm) and 800 mg/m2 (225 ppm), 
respectively. This choice reflects the use of an optimized product in terms of its initial 
concentration and embedding (encapsulation), which should be considered when evaluating the 
scenario results. The leaching data were parameterized into logarithmic emission functions as 
suggested by (Tietje et al., 2018). An illustration of the leaching curves and the corresponding 
function parameters are provided in Table 9. 

Soils 

Three different emissions pathways (Figure 23) can be distinguished according to the information 
provided in chapter 3.3  

Figure 23: Images of the different emission pathways 

Vegetated soil S1 Permeable pavement S2 Infiltration facility S3 

   
Source: Own photos. Taken by UNI Freiburg 

 

► Vegetated soils (S1) 

Scenario S1 “vegetated soils” describes infiltration into a vegetated soil located directly at a 
building façade (Figure 23, S1). The infiltration area consists of a surface of 26 m2 resulting from 
a 0.5 m wide belt surrounding the building, in accordance with the ESD for PT10 (ECHA). The 
ratio between the projected building surface and the infiltration area is 1:5. The soil structure in 
S1 consists of an 8 cm unsaturated topsoil layer, followed by a 92 cm unsaturated sand layer 
extending to the groundwater (Table 10). In this scenario, only façade runoff and direct 
precipitation are considered to infiltrate into the ground and roof runoff is excluded. The topsoil 
has an identical composition to infiltration facilities (S3), with an average OC of 1.1 % and a field 
capacity of 2.2 m3/m3. However, the topsoil layer is limited to 8 cm for a reasonable comparison. 
The remaining 92 cm consist of a sandy sublayer, similar to the parameters for permeable 
pavements (S2).  

► Permeable pavements (S2) 

Scenario S2 “permeable pavements” represents the infiltration of the façade runoff over 
permeable pavements (Figure 23, S2). The partially sealed area is directly adjacent to the façade 
as in the previous scenario for vegetated soils, so that the total infiltration area amounts to 26 m2. 
The ratio between the projected building area and the infiltration area is again 1:5. The soil 
structure consists of an 8 cm thick layer of modular interlocking concrete paving system with 6 % 
joint area followed by an unsaturated sand layer (92 cm, Table 11). Relevant parameters are 
adopted from Nehls (2007) for the pavement seam material and from Schaffitel et al. (2020) for 
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the stone content. The spacing of the joints was set to 0.5 cm (Junginger, 2022). The material 
between the joints is filling material in which OC is accumulated. The Koc of the joint material with 
OC of 2.2 % is higher than of the topsoil’s Koc with OC of 1.1 % in the S1 scenario. Similar S1, only 
façade runoff and direct precipitation is drained into the soil. For the sandy subsoil, the same 
parameters as for the first setup are proposed. The average value of the experiments of Schaffitel 
et al. (2020) is used for kf 0.000034 m s-1. 

► Infiltration facilities (S3) 

The third scenario “infiltration facilities” reflects the infiltration of runoff into an infiltration 
swale (Figure 23, S3). In contrast to scenarios S1 and S2, the infiltration area per building is 13 
m2. This value is calculated based on the typical ratio of swale areas to drained building areas, 
which is commonly provided in various national guidelines (Table 1) and often ranges between 
1:5 to 1:10. To account for a worst-case scenario, the ratio of 1:10 is used. Given the projected 
area of the standard building considered here (ca. 132 m2), the infiltration area corresponds to 
about 13 m2 per building. In addition, the building's roof runoff is also discharged to the 
infiltration system which is consistent with common engineering practice. The proposed 
infiltration facility consists of a 25 cm saturated topsoil layer (due to frequent waterlogging) of a 
three-year old urban swale following Bork et al. (2021) with OC of 1.1 % situated on top of a 
75 cm sand layer (Table 12). A mean value of kf 0.00016 m/s is assigned. 

Groundwater 

A conservative depth to groundwater of 1 m was established for all scenarios based on the 
information provided in chapter 3.4.1.  

