
 

   

 

 

Appendix I 

1 Literature 

1.1 Overview of literature search 

A-Table 1.1-1 Overview of literature searches conducted  

Topic  Databases Date of Search Hits Retrieved Outcome  

Q1: Biochar & ash PubMed, 
Scopus 

12.03.2025 184 12 

Q1: Struvite / content of organic 
contaminants  

Web of 
Science 

  22   

Q3: Application rate / Selection of P 
conc. in biochar, struvite, ash 

Web of 
Science 

04.11.2025 36 8 

Q2 & Q3: Degradation of organic 
contaminants in soil 

Web of 
Science 

05.11 2025 1323 154 (256 maybe) 

Q2 & Q3: Plant uptake & organic 
contaminants 

Web of 
Science 

05.11.2025 2923 379 (279 maybe) 

Q2 & Q3: Atmospheric Contribution 
to background Concentration 
Organic Contaminants 

Web of 
Science 

20.09.2025 255 88 (78 maybe) 

1.2 Inclusion and exclusion criteria for literature  

A-Table 1.2-1 Research, question, inclusion and exclusion criteria for search topic Q1; incination of 
sewage sludge to biochar  

Criterion Inclusion Exclusion 

Research question: What is the fate of organic micropollutants present in sewage sludge when undergone 
pyrolysis under different operating conditions (temperature, heating rate, atmosphere and residence time), 
and which toxic compounds may be generated and what ratios end up in the final biochar, bio-oil or syngas? 

Study design i) concentrations in biochar of sewage sludge, 
iii) effects of processing parameters/details 

Sludge of agricultural sludge/waste 
and products thereof 

Agens Organic micropollutants (micropollutants, 
microcontaminants, emerging contaminants, 
trace organic contaminants, persistent organic 
pollutants (POPs), pharmaceuticals, personal 
care products, endocrine disruptors. 

heavy metals, inorganic elements, 
plastic-related products 

Pathway Sewage sludge (stabilised sludge, processed 
sludge, anaerobically digested sludge, 
aerobically digested sludge, treated biosolids, 
digestate 

 

Receptor Biochar  

Intervention Pyrolysis, Solid phase pyrolysis, thermal 
decomposition, destructive distillation 

Liquid and gas phase pyrolysis, 
temperatures outside 300-900°C, 
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Criterion Inclusion Exclusion 

carbonization, incineration, 
graphitization 

Outcome Fate of the organic micropollutants (residuals, 
degradation products/biproducts) and 
generation of toxic compounds (toxicants, 
contaminants, chlorinated byproducts) during 
pyrolysis of sewage sludge 

Use of products for absorption of 
contaminants 

Language No restriction if few studies need translation 
from languages other than English or 
Scandinavian.  

Studies that cannot be machine 
translated, if translation is required 

Date No limitation (inception to search date)  

Type of literature Previous review studies, systematic or non-
systematic, and primary studies in peer-
reviewed journals 

 

A-Table 1.2-2 Research, question, inclusion and exclusion criteria for search topic Q1; incination of 
sewage sludge to biochar  

Criterion Inclusion Exclusion 

Research question: What is the fate of organic micropollutants present in sewage sludge when incinerated 
under different operating conditions (temperature, type of furnace) and which toxic compounds may be 
generated and what ratios end up in the final bottom ash and fly ash? 

Study design i) concentrations in ash of sewage sludge, iii) 
effects of processing parameters/details 

Sludge of agricultural sludge/waste 
and products thereof 

Agens Organic micropollutants (micropollutants, 
microcontaminants, emerging contaminants, 
trace organic contaminants, persistent organic 
pollutants (POPs), pharmaceuticals, personal 
care products, endocrine disruptors. 

heavy metals, inorganic elements, 
plastic-related products 

Pathway Sewage sludge (stabilised sludge, anaerobically 
digested sludge, aerobically digested sludge, 
treated biosolids, processed sludge, digestate) 

 

Receptor Ash, fly ash  

Intervention Incineration, combustion 
 

Outcome Fate of the organic micropollutants (residuals, 
degradation products/biproducts) and 
generation of toxic compounds   

Use of products for absorption of 
contaminants 

Language No restrictions, if few studies need translation 
from languages other than English or 
Scandinavian.  

Studies that cannot be machine 
translated, if translation is required 

Date No limitation (inception to search date)  

Type of literature Review studies, systematic or non-systematic, 
and primary studies in peer-reviewed journals, 
reports 

Conference proceedings (?) 
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1.3 Literature search keywords and hits 

An overview of the literature search keywords and hits are described in the tables below. 

A-Table 1.3-1 Literature search # hits. All searches conducted in Web of Science  

Topic Search field- Title Search strings/key words (Abstract)  # hits 

Plant uptake of 
selected groups 
contaminants 

Pharmaceutical* OR drug* 
OR medicine*  

((plant* OR crop*) AND uptake) OR (transfer 
AND (plant*s OR crop*)) AND ("sewage 
sludge" OR biosolid*) (all fields) 

782  

Pharmaceutical* OR drug* 
OR medicine* 

 ((plant* OR crop*) AND uptake) OR 
(transfer AND (plant* OR crop*)) AND 
("sewage sludge" OR biosolid*) 

480  

Pharmaceutical* OR drug* 
OR medicine* 

((plant* OR crop*) AND uptake) OR (transfer 
AND (plant*s OR crop*)) AND ("sewage 
sludge" OR biosolid*) (all fields) 

782  

Pharmaceutical* OR drug* 
OR medicine* 

(Potato* OR carrot* OR gras* OR cereals OR 
wheat OR barley OR oat)  

53  

Pharmaceutical* OR drug* 
OR medicine* 

Salate* OR lettuce* OR soya* OR bean*  31  

Pharmaceutical* OR drug* 
OR medicine* 

((plant* OR crop*) AND uptake) OR (transfer 
AND (plant* OR crop*)) AND ("sewage 
sludge" OR biosolid*)  

480  

Pharmaceutical* OR drug* 
OR medicine* 

(Potato* OR carrot* OR gras* OR cereals OR 
wheat OR barley OR oat)  

33  

Pharmaceutical* OR drug* 
OR medicine* 

(Potato* OR carrot* OR gras* OR cereals OR 
wheat OR barley OR oat OR Salate* OR 
lettuce* OR soya* OR bean*)  

53  

PAH*   ((plant* OR crop*) AND uptake) OR (transfer 
AND (plant* OR crop*)) AND ("sewage 
sludge" OR biosolid*)  

99  

PAH*    (Potato* OR carrot* OR gras* OR cereals OR 
wheat OR barley OR oat OR Salate* OR 
lettuce* OR soya* OR bean*)  

18  

PCB* OR dl-PCB* OR dioxin* ((plant* OR crop*) AND uptake) OR (transfer 
AND (plant* OR crop*)) AND ("sewage 
sludge" OR biosolid*)  

71  

PCB* OR dl-PCB* OR dioxin* (Potato* OR carrot* OR gras* OR cereals OR 
wheat OR barley OR oat OR Salate* OR 
lettuce* OR soya* OR bean*)  

15  

PFAS OR PFOA OR PFOS OR 
perfluoro* OR polyfloro*  

((plant* OR crop*) AND uptake) OR (transfer 
AND (plant* OR crop*)) AND ("sewage 
sludge" OR biosolid*)  

140  

PFAS OR PFOA OR PFOS OR 
perfluoro* OR polyfloro*  

(Potato* OR carrot* OR gras* OR cereals OR 
wheat OR barley OR oat OR Salate* OR 
lettuce* OR soya* OR bean*)  

43  

Degradation of 
contaminants in 
soil  

PFAS OR PFOA OR PFOS OR 
perfluoro* OR polyfloro*  

Soil AND (Degradation* OR kinetic* OR 
"half-live* OR "half liveÆ OR "half-life" OR 
"half life" OR DT50) 

158  

PCB*   Soil AND (Degradation* OR kinetic* OR half-
live* OR half-life OR DT50)  

206  

dl-PCB*  Soil AND (Degradation* OR kinetic* OR half-
live* OR half-life OR DT50)  

1  

dioxin* Soil AND (Degradation* OR kinetic* OR half-
live* OR half-life OR DT50)  

93  

PCB* OR dl-PCB* OR dioxin*   Soil AND (Degradation* OR kinetic* OR half-
live* OR half-life OR DT50)  

294  

Background 
concentration 

PFAS OR PFOA OR PFOS OR 
perfluoro* OR polyfloro*  

(Agri* OR soil) AND concentration AND 
(background OR  present) 

147  
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Topic Search field- Title Search strings/key words (Abstract)  # hits 

of selected 
groups of 
contaminants in 
agricultural 
fields 

PFAS OR PFOA OR PFOS OR 
perfluoro* OR polyfloro*  

(Agri* OR soil) AND ("background 
concentration*") OR ("present 
concentration*")  

6  

PFAS OR PFOA OR PFOS OR 
perfluoro* OR polyfloro*  

(Agri* OR soil) AND concentration AND 
(background OR  present) AND (Norway OR 
Sweden OR Finland OR Danmark OR Europe) 

4  

(PCB* OR dl-PCB* OR dioxin*) 
AND (Agri* OR soil) AND 
concentration AND 
(background OR  present)  

 2  

PCB* OR dl-PCB* OR dioxin* (Agri* OR soil) AND concentration AND 
(background OR  present)  

293  

PCB* OR dl-PCB* OR dioxin* (Agri* OR soil) AND concentration AND 
(background OR  present) AND (Norway OR 
Sweden OR Finland OR Danmark OR 
Europe)  

18  

PAH*  (Agri* OR soil) AND concentration AND 
(background OR  present)  

306  

PAH*  (Agri* OR soil) AND concentration AND 
(background OR  present) AND (Norway OR 
Sweden OR Finland OR Danmark OR 
Europe)  

9  

Contribution of 
selected 
contaminants 
via atmospheric 
long transport 

(PFAS OR PFOA OR PFOS OR 
perfluoro* OR polyfloro*) 
AND (long*) AND 
(atmospheric OR 
contribution)  

 2  

(PCB* OR dl-PCB* OR dioxin*) 
AND (long*) AND 
(atmospheric OR 
contribution)  

 5  

(PAH*) AND (long*) AND 
(atmospheric OR 
contribution)  

 20  

Phosphorus 
content in 
biochar, ash and 
struvite 
for selection of 
application 
amount for the 
different 
application 
scenarios  

Biochar AND "sewage sludge"  (Biochar AND "sewage sludge") AND 
phosphorus AND content  

68  

Biochar AND "sewage sludge" (Biochar AND "sewage sludge") AND 
phosphorus AND content AND 
(characterisation OR characterization)  

7  

Biochar AND "sewage sludge"  (Biochar AND "sewage sludge") AND 
phosphorus AND (characterisation OR 
characterization)  

10  

Biochar AND "sewage sludge"  NOT Remove OR removal OR adsorption OR 
sorption  

51  

"Sewage sludge" 
AND phosphorus   

(Ash OR struvite OR biochar) AND 
phosphorus AND ("Sewage sludge") AND 
(characterisation OR characterization)  

13  

Q2: Struvite / 
content of 
organic 
contaminants 

struvite AND wastewater  pharmaceutical* OR drug* OR medicin* 
OR antibiotic* OR (organic* AND 
contaminant* OR pollutant*)  

33  

struvite AND wastewater  PFAS OR PFOA OR PFOS OR perfluoro* 
OR polyfloro* OR PCB* OR dl-PCB* OR 
dioxin* OR PAH*  

3  
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A-Table 1.3-2 Literature search # hits conducted in Scopus  

Topic Searching field Searching string / key words   # 
hits 

Surface runoff of 
organic fertiliser 
applied to grassland  

All fields (( "sewage sludge" ) AND ( grassland OR pasture ) 
AND ( "surface runoff" OR "runoff loss" )) 

2 

 All fields (("cattle slurry" OR "liquid cattle manure") AND 
(grassland OR pasture) AND ("surface runoff" OR 
"runoff loss")) 

9 

Microsoft 365 Copilot (Premium) was used to extract information from the papers found in the 

literature search in table 13.3.1-1. The following prompt was used: When animal manure, like 

cattle slurry, is applied to grassland, some of the nutrients, both dissolved and particle bound, 

may run-off. Attached are studies on run-off losses of nutrients after application of animal 

manure to grassland. Quantify the loss of dissolved nutrients and nutrients bound to organic 

matter or particles. Quantify the loss as the proportion of total amount applied. Compare the 

application techniques broadcasting, trailing shoe and soil injection with respect to run-off 

losses. After using the tool, the author reviewed the outcome and take full responsibility for 

the conclusion made. 

1.4 Expert knowledge elicitation  

A-Table 1.4-1. Overview of expert knowledge elicitation used in the risk assessment. 

Topic / Question Date Expert group 

Q1: Todays application of 
biochar, ash & struvite 

16.05.2025 Kristine Akervold, Bergen kommune. Anne-Kari 
Marsteng, Veas. Sveinung Folkvord, Grønn vekst. Jørgen 
Fidjeland, Tønsberg renseanlegg. Arne Harr, Norsk Vann. 
Haakon Huseby, bonde i Ås. 

Q2 & Q3: Cropping 
systems 

15.09.2025 Norwegian Agricultural Advisory Service covering the 
selected municipalities: Kristin Sørensen, Anders Eggen, 
Åsmund Langeland, Tron Gunnarstorp, and researchers 
working for NIBIO: Eldrid Molteberg and Jaroslaw Stefan 
Godek.       

Q3: Information about 
application of liquid 
phase of dewatered 
digestate …. 

Teams-meeting 25.11.2025 Ecopro AS. Tore Fløan, Aasta Kvam. 

Q2: Data & analysis of 
org. contam. Biochar 

03.02.2025 VoW ASA, Pål Jahre Nilsen. 

Q4: Information about 
struvite produced at 
HIAS. 

e-mail 07.04.2025 HIAS, Stian Wadahl 
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2 Agricultural practices 

2.1 Crop production in selected municipalities 

The agriculture in Northern Norway is mainly grassland based ruminant milk and meat 

production, and only small areas are used for arable crops. However, in the municipality of 

Målselv there is commercial potato cultivation on the alluvial soils along the Målselv river. 

According to the records from the application for agricultural direct payments from the 

government in 2024 (Produksjons- og avløsertilskudd til jordbruksforetak – søknadsår 2024), 

were 83 % of the total agricultural area was used for grassland on arable land, 3 % for annual 

forage crops, and 6 % for potato. The remaining 6%, is permanent grassland used for cutting or 

grazing (A-Table 2.1-1).  

Agriculture has a strong position in the County of Trøndelag, where agriculture accounts for 8-

9 % of the county’s economy. The agriculture is diverse, where dairy milk production is the 

major sector accounting for 46%, other ruminant productions 17 %, pig and poultry 20 %, 

cereal and potatoes 11 %, and horticulture, including glasshouse, accounts for 6 % of the total 

agriculture income (Sand et al 2023). The municipality of Melhus largely reflects the agriculture 

of the whole county.  In 2024, 51% of the total agricultural land was used for grassland and 

47% was used for cultivating cereals. Barley is the dominating cereal, and accounts for 80%, 

wheat 5% and oat for 15% of the area used for cereals (A-Table 2.1-1).    

Stange municipality in Eastern Norway, in the Innlandet county, represent the agriculture 

around the lake Mjøsa, with high quality soils where arable cropping dominates. In 2024, 21% 

of the total agricultural area was used for grassland, 70% for cereals, 3% for potatoes, 3% for 

other vegetables. Barley is the dominating cereal, and accounts for 63%, wheat 25%, oat 8% 

and pulses for 2% of the area used for cereals (A-Table 2.1-1). 

Ås municipality in Southeastern Norway, represent the agriculture in the Follo landscape with 

mainly arable cropping. Of the total agricultural area, 12% was used for grassland and 83% for 

cereals including pulses and oil seed crops. Of the total area used for cereals, barley occupied 

40%, wheat 25%, oats 20%, pulses, mainly peas, 10%, and rye 4% (A-Table 2.1-1).     

Southwestern Norway is represented by Time municipality in the Jæren landscape, Rogaland 

County. The agriculture in Rogaland is intensive with high livestock density, mainly dairy cattle 

production (Steffenstorpet and Rasmussen 2025). The importance of dairy production is 

reflected in the agricultural area use in Time as 95 % is grassland and about 4 % is used for 

cultivating cereals in 2024. Of the total area used for grassland, 48% are permanent pastures, 

which is not possible to improve or renew with soil tillage (A-Table 2.1-1). 

 



 

 

7 

 

A-Table 2.1-1. County conditions. 

Region Precipit
ation 

Air 
temp. 

Soil  Tot. Agr. 
area 

Cereal, 
Oil 
seeds 

Potato Grass  Sludge  
appl.  

County mm °C orgM % 
/ clay %) 

ha % % % % 

Troms 794 1.5 5.6 / 10 24 000 0 2 4 0 

Trøndelag 981 5.8 6.4 / 18 160 000 16 11 17 7 

Innlandet 720 4.9 6.5 / 18 196 000 24 51 18 7 

Oslo, Akershus 997 6.1 5.5 /23 230 000 56 23 10 82 

Rogaland, Agder Robert 
1507 

Robert8.
0 

4.1 / 8,2 130 000 2 8 19 4 

2.2 Different equipment’s and methods for application of sewage 
sludge to different cropping system 

The equipment that can be used for application of products based on sewage sludge to 

agricultural land is the same as used for spreading animal manure. The machinery used 

depends on the DM content of the product. Manure can be classified as solid (>20% DM), semi 

solid (10-20 % DM), slurry (4 – 10 % DM) or liquid (< 4 % DM) (Lorimor et al., 2004). In addition, 

manure can be dried and pelleted.   

Solid systems - Dewatered stabilized sewage sludge (DM >20 %) 

For dewatered stabilized sewage sludge, solid animal manure spreader can be used (Figure A-

Figure 2.2-1). Solid animal manure spreader is a trailer that is towed behind a tractor, usually 

with a chain-driven conveyor, and with a rotating mechanism for discharging the manure, 

driven by the tractor’s powered take off (PTO). The spreader device can be rear or side 

mounted. The machinery is designed for spreading solid animal manure or compost. The 

consistency of animal manure, compost and dewatered slurry are best suited for arable crops 

where the product can be applied and incorporated into the soil with harrow after spreading, 

A-Figure 2.2-1. Solid animal manure spreader (Photo: E. Fløistad, NIBIO) 
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before sowing or planting the crop. However, solid animal manures can also be spread on 

grassland.  

Slurry and Liquid systems - Liquid digestate based on sewage sludge (DM <10 %) 

Slurry tanker with splash plate (A-Figure 2.2-2). The spreader is a tanker towed behind a 

tractor and the slurry is discharged to a splash plate at the rear of the tanker that broadcasts 

the slurry on the soil surface. The method is used to apply slurry both to grasslands and to 

arable crops where the slurry is incorporated into the soil with harrow after spreading, before 

sowing or planting the crop. 

 

A-Figure 2.2-2 Slurry tanker with splash plate (Photo: E. Føistad, NIBIO) 

Slurry tanker with injector. The slurry from the tanker is distributed through hoses at the rear 

of the tanker and discharges through soil injection tools (A-Figure 2.2-3). The injection tools 

create sub-surface cavities, and the slurry is injected with high pressure into the cavities 

A-Figure 2.2-3. Slurry tanker with injector (Photo: S Skøien, NIBIO) 
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directly behind the tool. The injection tools can be discs or chisels that cut a slit in the ground. 

Injection the slurry instead of broadcasting, reduces ammonia loss through volatilization and 

nutrient losses in runoff. This method is usually used on grassland but can also be used to 

arable crops 

Liquid tanker with trailing shoe or dribble bar. The manure from the tanker is distributed 

through hoses at the rear of the tanker and discharged on the surface by trailing shoe (Figure 

4) or dribble bar applicators (See A-Figure 2.2-4). The trailing shoe places the slurry directly on 

the ground on the ground beneath the canopy, while with dribble bar the slurry is dropped on 

to soil surface. The spacing between the trailing shoe outlets vary but typically ranges from 

225 m to 250 mm. Some manufacturers equip the shoes with a chisel that allow the slurry in 

contact with the topsoil layer. Trailing shoes avoid adhesion of slurry to leaf surface better 

than dribble bar applicator. These methods are meant for grassland but can also be used 

before sowing or planting arable crops 

A-Figure 2.2-4. Slurry tanker with trailing shoe applicator (Photo: Jan Karstein Henriksen, NLR Sør) 

Umbilical systems. The slurry is transported through a supply hose at high pressure from the 

main storage, satellite storage or a tanker to an applicator attached to the back of the tractor 

(Figure 5).  The applicators is a frame where flexible hoses are mounted, and slurry is placed on 

A-Figure 2.2-5.  Umbilical systems with a supply hose and dripple bar applicator (Photo: E. Føistad, 
NIBIO). 
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the surface at low pressure through the hoses. The slurry may also be placed directly on the 

soil surface by trailing shoes (A-Figure 2.2-5). Umbilical systems are developed for grassland. 

Pelleted Sewage sludge, struvite 

Pelleted sewage sludge and struvite can be applied using a standard fertiliser spreader for 

applying mineral fertilisers (A-Figure 2.2-6). 

A-Figure 2.2-6 Fertiliser spreader (Photo: J.K. Henriksen, NLR Sør) 

2.3 Description of application of sewage sludge-based products 
(ToR 3)  

Ash and ash-based products 

Ash is used as soil improver to improve the structure of the soil and increase the pH 

(particularly on acid soil), and as fertiliser since ash contain important nutrients such as 

phosphorus, potassium, calcium, magnesium and trace elements. Ash can be spread using the 

same equipment used to apply lime in agriculture, which is tractor towed trailer with a 

conveyer and a rotating mechanism for discharging the lime. The ash can be incorporated into 

the soil as described for dewatered sewage sludge above.  

Biochar 

Biochar is a solid product obtained through thermal degradation of biomass, and is a carbon-

rich and porous material with cation-exchange capacity, large specific surface area and stable 

structure. Pyrolysis, gasification and hydrothermal carbonization are common methods for 

biochar production (Wang et al.,2019) . Final biochar properties are controlled by the process 

conditions during the pyrolysis (see section xxx). Biochar can be produced from various 

biomass, both woody (primarily residues from forestry and trees) and non-woody (i.e. 

agricultural crops and residues, animal waste) (Jafri et al. 2018).  

Biochar is used in agriculture to enhance soil fertility by improving soil structure, increasing 

water holding capacity and promote microbial activity, and to carbon storage. Biochar is a 

highly stable and slow-mineralizing product, providing an efficient nutrient balance and soil 

fertility, and restricting the loss of nutrients due to its surface sorption capacity. The high 
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adsorption capacity of biochar can also be used for removing contaminants from soil (Qadeer 

et al., 2017). Biochar can be spread with the use of solid manure spreader and incorporated 

into the soil as described for dewatered sewage sludge above.  

Struvite 

Stuvite, MgNH4PO4· 6H2O, is a slow-release phosphorus-rich fertiliser (12% P), which is 

reported to contribute to root development and improved production and quality (Robies-

Aguilar et al., 2019; Borges et al., 2025; Hertzberger et al, 2020.) 

Struvite is applied for cereal crops, potatoes and different vegetables, fruits and berries. Use of 

struvite is still in an early stage in Norway. Struvite is particularly popular in organic farming, 

also allowed in Norway.  where it is used as a sustainable source of phosphorus.  

Today, struvite is produced in one Norwegian Wastewater treatment plant (WWTP).  

Struvite is mainly used in countries with focus on recycling of phosphorus, e.g. The 

Netherlands and Germany.  

Struvite is applied either applied on surface and incorporated into soil with harrows or tillers. 

Struvite can be mixed with other fertiliser types to improve the nutrient content and ensure an 

even distribution.  

To establish grassland is struvite and pelleted sewage sludge applied using a fertiliser spreader 

(Chapter 14.3). There should be a period of three weeks between application and grazing or 

cutting.  

2.4 Crops overview (extra text) 

Grass and grassland legumes 

Grass and grassland legumes are cultivated all over the country. Temporary grassland, in 

rotation, are mainly utilized for silage production, either cut only or in combination with 

grazing. In general, the leys are established by sowing a mixture of species. The dominating 

grassland species used when renovating and establishing new leys are timothy (Phleum 

pratense L.), meadow fescue (Lolium pratense Huds.), perennial ryegrass (Lolium perenne L.) 

and red clover (Trifolium pratense L.) (Steinshamn et al. 2016). Cocksfoot (Dactylis glomerate 

L), tall fescue (Lolium arundinaceum Schreb.) and hybrids between ryegrass species and 

meadow fescue (x Festulolium) are used in intensive managed grasslands with frequent cuts. 

In grassland intended for grazing, white clover (Trofolium repens, L.) and smooth meadow 

grass (Poa pratensis L.) are used together with some of the other species mentioned. Most of 

the above-mentioned species can be grown all over the country, except for ryegrass, tall 

fescue and festulolium. These latter species are mostly used in areas with mild winters and 

long growing seasons along the coast from Southern to Central Norway, with three to more 

cuts per season. The grassland yields vary due to weather and agroclimatic conditions, age of 

the stand, harvesting frequency, and the statistical records of grassland yields are poor 

(Bakken and Steinshamn 2022). According to the last records from Statistics Norway from 

2024, the annual grassland yield in kg dry matter per ha were 3770 in Troms, 6950 in 

Trøndelag, 7170 in Innlandet, 9500 in Akerhus, and 10770 in Rogaland.    

Cereals 

About 30% (292 000 ha) of the total agricultural area are used for cultivation of cereals, pulses 

and oil seed in Norway. They are mainly cultivated in Central, Eastern Norway and 
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Southeastern Norway. The regions with highest production are the counties Østfold, Akershus, 

Innlandet (former Hedmark), Trøndelag and Vestfold which had 20, 21, 23, 16 and 9% of the 

total area used for cereals in 2024, respectively. Barley accounted for 50%, oat 24 %, wheat 20 

% (spring sown 15% and winter-wheat 5%), rye 2%, peas and beans 3%, and oil seeds 1% of the 

total area used these crops. The cereal yields vary between years due to weather conditions. 

On average across all counties from 2005 to 2024 the average cereal yield across all species 

was 4250 kg ha, with a standard deviation of 680 kg/ha (Stasforvalteren i Vestfold og 

Telemark). In 2024, the average barley yield per ha was 3880 kg in Trøndelag, 3370 kg in 

Innlandet and 2560 kg in Akershus. The oat yields per ha were 2880 kg in Trøndelag, 3310 kg in 

Innlandet and 2500 kg in Akershus, while the wheat yields were 4120 kg in Trøndelag, 3250 in 

Innlandet and 2950 kg in Akershus.  

Potato 

Potato is grown all over the country. In area Hedmark (49 % of the total area used for potato), 

Vestfold (12%) and Trøndelag (11%) are the most important areas for potato cultivation. The 

potato yields per ha were in 2024 on average 23180 kg in Troms, 30280 in Trøndelag, 32350 in 

Innlandet, 37940 in Akershus and 31120 in Rogaland.   

Potato is a tuber, overgrown bud on the root, and uptake of nutrients and unwanted 

compounds (contaminants) from the soil differ from vegetables with true edible roots, like 

carrot. 

Vegetables  

The total area annual used for cultivation of carrots and onions during the last 15 years (2010-

2024) were on average 1530 and 760 ha, respectively (SSB), and the average yields were 31420 

kg/ha for carrots and 26930 kg/ha for onions. Carrots are cultivation in most parts of Norway, 

but in quantity Innlandet, Vestfold, Trøndelag, Rogaland and Agder are the most important 

Counties (Gartnerhallen pers. commun.). For onion are Innlandet, Vestfold, Rogaland, Østfold, 

Trøndelag and Agder the most important areas with commercial cultivation of onions. 