Table 10: Parameters for vegetated soils (S1) 

Depth pH OC Stones 
(> 2 mm) 

Bulk 
density 

Sand 
(0.063–
2 mm) 

Silt 
(0.002–
0.063 mm) 

Clay 
(< 0.002 m
m) 

 - % w/w % w/w g cm-3 % w/w % w/w % w/w 

0-8 7.52 1.12 45.1 1.6 80 15 5 

8-100 7.50 0.10 0 1.6 100 0 0 

Topsoil parameters taken as arithmetic means of Table 12  

Table 11: Parameters for permeable pavements (S2) 

Depth pH OC Stones 
(sealing %) 

Bulk 
density 

Sand 
(0.063 – 
2 mm) 

Silt 
(0.002 – 
0.063 mm) 

Clay 
(< 
0.002 mm) 

 - % w/w % w/w g cm-3 % w/w % w/w % w/w 

0-8 7.1 2.2 94 % 1.6 95.7 3.3 1.0 

8-100 7.50 0.1 0 1.6 100 0 0 

Sealing from Schaffitel et al. (2020), seam parameters from Nehls (2007) 
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Table 12: Parameters for infiltration facilities (S3) 

Depth pH OC Stones 
(> 2 mm) 

Bulk 
density 

Sand 
(0.063 – 
2 mm) 

Silt 
(0.002 – 
0.063 mm) 

Clay 
(< 
0.002 mm) 

 - % w/w % w/w g cm-3  % w/w % w/w % w/w 

0-5 7.42 1.43 35.9 1.54 79 16 5 

5-10 7.51 1.07 42.6 1.51 80 15 5 

10-15 7.56 0.95 42.6 1.58 81 14 5 

15-20 7.54 0.99 60.9 1.56 81 14 5 

20-25 7.55 1.17 43.4 1.6 81 14 5 

25-100 7.50 0.1 0 1.6 100 0 0 

Topsoil parameters from Bork et al. (2021) 
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4 Modelling leaching of biocide to groundwater 

4.1 Biocide transport in soil 

4.1.1 Selection of a suitable 1-D Model 

There are four standard FOCUS (FOrum for Co-ordination of pesticide fate models and their USe) 
models originally developed for the risk assessment of plant protection products simulating the 
leaching pesticides to groundwater.  

► FOCUS PEARL (Pesticide Emission Assessment at Regional and Local scales), 

► FOCUS PELMO (PEsticide Leaching MOdel), 

► FOCUS PRZM (Pesticide Root Zone Model), 

► FOCUS MACRO (model of water flow and solute transport in MACROporous soil) 

These substance soil transfer models are freely accessible on the European Commission's 
Ground Water - ESDAC website (europa.eu). FOCUS developed higher tier numerical models 
with detailed environmental scenarios for major agricultural areas across Europe (FOCUS, 
2000). The FOCUS groundwater scenarios consist of a set of nine standard combinations of 
weather, soil and cropping data. As surrogate for groundwater concentrations, FOCUS uses 
percolate concentrations at a depth of 1 m. 

At present, PEARL serves as the standard model for the risk assessment of biocides leaching to 
groundwater. It has been developed by three Dutch institutes (ALTERRA/WENR, PBL and 
RIVM).  

PELMO is currently the most important model used for regulation of plant protection products 
and the only model used for product registration in Germany. The first version of PELMO was 
released in 1991 (Klein, 1991). 

PRZM was released by the US Environmental Protection Agency in 1984. The program simulates 
the vertical movement of pesticides in the unsaturated soil. The PRZM model has been chosen by 
the FOCUS group for surface water as the preferred calculation tool for determining runoff input. 

MACRO was developed at the Swedish University of Agricultural Sciences, Uppsala. In this model 
the process of macro-pore flow is included. Macro-pore flow is just one form of preferential flow, 
but it is the only form of preferential flow considered in FOCUS 2009. 

In general, the four FOCUS models describe processes similarly (Table 13). For example, 
biodegradation is modelled as a function of soil temperature, moisture and depth. In PELMO, 
photodegradation at topsoil layer can additionally be integrated using a photolysis rate together 
with the reference radiation. 