2.5 Description of current use of sewage sludge in agriculture 
(ToR 2)  

Due to regulations, the current use of sewage sludge use in agriculture is mainly in cereal 

production. The main form is solid dewatered, composted, or stabilised with use of lime with a 

dry matter content above 25%.  The products stored at the sewage sludge plant, in 

intermediate storage or on agricultural land before it is applied.  The sludge is applied using 

solid manure spreaders and incorporated into the soil within 18 hours after application. The 

incorporation can be by ploughing, by use of cultivators or disc harrows.  As ploughing invert 

the soil, the sludge is partly placed down to 15 to 20 cm below the soil surface. A cultivator is a 

frame with rigid tynes that stirs the soil and incorporate the sludge down to 10-15 cm. Harrows 

are usually used to smooth out and break up the soil after it has been ploughed but it also 

used to incorporate animal manure and sludge into the topsoil.  

Cereals 
Solid sewage sludge (dewatered sludge) can be applied before the soil is ploughed and 

smoothed in preparation for seeding. Alternatively, the sludge may be applied and 

incorporated into the soil using cultivators or disc harrows. For the scenario analysis, 

incorporation of the sludge can be assumed to occur within the top 15 cm.   
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Autumn grassland establishment 

Solid sewage sludge (dewatered sludge) can be applied to grassland the year prior to its use for 

cutting or grazing. In practice, this typically occurs during autumn when grassland is renovated 

and reseeded in autumn. After ploughing and smoothing the soil, the sludge can be applied 

and incorporated into the topsoil by harrowing before sowing the grass. Alternatively, the 

sludge may be applied and incorporated using a cultivator or disc harrow - without ploughing – 

prior to direct drilling of the grass seed. All operations should be completed before 15th of 

September. The grassland can then be cut or grazed the following season. For the scenario 

analysis, incorporation of the sludge can be assumed to occur within the top 15 cm.   

2.6 Description of current use of sewage sludge in agriculture 
(ToR 3)  

Vegetables 

According to the terms of reference, there must be a period of ten months between sludge 

application and vegetable crop harvest. In practice, sludge is applied in spring of the previous 

growing season to a cereal crop. The spreading and incorporation of sludge follow the 

procedure described under 1.7.1.1 for cereal. 

Struvite or dried and pelleted sewage sludge is applied using a fertiliser spreader (Chapter 

14.3) in spring of the previous growing season to a cereal crop.  

Ash or biochar is applied using a spreader for applying lime in spring of the previous growing 

season to a cereal crop.  

Incorporation of struvite, pelleted sewage sludge, ash and biochar into the soil follows the 

same procedure described under 1.7.1.1 for cereals.  

Grassland establishment 

Both liquid and solid sewage sludge can be applied and incorporated into the topsoil as 

described under 1.7.1.1 for grassland establishment. However, in this scenario, the sludge is 

applied in spring of the same year the grassland is intended for cutting or grazing. A minimum 

interval of three weeks is required between application and use. In practice, this period is 

longer, as the biomass typically does not reach sufficient quantity for grazing or cutting within 

three weeks. In many cases, a cereal cover crop - or a mixture of cereal species and pulses - 

will be used and harvested as a whole crop before reaching full maturity. Depending on 

seeding time and location, the whole crop is usually cut and ensiled in late July or August, with 

the grass regrowth cut and ensiled or grazed about a month later.  

Grassland  

Liquid sewage sludge is applied to the grassland in spring and after at least three weeks before 

the grassland is grazed or cut. Relevant application methods for liquid sewage sludge are 

described under chapter 14.3. In principle, there are four methods:  

1. Surface spreading using a tanker with splash plate. 

2. Surface spreading using a tanker or umbilical system with dribble bars. 

3. Soil injection using a tanker equipped with devices that place the liquid sub surface 

into the soil 

The four methods result in decreasing levels of potential sludge adhesion to grass leaves, 

respectively, and increasing levels of soil contact.  
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Methodology 

A-Table 2.2.6-1 Effects included in adverse toxicity data from US EPA Ecotox database 

Effect Effect measurement 
Behavior Behavioral changes, general 

Escape response 
Filtration rate 
Search/explore/forage behavior 
Swimming 

Development Abnormal 
Cell cleavage 
Deformation 
Developmental changes, general 
Emergence 
Growth rate 
Incubation time 
Maturity 
Metamorphosis 
Molting 
Multiple measurement terms entered 
Organ/tissue formation 
Resorption 
Sexual development 
Slowed, Retarded, Delayed or Non-
development 
Stage 
Teratogenic measurements 
Time to first emergence 

Growth Abnormal 
Area 
Biomass 
Condition index 
Distance 
Dry weight (AQUIRE only) 
Growth rate 
Growth, general 
Length 
Limb/ body part regeneration 
Multiple measurement terms entered 
Number of leaves 
Number of roots 
Relative growth rate 
Size 
Snout-vent length 
Specific growth rate 
Stunting 
Weight 
Weight gain 
Weight to Length ratio 

Histology Atresia 
Atrophy 
Blue sac syndrome 
Degeneration 
Edema 
Hemorrhage 
Lesions 
Multiple measurement terms entered 
Necrosis 
Proliferation 
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Effect Effect measurement 
Intoxication Immobile 

Intoxication, general 
Morphology Abnormal 

Angiogenesis 
Condition index 
Imposex, intersex conditions 
Organ weight in relationship to body weight 
Weight 

Physiology Abnormal ECG (electrocardiogram) 
Cardiac index 
Cardiac output 
Contraction rate 
Estrogen metabolism 
Photosynthesis 
Photosystem II (PSII) electron transport 
activity 
Swim bladder inflation 
Triiodothyronine uptake 

Population Abundance 
Biomass 
Carotenoid content 
Chlorophyll 
Chlorophyll A concentration 
Chlorophyll B concentration 
Diversity, Evenness 
Drift 
Dry Biomass 
Generation time 
Intrinsic rate of increase 
Photosynthesis 
Phycocyanin 
Population carrying capacity 
Population changes, general 
Population growth rate 
Sex ratio 
Specific growth rate 
Weight 

Reproduction 
 

Cortical alveoli oocyte 
Early vitellogenic oocyte 
Eggs per nest 
Fecundity 
Fertility 
Fertilization 
Final vitellogenic oocyte 
Fruit, fruiting 
Fully developed oocytes 
Germ cell count 
Germination 
Gross Reproductive Rate 
Hatch 
Linearity 
Motility 
Multiple measurement terms entered 
Net Reproductive Rate 
Non-viable 
Ovarian follicle stage I 
Ovarian follicle stage III 
Ovarian follicle stage IV 
Previtellogenic oocyte 
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Effect Effect measurement 
Progeny counts/numbers 
Reproduction, general 
Reproductive success (general) 
Seed or spore production 
Spawning frequency 
Sperm cell counts 
Spermatigonia 
Spermatocytes 
Time to first progeny 
Time to spawn 
Vegetative reproduction 
Velocity 
Viability 
Vitellogenesis 

2.7 Phosphorous and nitrogen in sewage sludge and sewage 
sludge based products – calculation of application rates 

Phosphorous  

Application rates (kg DM sewage sludge or sewage sludge products/ha/yrs), and frequency 

(per yr or 10th yrs) used in the different scenarios were chosen according to the Norwegian 

Fertiliser Use Regulations and in agreement with the NFSA. 

A-Table 2.7-1.  Overview of P-content in Sewage sludge and sewage sludge based products used for 
estimating amount applied as organic matter per hectar per year or every 10 year, based on P 
regulation in the Norwegian Fertiliser Use Regulations. 

 Appl. 
Freq. 

Conc. in prod P-regulation Appl.rate sludge P-regulation Appl.rate sludge 

 Yr % totp P dw kg P/ha/yr ton dw/ha/yr kg P/ha/10 yr ton dw/ha/10 yrs 

Sewage 
sludge 

10 2,2   250 11,2 

Biochar 10 5   250 5 

Struvite 1 12 25 0,2   

Pellets 
(Minorga) 

1 1,5  1,7   

 

Nitrogen 

For liquid fraction of digestate (reject water), the application rate was determined based on 

the N-recommendation for the crop within the region (NIBIO’s fertiliser recommendations). 

For agricultural land located in the Oslofjord watershed (Stange and ÅS), the N-rate was 

adjusted to the limitations given by the Fertiliser Use Regulations for animal manure (170 kg 

N/ha/yr). The latter was only relevant for grassland. 

A-Table 2.7-2. Overview of application of liquid fraction of digestate to grassland and to the preceding 
crop the previous year for potato and vegetables. The application rates are based N-
recommendations for the crop and the Norwegian Fertiliser Use Regulations. 

Location Crop  ton DW/ha/yr Tot N/ha/yr Applications 
 per year 

Basis 

Målselv 
Grass 

0.9 200 2 N recommendation 

Melhus 1.3 300 3 N recommendation 
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Location Crop  ton DW/ha/yr Tot N/ha/yr Applications 
 per year 

Basis 

Stange 0.7 170 3 Fertiliser Regulation 

Ås 0.7 170 3 Fertiliser Regulation 

Time 1.3 300 3 N recommendation 

Melhus 

Cereals 

0.5 120 1 N recommendation 

Stange 0.5 120 1 N recommendation 

Ås 0.5 120 1 N recommendation 

Målselv 
Potato 

0.9 200 2 N recommendation1 

Stange 0.5 120 1 N recommendation2 
Stange Vegetables 0.5 120 1 N recommendation2 

1Applied in grassland the previous year 
2Applied to cereal in the spring the previous year 
 



 

 

18 

 

3 Precipitation and temperature data for selected agricultural 
regions 

3.1 Precipitation 

Norway spans multiple climatic zones and exhibits considerable variation in both temperature 

and precipitation. The southern and western coastal regions are temperate, with either cool or 

relatively warm summers (subpolar oceanic, Cfc, and warm-summer oceanic, Cfb, respectively, 

according to the Köppen climate classification in FAO, 2006. In contrast, most inland areas 

experience a continental climate with warm summers (Dfb) and less precipitation. 

In southeastern Norway, annual precipitation typically ranges from 500 to 900 mm, although 

local values, in areas that are shaded by mountain ranges, may be as low as 300 mm. Summers 

are generally warm, while winters—especially further from the coast—often remain below 

freezing for extended periods. Central Norway tends to be somewhat cooler and drier overall. 

Agricultural areas in Trøndelag have a climate comparable to southeastern Norway, though 

partly moderated by the influence of the North Atlantic Drift. Western Norway receives 

substantially higher precipitation, commonly between 1200 and 1500 mm, with local annual 

averages exceeding 2000 mm. Temperatures along the western coast, particularly in the 

southwest, are milder than in more continental regions. 

Climate change can be illustrated in several ways. In this study, shifts in average values over 

standard climate periods were examined for selected key variables. A climate normal period 

spans 30 years, representing the shortest interval that adequately captures typical weather 

variability. The analysis compares the World Meteorological Organization’s standard reference 

period (1961–1990) with the most recent reference period (1991–2020). 

Precipitation is described here using two indicators: total annual precipitation (P, mm) and the 

average precipitation per wet day (Pday, mm). 

A-Table 3.1-1 Mean annual precipitation (P) and precipitation per rain day (Pd) for the regions for two 
periods. 

 normal Ås Melhus Stange Time Målselv 

P 1961-1990 864 902 684 1422 730 

 1991-2020 997 981 720 1507 794 

 difference 15.4% 8.76% 5.26% 5.98% 8.77% 

Pd 1961-1990 5.11 4.40 4.27 6.90 3.69 

 1991-2020 5.91 4.53 4.32 6.74 4.00 

 difference 15.7% 2.95% 1.17% -2.32% 8.40% 

Pd is a parameter that is indicative of erosivity of precipitation, showing the degree of 

concentration at time. As a proxy value for the driving forces behind solid and solute transport, 

it is therefore, more indicative than annual precipitation depth. All five regions are receiving 

more precipitation and, besides Time, also see an increase in Pd. They are also receiving a 

larger part of the annual precipitation in the winter period, while the summer and autumn 

periods are receiving a smaller share of the annual precipitation.  
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Climate change in the 21st century 

Climate change in Norway is expected to bring higher temperatures and increased 

precipitation throughout the 21st century. These projections are derived from Klima i Norge 

2100 (Hanssen-Bauer et al., 2015) and reflect median results from climate models under two 

scenarios: RCP4.5 (moderate mitigation) and RCP8.5 (high emissions). The annual precipitation 

is expected to increase, with stronger seasonal contrasts, especially in spring and summer. 

A-Table 3.1-2. Percent increase in annual and seasonal precipitation in Norway for the intermediary 
(4.5) and worst-case (8.5) Representative Concentration Pathways (RCP). 

 RCP4.5 RCP8.5 

annual 8 18 

winter 5 16 

spring 12 13 

summer 12 16 

autumn 7 16 

Regionally, summer increases are the largest in Trøndelag, while winter increases dominate in 

northern and southeastern Norway. Coastal regions will see the largest absolute increases. 

A-Table 3.1-3. Percent increase in number of days with intensive rainfall in Norway for the 
intermediary (4.5) and worst-case (8.5) Representative Concentration Pathways (RCP). 

 RCP4.5 RCP8.5 

annual 49 89 

winter 73 143 

spring 65 91 

summer 59 98 

autumn 49 111 

The largest increases are predicted to occur in Trøndelag and northern Norway, with winter 

rainfall becoming especially intense. 

In coastal and lowland areas, snowfall will become less stable, with later onset and earlier 

melting due to rising temperatures. 

A-Table 3.1-4. Percent increase in annual and seasonal runoff for Norway. 

  RCP4.5 RCP8.5 

annual 3 7 

winter 26 44 

spring 8 7 

summer -23 -26 

autumn 8 17 

The projections indicate that annual runoff will increase, but the change is uneven across 

seasons, with a notable decrease in summer. Despite higher summer precipitation, increased 

temperatures and atmospheric CO₂ levels are expected to enhance evapotranspiration, 

reducing net runoff. In contrast, the strong rise in winter runoff is likely driven by more 

frequent cycles of snowfall, melt, and rainfall under frost-free conditions.  
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The implications for tile drainage systems remain uncertain without dedicated modelling. If 

precipitation increases are mainly due to more intense rainfall events, the overall effect on 

drainage volumes may be limited. However, existing drainage systems are already reported to 

be insufficient in some areas, and farmers are increasingly considering reduced spacing 

between tile drains in both new installations and system upgrades. 

At present, there is no clear quantitative answer to how these changes will affect sediment 

and solute transport from agricultural soils, as the required simulations are beyond the scope 

of this study. Still, a general conclusion can be drawn: increased runoff will likely lead to higher 

transport of both sediment and dissolved substances. This can have consequences for the 

aquatic environmental quality; chemicals are transported earlier and faster and this could 

result in higher (peak) concentrations. 

Finally, soils are generally in equilibrium with prevailing climatic conditions, meaning that long-

term climate shifts are likely to alter soil properties over time. While clear evidence for such 

changes in mineral soils is still lacking, state shifts in hydraulic properties have already been 

observed in organic soils (e.g. Robinson et al., 2018). 
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3.2 Temperature  

The annual average temperatures and the climate average values are given for each of the 

locations in this study (A-Figure 3.2-1).  
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A- 

 

 

Figure 3.2-1. The development of mean annual temperatures in the different municipalities. The 
horizontal lines depict the mean temperature for the normal periods 1960-1990 (red) and 1991-2020 
(blue).  

 

Temperatures have risen gradually over the course of the recent 60 years, for which data are 

available (A-Figure 3.2-1).  
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A-Figure 3.2-2. Daily air and soil temperatures for the year 2020 in the municipalities included in this 
assessment 

Daily temperatures are of relevance for several phases during the accumulation, diffusion and 

degradation of chemical compounds. A-Figure 3.2-2 shows an example of the daily 

temperatures (air and soil) for 2020. As already indicated in A-Table 3.1-1, the number of days 

with soil temperature below 0 °C varies significantly between the municipalities. Målselv and 

Stange experience longer periods with frozen soil, while climate change in Ås is likely to reduce 

the number of consecutive days with soil frost quite significantly. Average air and soil 

temperatures follow a similar pattern along the locations. 

Soil frost will influence the amount of leaching that occurs especially in the early spring period. 

It will also affect the biodegradation rates of contaminants, just like the soil temperature 

throughout the year. While temperature and moisture availability will determine the length of 

the growing season, the accumulation of plant biomass and the removal of above-ground 

biomass, this is of minor importance for the monthly compound mass balance. 
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4 Hazard identification of priority organic contaminants 

4.1 Polycyclic aromatic hydrocarbons (PAHs) 

Polycyclic aromatic hydrocarbons (PAHs) are a large group of organic compounds formed by 

the incomplete combustion of organic material. There are several hundred PAH compounds. It 

is practically not possible to analyse and quantify all the different PAH compounds that are 

formed. Typically, several marker compounds are selected, especially those that are 

carcinogenic.  

PAHs occur in the environment as a result of emissions from industry, combustion processes, 

and vehicle traffic. Emissions have been significant from the electrochemical industry, 

particularly the aluminium industry, which has used tar-containing electrodes. Emissions to 

fjord areas have resulted in marine organisms becoming contaminated. This has led to dietary 

advice for shellfish in some areas, as shellfish have a limited ability to break down and excrete 

PAHs. Air emissions contaminate food by depositing PAHs on, for example, cerals and 

vegetables. 

Many PAH compounds are converted into reactive molecules that bind to DNA and cause 

mutations, leading to cancer development. PAH compounds are genotoxic in bacterial tests, 

cell cultures, and animal experiments. Of the 33 PAHs assessed by the EFSA's Scientific Panel 

on Food, 15 were found to be genotoxic, and 14 of these caused cancer in experimental 

animals. EFSA calculated the intake of BaP alone, PAH4 (sum of benzo[a]anthracene, 

benzo[a]pyrene, benzo[b]fluoranthene, and chrysene) and PAH8 (sum of benzo[a]anthracene, 

benzo[a]pyrene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[ghi]perylene, chrysene, 

dibenzo[a,h]anthracene, and indeno[1,2,3-cd]pyrene). PAH4 and PAH8 performed better than 

only BaP alone, but PAH4 did not add much value compared to PAH4 and hence PAH4 would 

be sufficient for a human risk assessment.EFSA decided to use a BMDL for PAH4 of 0.34 mg/kg 

bw/day. As PAH is considered carcinogenic and mutagenic, the MOE should be above 10 000 

and that individuals with a high intake were close to this MOE (EFSA 2008).  Based on this, 

VKM decided to use PAH4 (sum of benzo[a]anthracene, benzo[a]pyrene, 

benzo[b]fluoranthene, and chrysene) as an indicator for PAH exposure.  

4.2 PFAS (sum EFSA 4 PFAS)  

The number of chemicals called PFAS has been increasing for several years. In 2017, it was 

estimated that the number of PFAS on the global market was around 3000 (Wang et al., 2017). 

The OECD has had several lists of what is considered PFAS. In 2007, there were 950 PFAS on 

the list, while the number was 4730 in 2018 (OECD, 2018). In 2021, a proposal for a new 

definition of what constitutes a "PFAS" was made, which actually increased the number of 

PFAS (Wang et al., 2021). The proposal states that "PFAS are defined as fluorinated substances 

if they contain at least one fully fluorinated methyl or methylene carbon atom (without 

H/Cl/Br/I atoms attached to the specific carbon atom)", meaning that molecules containing (—

CF3) or (—CF2—) are defined as PFAS. Many mention that the number of PFAS has increased 

to over 10,000 with this definition, while others believe that there are about 7 million 

theoretical PFAS compounds and that the number is increasing (Schymanski et al., 2023). 

PFAS have properties that make them very useful in many products. Some of them are both 

oil-, dirt-, and water-repellent. This has led to extensive use in textiles, ski wax, as non-stick 
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coatings on frying pans, in cosmetics, and in food packaging, to name a few. The largest use of 

PFAS in Norway has been in firefighting foam. In the event of a fire, the PFAS in the applied 

foam forms an aqueous film on the surface where it burns. This prevents oxygen from reaching 

the fire, and the flames are smothered. The foam acts as a kind of blanket that dampens the 

fire. Therefore, it is the surfactant properties that have made PFAS so widely used in 

firefighting foam. PFAS are no longer used in firefighting foam in Norway, but internationally it 

is still in use. 

If the fluorine chain is long enough (for example, PFOS), the molecule can sometimes behave 

like a soap (surfactant) – meaning it is soluble in both water and oil – and thus helps to break 

the barrier between water and oil. The "head" of the molecule (for example, the sulfonic acid) 

is easily ionizable and thus water-soluble, while the "tail" with the fluorine chain is more fat-

soluble. Hence, PFAS is a large group of compounds, with varying physiochemical properties.  

Important structures for assessing properties are: 

• What is the end group of the compound, i.e. carboxylic acids (PFCA, —COOH) and 

sulfonic acids (PFSA, —CSO3H). 

• How long is the fluorine chain: 

o A longer fluorine chain (8 or more) means very low water solubility, more 

likely bioaccumulation/biomagnification, and greater ability to bind to 

particles. 

o A shorter fluorine chain means more water solubility and a more mobile 

molecule. 

o If the fluorine chain is very short, PFAS can be volatile. An example of this is 

that TFA (trifluoroacetic acid) has been detected in the air. 

• If the fluorine chain contains some carbons without fluorine attached, these will be an 

"attack point for transformation." For example, carbon/phosphorus/sulfur atoms that 

are not bound to fluorine can be transformed by microorganisms into other PFAS. 

 

In 2020 a tolerable weekly intake (TWI) for humans of 4.4 ng/kg bw for the sum of 4 PFAS was 

established (EFSA Contam 2020). Based on available studies in animals and humans, effects on 

the immune system were considered the most critical for the risk assessment. The four PFAS 

are: PFOA, PFNA, PFHxS and PFOS. In 2023 (European Commission MRL), EU maximum levels 

for PFOA, PFNA, PFHxS and PFOS, and their sum, were established for several food items, 

including meat, fishery products, crustaceans, eggs.In the environment, the current EQS 

(European Commission 2011 PFOS EQS) for PFOS (9.1 µg/kg biota ww) is based on the 

tolerable daily intake (TDI) established by EFSA in 2008. The EQS is based on the quality 

standard for human health via consumption of fishery products (QSbiota,hh). Since the TDI used 

to derive the QSbiota,hh was obsolete by introductions of new (and substantially lower) TWIs in 

2018 and 2020, we know that the current EQS is not conservative enough. There is a proposal 

for an updated EQS for the sum of 25 PFAS in the amendment to directives 2000/60/EC, 

2006/118/EC and 2008/105/EC (European Commission 2022 Have your say). The proposed 

new EQS in water is 0.0044 µg/L in water while the EQS in biota is 0.077 µg/kg for the sum of 

PFOA equivalents of 25 PFAS. The PFOA equivalents are stated in the proposal.  

The EC recommend member states to monitor a range of PFAS that are identified relevant in 

food, drinking water and/or human serum (x PFAS), and a range of emerging PFAS (x PFAS).  
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Some PFAS are precursors of regulated PFAS. An overview of precursors to PFOS and PFOA are 

given in Kolanczyk et al. 2023. Precursors to PFOS are many, among them PFOSA, FOSAA, N-

EtFOSA and more. Precursors to PFOA are for example 8:2 FHOH and 8:2 diPAP (two molecures 

PFOA generated for each molecule diPAP). In Tyrifjorden, SAMPAP diester, which is a precursor 

to two molecules of PFOS, have been released to Tyrifjorden, and are now found in the 

environment and in fish as PFOS (Langberg et al, 2021). It is therefore important to take 

precursors of PFOS and other PFAS that are regulated into account when doing risk 

assessments of PFAS.  

A list of the precursors to PFAS that are proposed regulated in the future EQS directive are 

listed in the table 17.x.  

A-Table 4.2.1 Overview of PFAS that can be degraded to PFAS which are regulated or suggested 
regulated. The information about the precursor PFAS (CAS, abbreviation and Mw), as well as which 
PFAS they are degraded to, Mw and number of molecules formed are given. When two PFAS can be 
formed, the worst-case scenario was assumed, i.e. that the PFAS with the highest PFOA-potency was 
formed.  

CAS PFAS Precursor 
abbreviation 

Mw 
precursor 

Degrade to Regulated 
PFAS 

Mw 
Degradation 
PFAS 

Number 
of 
molecules 
formed 

2043-47-2 1H,1H,2H,2H-
perfluorheksanol 

4:2 FTOH 264.091 PFPeA PFPeA 264.047 1 

757124-72-
4 

1H,1H,2H,2H-
perfluorheksansulfonsyre 

4:2 FTS 328.15 PFPeA PFPeA 264.047 1 

914637-49-
3 

5:3 Fluorotelomer 
carboxylic acid 

5:3 FTCA 342.108 PFHxA PFHxA 314.054 1 

70887-88-6 6:2 Fluorotelomer 
unsaturated carboxylic 
acids 

6:2 FTUCA 358.083 PFHxA PFHxA 314.054 1 

647-42-7 1H,1H,2H,2H-
perfluoroktanol 

6:2 FTOH 364.106 PFHpA PFHpA 364.062 1 

57677-95-9 6:2 Fluorotelomer 
phosphate diester 

6:2 diPAP 790.176 PFHpA PFHpA 364.062 2 

27619-97-2 6:2 Fluorotelomer sulfonic 
acid 

6:2 FTSA 428.16 PFHpA PFHpA 364.062 1 

812-70-4 7:3 Fluorotelomer 
carboxylic acid 

7:3 FTCA 442.124 PFOA PFOA 414.07 1 

678-39-7 1H,1H,2H,2H-
perfluordekanol 

8:2 FTOH 464.122 PFNA PFNA 464.078 1 

943913-15-
3 

6:2/8:2 Fluorotelomer 
phosphate diester 

6:2/8:2 
diPAP 

890.192 PFNA/PFUnDA PFNA 464.078 2 

 8:2/10:2 Fluorotelomer 
phosphate diester 

8:2/10:2 
diPAP 

990.207 PFNA/PFUnDA PFNA 464.078 2 

 8:2/12:2 Fluorotelomer 
phosphate diester 

8:2/12:2 
diPAP 

990.207 PFNA/PFTrDA PFNA 464.078 2 

 8:2/14:2 Fluorotelomer 
phosphate diester 

8:2/14:2 
diPAP 

990.207 PFNA/PFPeDA PFNA 464.078 2 

678-41-1 8:2 Fluorotelomer 
phosphate diester 

8:2 diPAP 990.207 PFNA PFNA 464.078 2 

865-86-1 1H,1H,2H,2H-
perfluordodekanol 

10:2 FTOH 564.137 PFUnDA PFUnDA 564.093 1 

120226-60-
0 

1H,1H,2H,2H-
perfluordodekansulfonsyre 

10:2 FTS 628.2 PFUnDA PFUnDA 564.093 1 

1158182-
61-6 

10:2/12:2 Fluorotelomer 
phosphate diester 

10:2/12:2 
diPAP 

1190.239 PFUnDA/PFTrDA PFUnDA 564.093 2 

1895-26-7 10:2 Fluorotelomer 
phosphate diester 

10:2 diPAP 1190.239 PFUnDA PFUnDA 564.093 2 
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39239-77-5 1H,1H,2H,2H-
perfluortetradekan-1-ol 

12:2 FTOH 664.153 PFTrDA PFTrDA 664.109 1 

39108-34-4 8:2 Fluorotelomer sulfonic 
acid 

8:2 FTSA 528.18 PFHxS PFHxS 400.11 1 

2991-50-6 Ethyl perfluorooctane 
sulfonamidoacetic acid 

EtFOSAA 585.23 PFOS PFOS 500.13 1 

1691-99-2 N-etyl 
perfluoroktansulfonamid 
etanol (N-EtFOSE) 

NETFOSE 571.25 PFOS PFOS 500.13 1 

31506-32-8 N-metyl oktansulfonamid 
(N-MeFOSA) 

NMEFOSA 513.17 PFOS PFOS 500.13 1 

24448-09-7 N-metyl 
perfluoroktansulfonamid 
etanol (N-MeFOSE) 

NMEFOSE 557.22 PFOS PFOS 500.13 1 

2355-31-9 N-metyl 
perfluoroktansulfonamido 
eddiksyre (Me-FOSAA) 

MEFOSAA 571.2 PFOS PFOS 500.13 1 

754-91-6 Perfluoroktansulfonamid PFOSA 499.14 PFOS PFOS 500.13 1 

2806-24-8 Perfluorooctane 
sulfonamidoacetic acid 

FOSAA 557.18 PFOS PFOS 500.13 1 

4.3 Polybrominated diphenyl-ethers 

Polybrominated diphenyl ethers (PBDEs) were used to reduce risk of fire in a range of 

consumer products such as textiles, furniture and electronic devices. The use was gradually 

restricted, and production in Europe was phased out in 2004 and later world-wide.  PBDEs are, 

however, still present in consumer products in use. PBDEs are not bound in the material and 

leach to the surroundings, particularly when the products are turned into waste.  