All FOCUS models are used and widely accepted by European member states and thus also seem 
to be promising to predict leaching of organic pollutants in urban areas. However, PELMO and 
PEARL are preferred for the calculation of groundwater biocide concentrations. 

Since the properties of urban soil scenarios are very different from agricultural soils for which 
the models were initially developed, this serves as a test for the compatibility of their 
calculations. Especially the high input of water and a quasi-permanent emission of substances 
into the soil surface conceptually differ from agricultural applications. 

https://esdac.jrc.ec.europa.eu/projects/ground-water
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Table 13: Comparison of selected properties of the four FOCUS groundwater models 

Property PEARL PELMO PRZM MACRO 

Soil hydrology Richards’ 
equation 

capacitance 
models 

capacitance 
models 

Richards’ 
equation 

Chromatographic 
transport in soil  

Yes Yes Yes Yes 

Macro-pore flow Only in special 
version 

Yes No Yes 

Surface runoff Infiltration 
capacity 

Runoff curve 
number (RCN) 

RCN No 

Sorption Freundlich Freundlich Freundlich Freundlich 

Time dependent sorption Yes Yes Yes Yes 

Moisture dependent 
sorption 

Yes Yes No No 

pH-dependent sorption Yes Yes No No 

Temperature dependent 
biodegradation  

Yes Yes Yes Yes 

Moisture dependent 
biodegradation 

Yes Yes Yes Yes 

Depth dependent 
biodegradation  

Yes Yes Yes Yes 

Photolytic degradation at 
topsoil layer 

No Yes No No 

 

4.1.2 Two 1-D Models in comparison 

PEARL and PELMO are chosen to calculate the transport of biocides in soil. The primary 
interests are the percolate concentrations, biocide contents in soil and leached mass which 
might enter groundwater.  

The soil transport models in principle need four types of input: 

1. Climate data: This encompasses precipitation, potential evapotranspiration and temperature 
(maximum, average). The weather data utilized are outlined in 3.2.4. 

2. Soil data: Parameters include bulk density, soil texture, OC and pH-value for each soil layer. 
These are determined in 3.5 (Table 10, Table 11 and Table 12). 

3. Substance data: Those are determined by the biocides of interest (Table 14) and the 
emission scenarios (Section 5.1):  

a) Properties such as adsorption constant, half-life in soil, water solubility, vapor 
pressure, molar mass, Freundlich exponent.  

b) Date and amount of mass per area emitted to the soil surface.  
4. Crop data: In urban scenarios, a bare soil is assumed. 
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Substance properties 

For this study two substances are tested in the different urban scenarios, terbutryn and OIT. The 
relevant substance properties are outlined in Table 14. Although both substances are only 
slightly mobile, OIT is non-persistent with a very short half-life, while terbutryn is considered 
persistent. Due to the absence of experimental values for the Freundlich exponent, a worst-case 
assumption of 1.0 is applied. 

Both models allow for further adjustment of substance parameters. Nevertheless, considering 
the dominating influence of the parameters specified in Table 14 and the scarcity of 
experimental data, any supplementary values are set to default. 

Table 14: Properties of the two biocides used in the simulations 

Substance output to soil 

In contrast to agricultural scenarios where a substance is applied to the soil at single dates, 
biocides are continuously leached from façades during rain events in the urban scenarios. Two 
approaches are considered here to calculate the leaching of biocides from façades. The first is 
COMLEAM, which provides dynamic results depending on daily weather conditions as described 
in Sections 3.2.5 and 5.1. The second is based on ECHA’s ESD for PT10 (construction material 
preservatives), also applicable for PT7. 

Soil parameters 

To assess the movement of a compound within the soil matrix, it is essential to analyze the flow 
of water through the soil, as it plays a crucial role in transporting a compound to deeper soil 
layers. Here, PEARL and PELMO employ different approaches. PELMO utilizes a tipping bucket 
model, where one soil layer fills with water, and upon reaching capacity, it empties into the 
underlying layer. Conversely, PEARL calculates water flux using the partial differential Richards' 
equation, incorporating the Mualem-van Genuchten relationships for water retention and 
hydraulic conductivity. 

For both models, crucial model parameters for individual layers of the specified soil pathways 
are missing and have to be deduced from available soil characteristics which include: 

► Depth of the layer, 

► Bulk density, 

► Soil texture (percentages of sand, silt, and clay), 

► Organic carbon content (OC), 

► pH value.  

Quantity\Substance Terbutryn OIT 

DT50 in d 231 (Bollmann et al., 2017) 0.9 (ECHA, 2017) 

KOC in mL/g 663 (Mensink and Linders, 1991) 982 (ECHA, 2017) 

Freundlich exponent 1.0 (worst-case) 1.0 (worst-case) 

Water solubility in mg/L 25 (IVA, 1990) 406 (ECHA, 2017) 

Vapor Pressure in Pa 1.3E-04 (Mensink and Linders, 1991) 3.1E-03 (ECHA, 2017) 

Molar mass in g/mol 241.36 213.34 
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5 Emission Scenarios: A Case Study of OIT and terbutryn 

5.1 Emission of biocides from façades  
To meet regulatory requirements, the emission of biocides from façades is generally estimated 
using standardized leaching tests, the results of which are included in ECHA's ESDs. For biocides 
employed in applications such as masonry preservation (PT10), the emissions during their 
service life are evaluated across three distinct assessment periods: 30 days, 1 year, and 5 years. 
However, this approach does not account for site-specific weather conditions that affect façades 
emissions and biocides transport through soil. For this reason, the established ESD approach is 
herein compared to a dynamic emission model using COMLEAM (chapter 3.2.5). 

The two biocides terbutryn and OIT are used as model substances for the comparison. These 
two substances were selected because they are most frequently used in façades (3.2.1) and are 
representative of a substance with low and high degradability. The emission functions used in 
the model were parameterized using nonlinear regression from the leaching data as described in 
3.5. 

Biocide leaching with COMLEAM  

The yearly cumulative façade emission of the two model substances OIT and terbutryn resulting 
from the dynamic simulation in COMLEAM is shown in Figure 24, based on the simulation 
parameters described in chapter 3.5. The same results normalized per m2 façade and expressed 
as a percentage of the total biocide present in the model building façade, can be found in the 
Appendix (Figure 43). For the COMLEAM simulations weather data from Hamburg, Zürich and 
Seville from 2005 to 2015 were used (3.2.4) as well as a standardized house geometry with a 
façade area of 500 m2 (3.2.2). The resulting façade runoff for the different locations calculated 
according to ISO-15927-3 is shown in the Appendix, Figure 44.  

On average, higher biocide emissions are observed in Hamburg, followed by Seville and finally 
Zürich with total OIT emissions of about 27 g, 25 g and 24 g and terbutryn emissions of about 
11.0 g, 9.9 g and 9.6 g, respectively, from 2005 to 2015. Although biocide façade emissions are 
generally driven by higher precipitation amounts, it is noted that higher cumulative emissions 
are observed in Seville with an average annual precipitation amount about half that of Zürich 
(about 500 mm vs. 1000 mm between 2005 and 2015). The reason for this apparent discrepancy 
is that the amount of precipitation by wind direction is more evenly distributed across all four 
house façades in Seville than in Zürich. This means that although more precipitation is observed 
in Zürich, not all façades contribute as much to emissions as in Seville, as shown in Figure 44 in 
the Appendix. This example illustrates how dynamic modeling can be helpful in more accurately 
describing biocide façade emissions by taking into consideration wind driven rain. 

Comparing the emissions of terbutryn and OIT, it is apparent that the load of OIT emitted is 
about twice as much as that of terbutryn, despite the fact that the initial concentration in the 
façades was 1400 mg/m2 for terbutryn and 800 mg/m2 for OIT, both of which encapsulated. This 
result arises directly from the different leaching behavior of the two substances, which is 
enhanced in the case of OIT due to its higher water solubility. Also noteworthy is the fact that 
about 75 % of emissions from both OIT and terbutryn occur in the first five years, suggesting 
that the five-year assessment period used in the ESD is a reasonable assumption. 