PDBEs are persistent compounds and accumulate in the environment as well as in organisms. 

The absorption of PBDEs in rodents varies between congeners from 10-29 % in rats to > 75%. 

The estimated half-lives in humans also vary from 7-18 days for BDE 209 to 2700 days for BDE 

153. PBDEs are transferred from feed to animal-derived food such as egg and milk and may 

also be found in tissues with a high fat content. In fish, the occurrence of congeners is a result 

of borh direct exposure to the congener as well as of debromination of higher brominated 

compounds.  

PBDEs affect a large number of organs, including liver, thyroid hormone system, reproductive 

system, immune system and nervous system. In 2024, EFSA made a risk assessment for the 

whole group of PBDEs based on effects on reproduction and neurodevelopment, indicating 

that changes in the thyroid hormone system could be the common mechanism (EFSA 2024). 

They estimated BMDL values for humans in the range of 3.2 – approximately 5000 ng/kg 

bw/day for these endpoints, depending on congener and endpoint. They concluded that a 

combined Margin of Exposure including 10 congeners (BDE-28, _47, -49, -99, -100, -138, -153, -

154, -183 and -209) should be used. EFSA also concluded that a Margin of Exposure below 25 

would be of concern and that concluded that the current exposure raises health concern.  

4.4 Plasticisers 

Plasticisers are added to materials for softening and to increase the flexibility and plasticity. 

Plasticisers are frequently added to plastics and polymers and typically constitutes 10 – 70% of 

the material (Hahladakis et al., 2018). PVC contains particularly a lot of plasticisers. Phthalates 

are among the most widespread plasticisers, but many of them are not found in sludge, even 

though widely used, but a few of them are found in sludge from a number of treatment plants, 
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such as decylisoundecylftalat (Cas No 96507-80-), diisononylftalat (CAS No 28553-12-0), DEHP 

also called bis (2-ethylheksyl)phthalate (CAS No 117-81.7) and butylbenzylftalat (CAS No 85-68-

7). All phthalates detected in the sewage sludge is included in the assessments. Phthalates are 

known as hormone disruptors and affects the reproductive system,as well as the immune 

system (EFSA 2019; Wang & Oian 2021),  

4.5 Other plastic chemicals 

It has recently been shown that plastics may contain > 16000 different chemicals, of which the 

toxicity is not sufficiently known for the majority of the compounds (Wagener et al., 2024). A 

range of these chemicals are found in the sewage sludge as a result of the widespread use of 

plastics. Chemicals are used in plastics for different purposes such as monomers, UV 

stabilizers, flame retardents, antioxidant properties, pigments preservatives, etc. These 

additives are added to the plastics to give the plastic material desired properties for the 

different uses of plastic materials. In addition to the variety of chemicals purposedly added, 

plastics contain impurities and composed formed during the production. All compounds 

detected above the LOQ in at least 1 sample of sewage sludge was included in the modelling.  

4.6 Alkylphenols 

Alkylphenols are widely used and distributed and hence commonly found in sewage sludge 

The compounds are used to make surfactants for products like paints and cleaning products, 

but have also been used in pesticides and plastics as well as added to industrial chemicals, THe 

compounds are known to be endocrine disruptors and also affects the immune system, 

Bisphenol A has been of particularly concern as it is used in food contact materials including 

baby bottles. Several alkylphenols were detected in sewage sludge and are included in the 

modelling, but some alkylphenols have been analysed in a very limited number of samples, 

leading to uncertainty about the occurrence levels.  
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5 Organic contaminants in ash and struvite  

5.1 Literature data 

A-Table 5.1-1. Organic contaminants; PAHs, PCDD/Fs and PFAS in bottom ash from literature. 

Sludge  PAHs 
(mg/kg) 

PCDD/Fs 
(ng 
TEQ/kg) 

PFAS 
(µg/kg) 

Ash type Country References 

Sewage 
sludge 

< 0.002 
– 0.345 

n.r.*  Bottom ash 
from fluidized-
bed mono-
incineration 

South 
Korea 

Park et al., 2009; Zhai et 
al., 2022 (supplementary 
dataset) 

Sewage 
sludge 

  0.22 -
12.76** 
(analysis 
of 
27PFAS) 

Bottom ash Sweden Strandberg et al., 2021 

Municipal 
biosolid 

  10.25-
17.66 
(analysis 
of 
80PFAS) 

Not specified Canada Saliu et al., 2024 

Paper sludge n.r. 20-30  Total/bottom 
ash 

United 
Kingdom 

Zhai et al., 2022  

Agricultural 
residue 
(mixed) 

0.0685 n.r.  Bottom or total 
ash 

China Zhai et al., 2022  

Rice husk 
(agricultural 
biosolid) 

0.09 0.4  Bottom ash China Zhai et al., 2022  

 

A-Table 5.1-2. Summary of studies conducted on organic contaminants in struvite derived from 
different waste streams at WWTPs.   

WWTP stream Struvite 
technology 

OC in struvite 
(%) 

Concentration  
(µg/kg) 

Reference 

Drugs 

Digested Sludge AirPrex® Mean 7.49%; 
range 1.54-
27.3% 

Tetracycline: median (max) 1.0 
(29.9) µg/kg dw (n=13; ratio=0.54) 
Ciprofloxacin: median (max) 25.2 
(251) µg/kg dw (n=13; ratio=1.00) 
Difloxacin: median (max) 1.0 
(16.1) µg/kg dw (n=13; ratio=0.92) 
Enrofloxacin: median (max) 1.0 
(26.2) µg/kg dw (n=13; ratio=1.00) 
Ofloxacin: median (max) 11.1 
(131) µg/kg dw (n=13; ratio=1.00) 
Norfloxacin: median (max) 1.0 
(59.9) µg/kg dw (n=13; ratio=1.00) 

Bloem et al. 
(2024) 

Centrate NuReSys® Mean 0.48%; 
range 0.06-
1.02% 

Tetracycline: median (max) 0.4 
(2.3) µg/kg dw (n=9; ratio=0.56) 
Sulfadiazine: median (max) 1.0 
(9.0) µg/kg dw (n=9; ratio=0.67) 
Sulfamethoxazole: median (max) 
1.0 (19.0) µg/kg dw (n=9; 
ratio=0.67) 

Bloem et al. 
(2024) 
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WWTP stream Struvite 
technology 

OC in struvite 
(%) 

Concentration  
(µg/kg) 

Reference 

Ciprofloxacin: median (max) 11.9 
(16.2) µg/kg dw (n=9; ratio=1.00) 
Difloxacin: median (max) 1.0 
(17.2) µg/kg dw (n=9; ratio=0.89) 
Enrofloxacin: median (max) 2.8 
(11.0) µg/kg dw (n=9; ratio=1.00) 
Ofloxacin: median (max) 11.2 
(33.7) µg/kg dw (n=9; ratio=0.89) 
Norfloxacin: median (max) 11.4 
(35.9) µg/kg dw (n=9; ratio=0.89) 

Digested sludge N.a. 3.7% Metoprolol: 0.4 mg/kg dw 
unwashed struvite 

STOWA 2015 

Digester 
supernatant 

 Not specified 
(low) 

Carbamazepine: 27 µg/kg dw (avg 
20) Bisphenol A: 79 µg/kg dw (avg 
32) Diclofenac: 6 µg/kg dw (avg 5) 

Antakyalı et al. 
(2011) 

Digested sludge  Not specified 
(high) 

4-nonylphenols: 2,104 µg/kg 
dw(avg 1,051) Benzophenone: 
1,258 µg/kg dw (avg 581) 

Antakyalı et al. 
(2011) 

PAHs 

Sewage sludge AirPrex  PAH6: 0.60 mg/kg dw 

(Fluoranthene: 0.26 mg/kg dw 
Benzo[a]pyrene: 0.08 mg/kg dw 
Benzo[b]fluoranthene: 
0.10 mg/kg dw 
Benzo[k]fluoranthene: 0.05 mg/kg 
de 
Benzo[ghi]perylene: 0.06 mg/kg 
dw 
Indeno[1,2,3-cd]pyrene: 0.06 
mg/kg dw) 

Kraus and Seis 
2015 

Sewage sludge Stuttgart 
process 

 Fluoranthene: 0.08 mg/kg dw; 
other PAH6 <LOD 

Kraus and Seis 
2015 

Digested sludge n.a. 3.7% ∑PAH10: 9.5 mg/kg dw unwashed 
struvite 

STOWA 2015 

Digested Sludge Stuttgart 
process 

n.a. ∑PAH16: 60 mg/kg dw 
Benzo[a]pyrene: 0.005 mg/kg dw 

Weidelener 2010 

PCDD/PCDF and dioxin-like PCBs 

Sludge Liquor Pearl/Struvia n.a. 3.06E-07 mg WHO-TEQ/kg dw Kraus & Seis 
(2015) 

PFAS 

Domestic 
wastewater 

n.a. n.a. Extractable Organic Fluorine 
(EOF): 96 mg/kg dw and 112 
mg/kg dw 

Vogel et al. 
(2023) 

Others 

Digested Sludge Stuttgart 
process 

n.a. LAS: 0.7 mg/kg dw 
Nonylphenol ethoxylates: 2.1 
mg/kg dw 
PCBs: <10 mg/kg dw  

Weidelener 2010 

Digested Sludge n.a.  TCPP (Flame retardant): 182 
mg/kg dw 

Antakyalı et al. 
(2011) 
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6 Model-predicted levels of organic contaminants in biochar 
derived from sewage sludge 

6.1 Factors determining the fate of organic micropollutants 
during pyrolysis 

Pyrolysis is recognized as a promising thermal treatment method for managing sewage sludge, 

resulting in biochar as the main product to be used in agriculture as a soil conditioner due to 

its strong ability to retain water. The pyrolysis process also offers benefits such as 

hygienization, phosphorus recirculation, and contaminant destruction. However, biochar 

derived from sewage sludge may still contain residual contaminants due to incomplete 

destruction, formation during processing, and concentration effects associated with mass 

reduction (Gkogkou et al. 2026; Buss et al. 2022). Reported contaminants include PAHs, 

PCDD/Fs, PCBs, PFAS, volatile organic compounds (VOCs) and pharmaceuticals.  

Pyrolysis is conducted under an oxygen-limited atmosphere at temperatures typically ranging 

from 350 to 1000 °C, generating three final products: char, gas and liquid (bio-oil) (Weidemann 

et al. 2017). The fate of the organic contaminants during pyrolysis is primarily dependent on 

their physical-chemical properties (e.g. volatility, chemical bond strength and molecular 

structure) as well as the heating rate, peak temperature, residence time and gas atmosphere 

(Mukherjee et al. 2022; Kalina et al. 2022). Temperature is the key parameter controlling 

volatilisation and thermal decomposition, with higher temperatures generally enhancing the 

breakdown of organic pollutants and promoting the formation of a more stable carbon matrix. 

The use of an inert carrier gas (e.g. N₂ or CO₂) can further reduce contaminant retention in 

biochar by facilitating removal of volatilised compounds and limiting re‑condensation.  

6.2 Overview and modelling approach 

There is very limited data on organic contaminants in biochar derived from Norwegian sewage 

sludge (see Chapter 6.5 in the main report), and for the vast majority of the contaminants 

included in the sewage sludge part of the risk assessment, there is no data. However, since 

their fate during pyrolysis is strongly dependent on their physicochemical properties and the 

operating conditions applied during pyrolysis (Mohan et al. 2006; Devi et al. 2021), it should be 

possible to roughly predict their concentrations in biochar when taking into account their 

initial concentrations in the sewage sludge feedstock. Hence, a semi-mechanistic, mass-

balanced model was developed using Microsoft Copilot 365 to simulate the fate and 

transformation of organic contaminants during sewage sludge pyrolysis. The model integrates: 

• Primary thermal degradation of parent compounds 

• Volatilization and phase partitioning 

• Secondary formation of PAHs 

• Catalytic surface-mediated formation of PCDD/Fs and PCBs 

• Temperature-dependent solid mass loss (biochar yield) 

• Toxicity-weighted outputs (TEQ) 
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The model operates at the compound level (>700 compounds) while representing reactions 

using lumped structural classes and functional roles, allowing scalable simulation of complex 

mixtures. 

6.2.1 Input data 

The dataset included: 

• The median 90th percentile compound-specific concentrations (µg/kg dry weight) 

• Boiling points (°C) 

• Functional group descriptors 

In addition, concentrations of catalytic metals in sludge were included (90th percentile values): 

• Fe: 4958 µg/kg 

• Cu: 205 µg/kg 

These values were used to parameterise catalytic formation processes (Section 2.6). All 

physicochemical properties values used in the model were extracted from OPERA through the 

Comptox database or from the EPI SuiteTM software (EPI Suite™-Estimation Program Interface | 

US EPA). Experimental data was preferred over predicted data. 

6.2.2 Thermal degradation 

Thermal degradation of individual compounds during pyrolysis was modelled using a 

temperature-dependent base degradation function combined with structure-based correction 

factors derived from molecular descriptors (SMILES). 

A temperature-dependent degradation fraction 𝐷base(𝑇) was defined for six discrete 

temperatures (300–800 °C), representing increasing thermal decomposition: 

𝐷base(𝑇) = {0.3,0.5,0.7,0.9,0.98,0.995}      [1] 

 

for T= 300°C, 400°C, 500°C, 600°C, 700°C and 800°C, respectively. 

Compound-specific degradation was adjusted using multiplicative correction factors derived 

from SMILES-based molecular descriptors: 

𝐷𝑖(𝑇) = 𝐷base(𝑇) ⋅ 𝑓aromatic,𝑖 ⋅ 𝑓substitution,𝑖 ⋅ 𝑓functional,𝑖 ⋅ 𝑓size,𝑖 ∙ (1 − 𝛽𝑆𝑖𝑂 ∙ 𝑓𝑆𝑖𝑂)  [2] 

 

Aromatic structures exhibit higher thermal stability due to π-electron delocalisation (Wang et 

al. 2022; Altarawneh and Ali 2024). The stabilizing effect of aromaticity was represented as: 

𝑓aromatic = 0.4 + 0.6 ⋅
𝑛aromatic C

𝑛𝐶
        [3] 

 

https://www.epa.gov/tsca-screening-tools/epi-suitetm-estimation-program-interface
https://www.epa.gov/tsca-screening-tools/epi-suitetm-estimation-program-interface
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The destabilizing effect of substitution on aromatic systems was approximated as: 

𝑓substitution = 1 − 0.4 ⋅ (1 − 𝑓aromatic fraction)      [4] 

 

Functional groups such as esters and amides promote decomposition via 

dehydration/decarboxylation pathways (Wang et al. 2022; Di Blasi 2008). Heteroatom content 

(O, N) was used as a proxy for thermally labile functional groups: 

𝑓functional = max (0.5, 1 − 0.1 ⋅
𝑛𝑂+𝑛𝑁

𝑛𝐶
)      [5] 

 

Thermal fragmentation behavior was approximated using molecular weight: 

𝑓size = {
0.9 𝑀𝑊 < 150
1.0 150 ≤ 𝑀𝑊 ≤ 300
1.1 𝑀𝑊 > 300

       [6] 

 

Correction factor to take into account the thermal lability of siloxane backbones: 

𝑓𝑆𝑖𝑂 𝑝𝑒𝑛𝑎𝑙𝑡𝑦 =  (1 − 𝛽𝑆𝑖𝑂 ∙ 𝑓𝑆𝑖𝑂) = (1 − 2 ∙ 𝑓𝑆𝑖𝑂)     [7] 

, where 

𝑓𝑆𝑖𝑂 =  
𝑛𝑆𝑖

𝑛𝑆𝑖+𝑛𝐶
          [8] 

An additional functional-group-based correction factor to take into account thermally labile 

organic compounds with specific functional groups (e.g. amides, esters, polyols, and 

quaternary ammonium species). These groups are known to promote bond cleavage and 

decomposition during pyrolysis due to relatively low bond dissociation energies and favourable 

reaction pathways such as dehydration, decarboxylation, and elimination reactions. 

To address this limitation, a multiplicative functional lability factor (𝐹labile) was introduced: 

𝐹labile = 1 + 1.5 𝑓amide + 2.0 𝑓polyol + 1.0 𝑓ester + 2.0 𝑓QA    [9] 

 

where: 

• 𝑓amide= amide indicator (SMILES rule: C(=O)N) 

• 𝑓polyol= polyol indicator (
𝑛𝑂

𝑛𝐶
>0.2 or 𝑛𝑂≥4) 

• 𝑓ester= ester indicator (SMILES rule: C(=O)O or OC(=O)) 

• 𝑓QA= quaternary ammonium indicator (SMILES rule: [N+]) 

Each factor was set to 1.0 or 0. The factor was capped to avoid overestimation: 𝐹labile ≤ 3.0 

 

For highly oxygenated and multifunctional compounds (e.g. pharmaceuticals and contrast 

agents), degradation was further constrained: 

𝐷𝑖
corr ≥ 0.8 if 

𝑛𝑂

𝑛𝐶
> 0.3   ∧   𝑀𝑊 > 400       [10] 
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To account for thermally labile functional groups in PFAS compounds (e.g. sulfonamides, 

carboxylates, phosphates), the degradation term was adjusted as: 

𝐷𝑖
corr,PFAS = 𝐷𝑖 ⋅ (1 + 0.5 ⋅ 𝑓

functional
)       [11] 

This reflects experimental observations that functionalized PFAS undergo partial 

decomposition under pyrolytic conditions despite the high stability of C–F bonds (Vecitis et 

al., 2009; Ross et al., 2018; Longendyke et al. 2022). 

The mass partitioning (degraded vs retained) for each compound: 

𝐶degraded = 𝐷𝑖(𝑇) ⋅ 𝐶0         [12] 

𝐶retained = (1 − 𝐷𝑖(𝑇)) ⋅ 𝐶0        [13] 

where 𝐶0is the initial concentration (µg/kg sludge). 

The degradation term (𝐷𝑖(𝑇)) represents the fraction of the parent compound that is 

transformed during pyrolysis and no longer present as the original molecular structure. A value 

of 𝐷 = 1 therefore indicates complete conversion of the parent compound but does not imply 

full mineralization. Instead, the transformed mass is assumed to be distributed among gaseous 

products, condensable organics, and char-associated species. 

6.2.3 Volatilization and phase partitioning 

Parent compounds were partitioned into biochar (solid phase), condensate (liquid phase) and 

gas phase based on volatility and structural class. The fraction of a compound that does not 

evaporate but stays in the biochar (𝑓biochar) is expressed by an exponential function that 

incorporates a boiling-point (BP)-based index: 

𝑓biochar = 𝑒−2max(𝑉𝐼,0)         [14] 

, where 

𝑉𝐼(𝑇) =
𝑇−𝐵𝑃

𝐵𝑃
          [15] 

 

The rational of using boiling point is that it provides a robust proxy for vaporization behaviour 

in complex mixtures (Devi et al. 2021). Note that max(𝑉𝐼, 0) assures that volatilization only 

occurs at temperatures above the boiling point.  

PFAS-specific volatility classification and partitioning 

To improve the representation of PFAS during pyrolysis, a compound-specific volatility 

classification was introduced. It is noted that for many PFAS, reported “boiling points” 

reflect effective volatilization or decomposition temperatures rather than true equilibrium 

boiling behavior, as thermal degradation often precedes boiling (Ross et al., 2018; Wang et 

al., 2017). 

PFAS were classified into three volatility groups: 

• Class I (volatile): 𝐵𝑃 ≤ 150∘𝐶 

• Class II (semi-volatile): 150 < 𝐵𝑃 ≤ 300∘𝐶 
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• Class III (low-volatility/persistent): 𝐵𝑃 > 300∘𝐶 

This classification reflects the dominant processes governing PFAS fate during pyrolysis, 

including volatilization, thermal decomposition, and sorption to carbonaceous matrices (Ross 

et al., 2018; Gagliano et al., 2020). 

For PFAS, the generic volatility model was replaced with class-dependent partitioning rules: 

• Class I: complete volatilization: 𝑓biochar ≈ 0, 𝑓gas ≈ 1 

• Class II: partial volatilization and decomposition: 𝑓biochar = 0.2 ⋅ 𝑓model 

• Class III: enhanced retention: 𝑓biochar = 0.7 ⋅ 𝑓model + 0.3 

The remaining fraction was distributed between gas and condensate phases. This approach 

reflects experimental observations that PFAS partitioning is strongly dependent on molecular 

structure and thermal stability rather than volatility alone (Gagliano et al., 2020; Stoiber et al., 

2020). 

6.2.4 Secondary formation of PAHs 

The formation of polycyclic aromatic hydrocarbons (PAHs) during pyrolysis was modelled as a 

secondary, non-linear, system-level process arising from shared precursor pools, rather than as 

independent compound-specific reactions. PAHs are assumed to form primarily via thermal 

decomposition of organic compounds into smaller (e.g. acetylene) and reactive fragments 

(radicals), followed by recombination and cyclization of aromatic intermediates, 

predominantly in the gas phase (Khrabry et al. 2024; Weidemann et al. 2017). Accordingly, 

PAH formation is governed by the collective availability of aromatic precursors rather than 

by individual parent compounds. 

A lumped aromatic precursor pool was defined based on SMILES-derived molecular 

descriptors: 

𝐶aromatic = ∑ 𝐶𝑖𝑖 ⋅ 𝑓
𝑎𝑟𝑜𝑚 𝑓𝑟𝑎𝑐,𝑖

        [16] 

where 

𝑓𝑎𝑟𝑜𝑚 𝑓𝑟𝑎𝑐,𝑖 =
𝑛aromatic C,𝑖

𝑛𝐶,𝑖
         [17] 

represents the fraction of aromatic carbon in compound 𝑖. Only compounds containing 

aromatic structures or capable of forming aromatic intermediates upon degradation 

contribute significantly to PAH formation, reflecting the requirement for π-electron-

stabilized intermediates in PAH growth mechanisms. 

PAH formation was modelled as a function of the degraded aromatic precursor pool: 

𝐶PAH(𝑇) = 𝛼(𝑇) ⋅ ∑ (𝐷𝑖(𝑇) ⋅ 𝐶𝑖 ⋅ 𝑓arom frac,𝑖)
𝑖

      [18] 

where: 

• 𝐷𝑖(𝑇) is the compound-specific degradation fraction 

• 𝐶𝑖 is the initial concentration 

• 𝛼(𝑇) is a temperature-dependent PAH formation yield factor 
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𝛼(𝑇) = {
0.05 𝑇 < 500∘C
0.20 500 ≤ 𝑇 ≤ 600∘C
0.05 𝑇 > 600∘C

       [19] 

PAH formation was primarily restricted to the temperature range 𝑇 = 500–600∘𝐶, which 

represents the regime where radical formation is maximized, recombination reactions 

dominate and secondary cracking is not yet dominant (Weidemann et al. 2017; Mengesha 

et al. 2025). At higher temperatures (≥ 700∘C), PAHs are assumed to undergo further 

thermal decomposition, resulting in reduced net PAH concentrations (Mengesha et al. 

2025). 

PAHs are assumed to form predominantly in the gas/vapor phase, consistent with radical 

recombination mechanisms and high-temperature reaction environments. Lighter PAHs (2-

3 rings) typically partition into the condensate, while heavier PAHs (≥4 rings) adsorb 

strongly to biochar surface or form in situ at particle interfaces. 

6.2.5 Catalytic formation of PCDD/Fs and PCBs  

The formation of polychlorinated dibenzo-p-dioxins/dibenzofurans (PCDD/Fs) and 

polychlorinated biphenyls (PCBs) during pyrolysis was modelled as system-level secondary 

products formed via catalytic reactions involving precursor pools (Potter et al. 2018; Themba 

et al. 2023). 

System-level precursor pools were calculated using SMILES-derived descriptors. 

Chlorine pool: 

𝐶Cl = ∑ 𝐶𝑖𝑖 ⋅
𝑛Cl,𝑖⋅35.45

𝑀𝑊𝑖
         [20] 

where 𝐶𝑖  is the concentration of the degraded compound (µg/kg sludge). Chlorine content is a 

key limiting factor controlling PCDD/F formation yields (Lin et al. 2022). 

Aromatic pool (for PCDD/Fs formation): 

𝐶aromatic = ∑ 𝐶𝑖𝑖 ⋅
𝑛aromatic C,𝑖

𝑛𝐶,𝑖
        [21] 

Benzene-like pool (for PCB formation): 

A structure-based weighting was applied: 

𝑓benzene = 𝑓arom frac ⋅ 𝑓substitution        [22] 

𝐶benzene = ∑ 𝐶𝑖𝑖 ⋅ 𝑓benzene,𝑖        [23] 

Catalytic activity was represented by an effective catalyst concentration (Potter et al. 2018; 

Themba et al. 2023): 

𝐶cat,eff = 𝑤Fe ⋅ [Fe] + 𝑤Cu ⋅ [Cu]        [24] 

expressed in mg/kg, where 𝑤Fe is . 
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To ensure dimensional consistency, pool concentrations were normalized (µg/kg → 

dimensionless): 

𝐶𝐶𝑙 =
𝐶𝐶𝑙

103          [25] 

𝐶𝑎𝑟𝑜𝑚𝑎𝑡𝑖𝑐 =
𝐶𝑎𝑟𝑜𝑚𝑎𝑡𝑖𝑐

106          [26] 

𝐶𝑏𝑒𝑛𝑧𝑒𝑛𝑒 =
𝐶𝑏𝑒𝑛𝑧𝑒𝑛𝑒

106          [27] 

𝐶cat =
𝐶cat

10
          [28] 

The temperature-dependent formation equations are formulated with a second-order 

dependence on the precursor pools and limited by the catalytic surface: 

𝐶PCDD/F(𝑇) = 𝑘PCDD/F(𝑇) ⋅ 𝐶aromatic ⋅ 𝐶̃Cl ⋅ 𝐶̃cat      [29] 

𝐶PCB(𝑇) = 𝑘PCB(𝑇) ⋅ 𝐶̃benzene ⋅ 𝐶̃Cl ⋅ 𝐶̃cat       [30] 

The temperature-dependent maximum formation potential (µg/kg sludge) was represented 

using Gaussian functions: 

𝑘PCDD/F(𝑇) = 𝑘0,𝑃𝐶𝐷𝐷/𝐹 ∙ exp (−
(𝑇−350)2

2𝜎2 )      [31] 

𝑘PCB(𝑇) = 𝑘0,𝑃𝐶𝐵 ∙ exp (−
(𝑇−380)2

2𝜎2 )       [32] 

with σ = 100°C, 𝑘0,𝑃𝐶𝐷𝐷/𝐹 = 100 µg/kg and 𝑘0,𝑃𝐶𝐵 = 300 µg/kg. 