The emission data with daily temporal resolution resulting from the dynamic simulation with 
COMLEAM were used as input to the soil modeling in Section 5.2. 
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Figure 24: Dynamic emission of OIT and terbutryn using COMLEAM 

 
Yearly cumulative façade emission of the two model substances OIT and terbutryn resulting from the dynamic simulation in 
COMLEAM for a standardized house with a façade area of 500 m2 using weather data from Hamburg, Zürich and Seville 
from 2005 to 2015. 
Source: Own illustrations, OST 

Biocide leaching in comparison of COMLEAM and ESD 

The question arises as to whether dynamic simulation in COMLEAM is necessary for accurate 
simulation of biocide transport in soil, or whether a simpler method for determining the biocide 
emission from the source term would produce similar results. To address this, the façade 
emissions estimated using COMLEAM are compared to those obtained through the established 
ESD approach.  

The ESD for PT10 (ESD PT 10, Table 18, p.41) for calculating the release of biocides during the 
service life of a house derives the biocide emission from leaching tests. Here, the same field 
leaching tests from Zürich included in the dynamic simulation in COMLEAM were used for this 
purpose (3.5). This approach to determining biocide emission from façades is referred to as the 
"strict ESD method" in this study.  

Field leaching tests, and to a greater extent, laboratory leaching tests, have a drawback in that 
they primarily represent the site and conditions under which they were conducted, which may 
not necessarily align with the site and conditions of the commercial product's usage. To calculate 
cumulative leaching loads for ESD that are specific to different locations, a decision was made to 
extrapolate these values from the leaching curves associated with the various assessment 
periods defined in the ESD for PT10 (pertaining to the service life of the product). This 
extrapolation is done using the yearly average façade runoff data simulated in COMLEAM for 
Hamburg, Zürich, and Seville, spanning from 2005 to 2015. The outcome is an extrapolation of 
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cumulative leached loads for a standardized ESD, which, nonetheless, remains site-specific. This 
data can be compared to the dynamic simulations performed using COMLEAM. A schematic 
illustration of this approach, here referred to as the “extrapolated ESD method” is shown in the 
Appendix, Figure 46.  

Figure 25 compares the cumulative leached biocide loads for the assessment period of 30 days 
and 1 year resulting from the three different mentioned approaches: 

► dynamic simulation with hourly resolution using COMLEAM 

► strict ESD method 

► extrapolated ESD method 

It can be observed that the highest cumulative load results from the “strict ESD method”, 
followed by the “extrapolated ESD method”, with the lower emissions for each location resulting 
generally from the dynamic simulation in COMLEAM. The observation that the ESD approach 
tends to result in higher emissions compared to dynamic simulations in COMLEAM is consistent 
with a previous investigation (Burkhardt et al., 2021b). 

Figure 25: Cumulative biocide loads leached from façades calculated by ESD and COMLEAM 

	
Cumulative terbutryn and OIT loads leached per m2 façade according to leaching tests (strict ESD) and dynamic modelling 
using COMLEAM (S1-3 Hamburg, Zürich, Seville). The assessment period of 5 years is not given since the field leaching test 
(Strict ESD) was limited to a period of just over 2 years and is only available for Zürich. 
Source: Own illustrations, OST 

5.2 Emissions to groundwater 
This section presents and discusses the results of the soil transport of the two model substances 
terbutyn and OIT for the defined urban scenarios in 3.5. Initially, simulations are performed for 
two biocide leaching models (see 5.1), three climate regions (see 3.2.4), three emission 
pathways (see 3.3) and two soil transport models (see 4.1.2), resulting in 36 simulations per 
substance. 