PCDD/Fs and PCBs are assumed to form primarily on solid catalytic surfaces (biochar) at the 

gas–solid interface. Though semi-volatile fractions may partition into the condensate, the 

majority is expected to be associated with biochar. 

The toxic equivalence factor (TEQ) was calculated from the amounts of PCDD/Fs and PCB in the 

biochar by: 

𝑇𝐸𝑄 = 𝑃𝐶𝐷𝐷/𝐹 + 0,1 ∙ 𝑃𝐶𝐵        [33] 

The formation of PCDD/Fs during pyrolysis is expected to be dominated by lower- and 

randomly chlorinated congeners formed via stepwise chlorination pathways, whereas toxicity 

(TEQ) is controlled by a small subset of highly chlorinated congeners with specific 2,3,7,8 

substitution patterns. Consequently, total PCDD/F concentrations are not directly proportional 

to toxicity, and small amounts of specific congeners may dominate overall toxic equivalence. 

6.2.6 Biochar yield 

When the pyrolysis temperature increases the biochar yield (𝑌𝑏𝑖𝑜𝑐ℎ𝑎𝑟) is reduced, while the gas 

production increases (Altikat et al. 2024; Yaashikaa et al. 2020). The temperature-dependent 

yields used in the model are listed in Table X6. The concentration of a contaminant i in the 

biochar is given by: 
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𝐶biochar =
(𝐶𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙,𝑖+𝐶𝑓𝑜𝑟𝑚𝑒𝑑,𝑖)∙𝑓𝑏𝑖𝑜𝑐ℎ𝑎𝑟,𝑖

𝑌𝑏𝑖𝑜𝑐ℎ𝑎𝑟
       [34] 

, where 𝐶𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙,𝑖 and 𝐶𝑓𝑜𝑟𝑚𝑒𝑑,𝑖 are the residual concentration of compound i from the 

sewage sludge after pyrolysis and the formed concentration of compound i during pyrolysis, 

respectively, and 𝑓biochar,i is the fraction of compound i that ends up in the biochar. 𝐶𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙,𝑖 

is expected to be negligible compared to 𝐶𝑓𝑜𝑟𝑚𝑒𝑑,𝑖. For PCDD/Fs and PCBs 𝑓biochar is 0.7-1.0 

and 0.5-0.8, respectively, and was set to the highest values (1.0 and 0.8) as a conservative 

estimate. 

A-Table 6.2.6-1. Biochar yield during pyrolysis at different temperatures as used in the pyrolysis fate 
model. 

Temperature Biochar yield (fraction) Mass loss (%) 

300°C 0.65 35% 

400°C 0.55 45% 

500°C 0.45 55% 

600°C 0.35 65% 

700°C 0.30 70% 

800°C 0.25 75% 

6.3 Discussion 

6.3.1 Interpretation of model structure and predictive capability 

The present model represents a structure-informed, semi-mechanistic framework that links 

compound-specific thermal degradation to the redistribution and transformation of organic 

contaminants during pyrolysis. By combining structure-based degradation with system-level 

precursor pooling and phase partitioning, the model captures key features of pyrolysis 

chemistry, including fragmentation of complex molecules, volatilization, and the formation of 

secondary products such as PAHs and, to a more limited extent, PCBs. 

A central strength of the model lies in its integration of molecular-level information (SMILES-

derived descriptors) with simplified process logic. Structural properties such as aromaticity, 

halogenation, and functional group composition are translated into reactivity modifiers that 

govern degradation and retention behaviour. This allows the model to consistently handle 

chemically diverse compound mixtures while retaining interpretability and computational 

efficiency. 

However, the model should be interpreted as a process-informed scaling framework rather 

than a predictive kinetic model. The results reflect emergent system behaviour under 

simplified assumptions and are therefore most robust in describing relative trends—such as 

temperature responses, volatility-driven partitioning, and structural stability—rather than 

exact quantitative concentrations. 

6.3.2 Implications of lumped precursor pools 

The use of aggregated precursor pools (aromatic, benzene-like, and chlorine reservoirs) 

represents a key conceptual simplification in the model. This formulation assumes that 

secondary products arise from the interaction of shared chemical functionalities at the system 

level, rather than from explicit molecular pathways. 
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This approach is broadly consistent with established interpretations of: 

• PAH formation via radical recombination of aromatic fragments 

• PCB formation from benzene-like intermediates under chlorinating conditions 

• PCDD/F formation via surface-mediated de novo synthesis from carbon matrices 

Accordingly, the model captures non-linear formation behaviour, where production is limited 

by the least abundant precursor (e.g. chlorine or aromatic fragments). 

However, the updated model results indicate that this formulation is not universally 

appropriate, particularly for PCDD/Fs. In contrast to the model assumptions, experimental data 

for sewage sludge pyrolysis show that PCDD/F concentrations are primarily governed by 

volatilization and thermal destruction, rather than net formation. This highlights a key 

limitation of the lumped precursor approach: it does not account for process conditions that 

suppress specific pathways, such as oxygen limitation, catalytic inhibition, or rapid removal of 

precursors from the reactive zone. 

More generally, the abstraction implies that: 

• structurally different precursors may be treated as functionally equivalent 

• pathway-specific constraints (e.g. chlorophenol intermediates, substitution patterns) 

are not resolved 

• competing pathways (e.g. PAH growth vs carbonization) are not explicitly represented 

As a result, the model is best viewed as capturing potential formation capacity, rather than the 

true kinetically constrained outcome of specific reaction networks. 

6.3.3 Absence of explicit kinetics and residence time effects 

The model does not include explicit reaction kinetics or time dependence and therefore 

represents an effective steady-state outcome at a given temperature. Important process 

variables such as heating rate, vapor residence time, gas-phase reactions and reactor 

hydrodynamics are not resolved. 

This simplification is particularly relevant for PAH growth and secondary cracking, catalytic 

formation or destruction of PCDD/Fs and phase partitioning between gas, condensate, and 

solid phases. 

In full-scale systems, these processes are strongly controlled by residence time and spatial 

separation of reaction zones, which determine whether formation or destruction dominates. 

For example, rapid removal of volatilized compounds and high-temperature post-combustion 

can suppress PCDD/F formation almost entirely, effects that are not captured in the current 

model formulation. 

As such, the model is most applicable to comparative scenario analysis under similar process 

conditions, rather than prediction across different reactor configurations. 

6.3.4 Role and limitations of structure-based degradation 

The incorporation of SMILES-derived structural descriptors substantially improves the realism 

of degradation modelling. The model differentiates between aromatic and aliphatic structures, 

functionalized vs non-functionalized compounds and low- and high-molecular-weight species. 
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This enables reproduction of key behaviours observed experimentally, including enhanced 

thermal stability of aromatic compounds, increased degradation of oxygenated and labile 

structures and fragmentation of large molecules into smaller intermediates. 

Importantly, the degradation term represents the loss of molecular identity of the parent 

compound, rather than complete mineralization, meaning that degraded mass is redistributed 

into secondary products, gas, and char-associated carbon. 

Nevertheless, these relationships are implemented through empirical scaling functions rather 

than first-principles thermochemistry. Consequently: 

• degradation magnitude remains calibration-dependent 

• interactions between multiple structural features are simplified 

• activation barriers and reaction pathways are not explicitly represented 

This introduces uncertainty when extrapolating beyond the chemical domain used for 

calibration. 

6.3.5 Catalytic formation and uncertainty in k(T) 

Catalytic formation of PCBs and PCDD/Fs is represented using a lumped expression dependent 

on precursor pools and a temperature-dependent scaling function, 𝑘(𝑇). This formulation 

reproduces the general concept of formation at intermediate temperatures (~300–400 °C) and 

reduced formation at higher temperatures due to thermal degradation. 

However, comparison with experimental data shows that the model substantially 

overestimates PCDD/F formation under pyrolysis conditions. This discrepancy arises because 

the model assumes that precursor availability and catalytic activity directly translate into 

formation, while neglecting several critical inhibitory and competing processes. 

In real pyrolysis systems, PCDD/F formation is strongly suppressed due to: 

• limited availability of reactive chlorine species 

• oxygen-poor conditions in the pyrolysis zone 

• high sulphur-to-chlorine ratios inhibiting catalysis 

• rapid volatilization and removal of intermediates 

• dominant thermal and oxidative destruction pathways 

As a result, the net outcome is controlled by the balance: 

net concentration = formation − destruction − volatilization 

which is not explicitly represented in the model. 

The parameter 𝑘(𝑇) therefore aggregates multiple competing mechanisms – including 

catalysis, inhibition, and destruction – and cannot be interpreted as a true formation rate. 

Consequently, predictions of PCDD/F concentrations should be considered highly uncertain in 

absolute terms, and primarily indicative of relative formation potential under idealized 

conditions. 

In contrast, PCB formation is less constrained mechanistically and is therefore represented 

with greater accuracy in the model. 
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6.3.6 Volatilization and phase partitioning 

The model represents phase partitioning using a volatility index based on boiling point, 

providing a simple but physically intuitive description of temperature-dependent volatilization: 

𝑉𝐼(𝑇) =
𝑇 − 𝐵𝑃

𝐵𝑃
 

This formulation successfully captures preferential retention of high-boiling, high-molecular-

weight compounds and increased volatilization at higher temperatures.  

However, it assumes boiling point as the dominant control of volatility, instantaneous phase 

equilibrium and negligible matrix effects. In real systems, partitioning is influenced by 

adsorption to biochar surfaces, diffusion into internal pore structures, condensation of organic 

vapours onto solid phases, and interactions with inorganic components and surface functional 

groups (Abbas et al., 2018; Buss et al., 2022; Yang et al., 2021). 

The model also does not explicitly represent the condensate phase, which plays a dominant 

role in the mass balance of many compounds (e.g. PAHs, PCBs, and PCDD/Fs) and therefore 

may underestimate redistribution to liquid fractions. 

6.3.7 Implications for PAH, PCB, and PCDD/F predictions 

The current model formulation has different levels of reliability for different compound 

classes: 

• PAHs: Temperature trends are well captured, but absolute concentrations are 

underestimated due to the absence of bulk organic precursors (e.g. lipids, proteins, 

humic substances), which dominate PAH formation in real sludge systems. 

• PCBs: Predicted concentrations are of the correct order of magnitude, reflecting 

simpler formation pathways and less stringent mechanistic constraints. 

• PCDD/Fs: Strongly overestimated, as the model does not capture dominant 

destruction and inhibition processes under pyrolysis conditions. 

Overall, the model is robust in predicting temperature dependence, relative importance of 

precursor pools and structure-dependent stability and retention, but remains uncertain in 

predicting absolute concentrations, particularly for compounds governed by tightly 

constrained catalytic mechanisms. 
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7 Risk calculations – models and parameters 

7.1 Kd-values RESULTS 

Table 1 and 2 show example sets of results obtained for the soil Målselv/Troms, for those 

chemicals where a measured Koc is available. The Kd was thus calculated from the empirical 

Koc. The table shows that precise estimations of the Koc are not possible, but the prediction 

tools give lower values for the chemicals where low values have been measured, and higher 

values for those where high values were obtained empirically. An exception from this are the 

zwitterionic chemicals, where often drastic underestimations of Koc are seen. Fortunately, for 

most such chemicals, measured values were found and applied. Overall, the precision of the 

estimations is not very good. A more detailed comparison see appendix.  

A-Table 7.1-1. Measured, calculated and selected Koc-values and finally chosen Kd for the soil 
Målselv/Troms. Sorted by increasing measured Koc. Second column: assumed charge z of the 
chemical. Lowest 12 chemicals. 

Name z measured CompTox Franco TGD 
hydro-
phob 

selected Kd soil 

Ethylbenzene 0 14.0 170.4 478.6 408.3 14.0 0.330 

p-Xylen 0 20.2 257.6 568.9 540.1 20.2 0.475 

Benzotriazole 0 22.7 49.0 79.4 22.3 22.7 0.534 

Gabapentin zwitter 27.5 127.0 286.8 9.4 27.5 0.646 

Diethylphthalate 0 33.9 69.4 309.0 201.0 33.9 0.797 

Toluene 0 36.2 117.1 272.3 163.7 36.2 0.852 

Methylparaben 0 40.3 56.1 158.5 68.1 40.3 0.947 

Metronidazole 0 43.7 57.3 14.3 1.4 43.7 1.0 

Fenbendazole 0 44.7 2671.5 803.5 945.1 44.7 1.1 

Trichloromethane 0 67.6 39.9 127.4 47.8 67.6 1.6 

p-Cresol 0 77.6 496.0 149.6 62.1 77.6 1.8 

Fluconazole 0 87.7 51.4 30.2 4.6 87.7 2.1 

A-Table 7.1-2. Measured, calculated and selected Koc-values and finally chosen Kd for the soil 
Målselv/Troms. Sorted by increasing measured Koc. Second column: assumed charge z of the 
chemical. Highest 12 chemicals. 