For each simulation, results are compared to identify driving factors for biocide emission to 
groundwater and redundant variations. Based on the results the urban scenarios are 
consolidated to one leaching model (ESD123), two climate regions (Hamburg, Seville), three 
emission pathways (S1, S2, S3), and one soil transport model (PEARL), thereby reducing the 
number of simulations to 6 per substance (5.2.9). The chapter predominantly focuses on 
terbutryn, with corresponding results for OIT available in the Appendix. 
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period (1 month, 1 year, 5 years), PEARL and PELMO calculate time-resolved values over 
multiple soil layers. Therefore, for comparison, the arithmetic average of the soil layers to a 
depth of 50 cm is presented. 

PELMO and PEARL consistently yield very similar estimates for soil biocide content, with 
notable differences observed in Seville for vegetated soils. This further suggests that, in general, 
PEARL and PELMO can be used interchangeably. The biocide content estimated using ESD PT8 
at the end of the assessment periods (30 d, 1 y, 5 y) falls within the same order of magnitude 
compared to the simulations in PEARL and PELMO. Only in the case of permeable pavements 
(S2), the soil biocide content derived from the ESD consistently exceeds the values from the soil 
transport models. 

When considering OIT, similar conclusions can be drawn regarding the comparison between 
PELMO/PEARL, as they yield comparable results (Figure 59). However, the soil OIT content 
estimated with ESD PT8 is lower compared to the values calculated with PELMO/PEARL. This 
difference arises because ESD PT8 (treated wood in service) estimates the biocide content at the 
end of the three assessment periods, while PELMO/PEARL simulations provide the biocide 
content across the entirety of the simulation period. Consequently, the first-order degradation 
applied over the entire assessment period in ESD for PT8 results in lower biocide contents in 
comparison to the more dynamic emission pattern simulated with PEARL and PELMO. The 
disparity between these two approaches is particularly pronounced for substances such as OIT 
with short half-lives, and is less prominent for substances with long half-lives like terbutryn. 

Figure 33: Terbutryn contents in soil according to ESD, PELMO, and PEARL 

 

Average soil terbutryn content to a depth of 50 cm (V = 13 m3) in Hamburg and Seville for the three emission pathways 
(vegetated soil – S1, permeable pavements – S2, infiltration facilities – S3). The results from the two soil transport models 
PELMO and PEARL are presented alongside predictions from ESD for comparison.  
Source: Own illustrations, IME. Plotted using the Python Package Matplotlib (Hunter, 2007) 

5.2.9 Consolidated scenarios 

Starting with 36 scenarios, this chapter culminates in the reduction to 6 scenarios for assessing 
potential groundwater risks associated with biocide usage in urban areas. Biocide leaching 
assessed through ESD and the soil transport model PEARL are favored over their alternatives, 
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A.3 Emissions from façades (source term) 

Figure 43: Emissions of OIT and terbutryn over time calculated by using COMLEAM 

	

	

	
Yearly cumulative façade emission of OIT and terbutryn resulting from the dynamic simulation in COMLEAM for a 
standardized house with a façade area of 500 m2 using weather data from Hamburg, Zürich and Seville from 2005 to 2015. 
The amount of biocide emitted is expressed as load per m2 of façade and as a fraction of the total amount of biocide 
applied to the façade of the house. 
Source: Own illustrations, OST 
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Figure 44: Amount of façade runoff in relation to wind heading and terbutryn emission per 
façade exposition 

	

	
Amount of façade runoff in relation to wind heading (top row) and cumulative terbutryn emissions for individual façade 
expositions for Hamburg, Zürich and Seville from 2005 to 2015 based on a dynamic simulation for a standardized house 
with a façade area of 500 m2 in COMLEAM (bottom). 
Source: Own illustrations, OST 

Figure 45: Simulated specific façade runoff for Hamburg, Zürich and Seville from 2005 to 2015 
according to wind driven rain standard ISO-15927-3 

	
Yearly average façade runoff and its standard distribution for all three locations based on hourly weather data. 
Source: Own illustration, OST 

	



TEXTE Groundwater discharges of biocides from façades in urban regions  

98 

Figure 46: Extrapolation of cumulative emission for ESD PT10 described as the extrapolated 
ESD method 

 
This illustration demonstrates how cumulative leached loads specific to different locations can be obtained using a leaching 
curve derived from a standardized leaching test and yearly façade runoff data for a specific location derived from 
COMLEAM. By determining the yearly façade runoff for a specific location, the cumulative leached loads for the ESD 
assessment periods can be read from the leaching curve.  
Source: Own illustration, OST 
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A.4 Depth to groundwater 

Hamburg 

Morphologically significant are the Geest in the west (Falkenstein, Blankenese) and the Harburg 
mountains in the south of the City of Hamburg with groundwater levels up to 90 m below the 
surface (Figure 47). Further, in the area of the Harburger Vorgeest, groundwater levels are 5.0-
7.5 m below ground, followed by the peripheral bog and seepage areas with very shallow 
groundwater (< 2.5 m). Also, in the Süderelbmarsch and Marschlanden (Bergedorf) the 
groundwater surface is shallow, approximately < 10 m below ground. In the port area, the 
groundwater levels are 10-15 m below ground level due to backfill areas for harbor structures. 
In the ground moraine areas north of the Elbe, the depth to groundwater is high and can reach 
30 m or more. Due to extended areas with very shallow groundwater, we estimate 1 m as a 
realistic minimum depth to groundwater for the study’s scenarios. 

Figure 47: Depth to groundwater in Hamburg 

 
Source: Own illustration, OST. Data und maps taken from hwww.hamburg.de/planungskarten/2611068/flurabstandskarte/ 

 

Dresden 

In the City of Dresden, the area around the Elbe floodplain is characterized almost everywhere 
by depths to groundwater of 2-5 m or 5-10 m (Figure 48). The only exceptions to this are small 
areas around old arms of the Elbe, the narrow Kaitzbach valley or immediate bank areas at the 
Elbe river, with depths to groundwater of less than 2 m. In the area of the glacial sands around 
the floodplain (also known as the "Hellerterrasse"), groundwater distances are much deeper and 
may reach 60 m or even more. For the scenarios in this study, this results in a realistic minimum 
depth to groundwater of 2 m. 

https://www.hamburg.de/planungskarten/2611068/flurabstandskarte/
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Figure 48: Depth to groundwater in the City of Dresden 

 
Source: Own illustration, OST. Data and mapy taken from www.dresden.de/media/pdf/umwelt/UB_Grundwasser.pdf 

 

Munich 

The gravel plain of the city of Munich has a south-north gradient of about 5 ‰ on average, while 
the groundwater gradient is about 2-3 ‰ on average. Therefore, groundwater distances 
decrease from south to north. Groundwater distances of more than 18 m can be found in the 
southern part of the city in the area of Fürstenried - Forstenried - Solln - Harlaching (Figure 49). 
Towards the north, groundwater distances generally decrease - especially in the area of the 
lower terraces - down to values of less than 2 m around the Aubinger Lohe, in the Ludwigsfeld - 
Feldmoching area and between Johanneskirchen/Englschalking and Ashheim. However, these 
outskirt areas are relatively small. The groundwater distances in the area of the incised old town 
step or the Isar alluvium are between 2 – 6 m. For the proposed scenarios, this results in a 
realistic minimum depth to groundwater of 2 m. 

Figure 49: Depth to groundwater [m] in Munich 

 

http://www.dresden.de/media/pdf/umwelt/UB_Grundwasser.pdf
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Figure 59: Average soil content of OIT according to the calculations by ESD and PELMO/PEARL 

 
Average OIT soil content to a depth of 50 cm (V = 13 m3) in Hamburg and Seville for the three emission pathways 
(vegetated soil – S1, permeable pavements – S2, infiltration facilities – S3). The results from the two soil transport models 
PELMO and PEARL are presented alongside predictions from ESD for comparison.  
Source: Own illustrations, IME. Plotted using the Python Package Matplotlib (Hunter, 2007). 

A.8 Groundwater model  

Figure 60: Aerial view of simulated terbutryn concentrations at the end of the model period 
for case A 

 
Source: Own illustration, UNI Freiburg 