Name z Measured CompTox Franco TGD 
hydro-
phobe 

Selected Kd soil 

Pyrene 0 76409 79473 3890 12167 76409 1798 

Decabromodi-
phenylethane 
(DBDPE) 

0 114218 366680 2786121 51321577
8 

114218 2687 

Benzo[a]anthracene 0 134102 200038 12162 77108 134102 3155 

Deltamethrin 0 153109 62323 15488 114078 153109 3603 

Fluorantene 0 210136 63178 4898 17669 210136 4944 

Enrofloxacin zwitter 217017 481 134 3 217017 5106 

Ciprofloxacin zwitter 222614 305 65 1 222614 5238 

Dibenzo[a,h]-
anthracene 

0 236504 1657520 38019 488652 236504 5565 

Ofloxacin zwitter 265326 482 107 2 265326 6243 

Chrysene 0 299619 204192 9661 53101 299619 7050 
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Name z Measured CompTox Franco TGD 
hydro-
phobe 

Selected Kd soil 

Benzo[a]pyrene 0 391858 889341 19498 165653 391858 9220 

Testosterone 0 2.4e6 142142 513 457 2.4e6 56769 

7.2 Appendix to Calculation of the adsorption to soils 

Equations of the Koc prediction methods  

I. EU/TGD. Regressions between log KOW and log KOC listed in the Technical Guidance 

Document (TGD 2003).  

This document lists 19 regression equations with the general form 

log KOC = a log KOW + b 

with varying coefficients a and b for different groups of chemicals. Three regressions covering 

a wide domain were selected for testing:  

EU/TGD hydrophobic:   log KOC = 0.81 log KOW + 0.1 

Applicable predominantly for hydrophobic chemicals (halogenated organic chemicals, PAH, 

with 1 < log KOW < 7.5) 

EU/TGD non-hydrophobics:   log KOC = 0.52 log KOW + 1.02 

Applicable for all chemicals not classified as hydrophobic 

EU/TGD Organic acids:   log KOC = 0.60 log KOW + 0.32 

Derived for phenols and carboxylic acids, -0.5 < log KOW < 4.0.  

The TGD makes no difference between log KOW of neutral and ionized chemical and does not 

consider the dependence of the apparent partition coefficient (log D) from pH. In the following 

calculations, the log KOW of the neutral molecule is inserted into these equations.  

II. Comptox. The US EPA provides easy access to chemistry, toxicity, and exposure data of 

chemicals via the CompTox Chemicals Dashboard (https://comptox.epa.gov/dashboard/).  

The estimated Koc is provided by Opera, a suite of QSAR Models (current version Opera 2.6) 

(Mansouri et al. 2018). 

III. Franco and Trapp (2008). Franco and Trapp collected Koc values from literature and fitted 

regressions for electrolytes (weak acids and bases). In the following calculations, eq. 15 

(weak and strong acids combined) for acids, eq. 19 (weak and strong bases combined) for 

bases and equation 21 (neutral electrolytes) were used.  

Acids:   
0.54 log 1.11 0.11 log 1.54

log log( 10 10 )OW OWK K

OC n ionK f f
 +  +

=  + 

0.54 log 1.11 0.11 log 1.54
log log( 10 10 )OW OWK K

OC n ionK f f
 +  +

=  + 
 

Bases:  
0.42 log 1.34 0.47 log 1.95

log log( 10 10 )OW OWK K

OC n ionK f f
 +  +

=  + 

0.42 log 1.34 0.47 log 1.95
log log( 10 10 )OW OWK K

OC n ionK f f
 +  +

=  + 
 

https://comptox.epa.gov/dashboard/
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Neutral electrolytes:  
log 0.5 log 1.13OC OWK K=  + log 0.5 log 1.13OC OWK K=  +

 

where fn and fion are the fractions of the neutral molecule and of the ion at given pH 

(calculated from the Henderson-Hasselbalch equation).  

IV. Regression equation for the Koc of bases (ECETOC 2013). This regression uses the 
apparent partition coefficient D as predictor variable, which is composed of the Kow of the 
neutral and of the ionized molecule.  

log 0.31log 2.78OCK D= + log 0.31log 2.78OCK D= +
 

This regression is only applicable for bases and was derived with a set of data from 

pharmaceuticals.  

V. Regression equation for adsorption of cations to organic matter by Droge and Goss (2013).  

A novel approach for the prediction of log Koc of cations was suggested by Droge and Goss 

(2013): instead of lipophilicity, expressed as log Kow or log D, the authors employed molar 

volume and surface charge density of the cation to calculate the Koc of permanently charged 

cations. The surface charge density is closely related to the type of amine, hence, to the 

number of hydrogen atoms bound to the charged nitrogen, NAi.  

log 1.53 0.32 0.27OC xK V NAi=  + − log 1.53 0.32 0.27OC xK V NAi=  + −
 

where Vx is the McGowan volume (cm3/mol / 100) and NAi is the number of hydrogen atoms 

bound to the charged N atom of the cation (n = 1 to 4). This method is only applicable to 

cations.  

VI. Regression equations for weak and strong acids and bases derived by Li et al. (2020).  

Based on measured Kd-values of pharmaceuticals in five soils and three sediments, Li et al. 

developed new regressions for the adsorption to soil, among them:  

Bases pKa > 8, Eq. 8: 

log 0.315log 0.188 0.585dK D TOC= + +

log 0.315log 0.188 0.585dK D TOC= + +
 

Weak acids (3.2 < pKa < 6.8) 

0.313 0.191 0.417 0.0083 0.038 0.301 2.36log log( 10 10 )HF TOC MW CEC TOC

d n ionK f f− + + − + −= +

0.313 0.191 0.417 0.0083 0.038 0.301 2.36log log( 10 10 )HF TOC MW CEC TOC

d n ionK f f− + + − + −= +
 

The TOC total organic carbon is here in %orgC; MW is molar mass (g/mol), HF is the 

hydrophobicity factor (0.67 in average) and CEC is the cation exchange capacity (cmol/kg).  

None of these methods was developed for multiple electrolytes, such as multivalent acids and 

bases or zwitterions. It was shown experimentally that the cationic fraction of the zwitterion 

adsorbs far stronger than the anionic fraction (Polesel et al. 2015). Therefore, zwitterions will 
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be treated as cations, i.e., methods developed for strong bases or cations will also be applied 

for the prediction of the Koc of zwitterions. 

Appendix to Evaluation of existing prediction methods for Koc with measured data.  

A-Figure 7.2-1 shows on the x-axis the average log Koc reported in Liu et al. (2025) and on the 

y-axis the predicted log Koc with regressions applicable for neutral chemicals. Table S1 shows 

the log MAE. As can be seen, several methods reliably (log MAE < 1) predict the log Koc of the 

test set chemicals, that is, the regressions of the EU/TGD for hydrophobic and for non-

hydrophobic chemicals, the regressions by Franco and Trapp and by Li et al. (2020). This 

similarity of result is no surprise, the three regressions EU/TGD non-hydrophobics, Franco for 

neutral electrolytes and Li for neutrals, have almost the same slope and intercept in the 

regression equation. Interestingly, the EU/TGD equation for hydrophobic chemicals predicts 

better for chemicals with log Koc > 4, while it underpredicts the non-hydrophobic chemicals 

with lower log Koc (Figure 1). For the acids, the regression by Franco, follows closely by that of 

Li et al. (2020), show the lowest error. The EU/TGD regression for organic acids was also tested 

on the acid data but performed slightly worse than the regression for non-hydrophobics. For 

the bases, the regression by Franco matches the measured values best, followed, with some 

distance, by the regression of Ecetoc (1013), then Li. None of the prediction methods is able to 

predict the log Koc of the zwitterions with less than factor 10 error (log MAE < 1), though, the 

method developed by Droge and Goss is with distance the best for this class of chemicals, 

followed by Comptox. Fortunately, only few of the priority chemicals (n = 13) behave as 

zwitterions, and for 5 of them, measured values are available.  

The question arises, which method shall be applied for the priority chemicals for which no 

measured Koc is available. It was decided to take the “best” method for this, measured by 

MAE of the test set. For the neutrals, the EU/TGD, Franco and Li perform very similar and 

either of those could be chosen. For the acids, Li and Franco clearly perform best. For the 

bases, it is the Franco regression. Thus, the Franco regressions have the widest applicability 

(not limited to one type of chemicals) and have in average the smallest MAE. Moreover, all 

necessary chemical and soil input data are available, and the regressions can consider pH of 

the soil for the Koc and subsequently organic carbon content for the Kd. It is also favorable for 

transparency, replicability and consistency if one method is selected throughout, for all types 

of chemicals (acids, bases, neutrals). Thus, the Franco regression method was chosen for the 

calculation of Kd-values of the priority chemicals in Norwegian soils. But, as can be seen in A-

Figure 7.2-1, for neutral and very lipophilic compounds, which have the highest Koc, the 

Franco regression underpredict. For these chemicals (log Kow > 4), the TGD regression for 

hydrophobic chemicals was selected.  
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A-Figure 7.2-1. Comparison of measured log Koc (Liu et al. 2025, average) and predicted log Koc. Top 
left: neutral chemicals (n = 56); top right: acids (n = 11); bottom left: bases (n = 10); bottom right: 
zwitterions (n = 5).  

 

A-Table 7.2-1. log Mean Absolute Error MAE for the prediction of measured log Koc. n.a.: not 
applicable.  

 neutral acids bases zwitters 
bases & 
zwitters 

number of events 56 11 10 5  15 

Comptox 1.55 1.12 1.20 1.87 1.43 

Franco 2008 0.79 0.47 0.48 2.90 1.29 

EU/TGD hydrophobics 0.82 0.84 n.a. n.a. n.a. 

EU/TGD non-hydrophobics 0.81 0.90 0.99     3.49 1.83 

Li 2020 0.74 0.50 0.80 2.88 1.49 

Droge & Goss n.a. n.a. 1.15 1.14 1.15 

Ecetoc n.a. n.a. 0.72 2.81 1.42 
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7.3 Soil concentration after first application (t=0) 

 

Explanation 

7.4 Loss of contaminants in soil – leaching, runoff and plant 
uptake 

7.4.1 Loss due to leaching 

The change of chemical mass by loss with leaching water is  

𝑑𝑚

𝑑𝑡
=  −𝑄𝑖 𝐶𝑤                  

where m is chemical mass (mg chemical), Qi is infiltrating water (L/a) water flow and Cw is 

concentration in soil water [mg/L]. By definition, Kd = Csoil/Cw, where Csoil is concentration in 

(dry) soil, (mg/kg dw), Kd is (L/kg), and thus  

𝑑𝑚

𝑑𝑡
=  −𝑄𝑖 𝐶𝑠𝑜𝑖𝑙/𝐾𝑑                 

Csoil = m/M, where M is soil mass in kg. Then  

𝑑𝐶𝑠𝑜𝑖𝑙

𝑑𝑡
=  −𝑄/𝑀 ×  𝐶𝑠𝑜𝑖𝑙/𝐾𝑑         

Soil mass M is replaced with area times depth times density, and for a unit area of 1 m2  

follows  

𝑑𝐶𝑠𝑜𝑖𝑙

𝑑𝑡
=  −𝑄𝑖/(𝑎𝑟𝑒𝑎 × 𝑑𝑒𝑝𝑡ℎ × 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 × 𝐾𝑑) ×  𝐶𝑠𝑜𝑖𝑙     

Qi now is precipitation P (L/a) times fraction infiltrated F (- or L/L), hence 

𝑑𝐶𝑠𝑜𝑖𝑙

𝑑𝑡
=  −𝐹 𝑃/(𝑎𝑟𝑒𝑎 × 𝑑𝑒𝑝𝑡ℎ × 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 × 𝐾𝑑) ×  𝐶𝑠𝑜𝑖𝑙 = −𝑘 𝐶𝑠𝑜𝑖𝑙    

The loss rate kleach (a-1, per year) can now be derived as 

 𝑘𝑙𝑒𝑎𝑐ℎ =  𝐹 𝑃/(𝑎𝑟𝑒𝑎 × 𝑑𝑒𝑝𝑡ℎ × 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 × 𝐾𝑑)  

unit check   L a-1  m-2 m-1 m3 kg-1 kg L-1   remains 1/a  (per year) is fine. 

The same equation applies for loss with run-off, except that F is replaced by the fraction of 

water running of the soil by surface flow, name it R. Also here, it can be assumed that Kd 

describes the concentration ratio between dry soil and water: 

 𝑘𝑅𝑢𝑛−𝑜𝑓𝑓 =  𝑅 𝑃/(𝑎𝑟𝑒𝑎 × 𝑑𝑒𝑝𝑡ℎ × 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 × 𝐾𝑑)    (Eq. Xx) 

  



 

 

49 

 

7.4.2 Combining loss by leaching, run-off and plant uptake 

All three loss processes, by leaching, run-off and plant uptake, have in common that the 

chemical follows the water, and the concentration in soil pore water is calculated from Kd.  

They can thus be combined.  

The water balance of the soil over longer periods (of many years) is stationary, the soil does 

not accumulate water. Hence, all precipitation is lost either by leaching, run-off, plant uptake 

or evaporation. Neglecting evaporation, we arrive at:  

Precipitation is the sum of infiltration, run-off and transpiration 

P = F P + R P + QT  

For the total loss of chemical from soil by these processes follows thus 

 𝑘𝑡𝑜𝑡𝑎𝑙 =  𝑃/(𝑎𝑟𝑒𝑎 × 𝑑𝑒𝑝𝑡ℎ × 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 × 𝐾𝑑)  

which includes plant uptake, leaching and run-off. Units see above. 

7.4.3 Crop factors for the estimation of actual evapotranspiration 

Water uptake by plants is a function of crop type and growth stage (Allen et al. (1998). The 

values for the crops in this study are given in the following table. 

Table 7.4.3-1. Crop stage as a function of cumulative degree days and the corresponding crop 
coefficients (Kc) for the calculation of actual evapotranspiration of the crops in this risk assessment. 

Cereals 

Growth Stage Degree days (°C days) Kc   

Initial 0–200 0.30 

Development 200–650 0.30 → 1.15 

Mid-season 650–1200 1.15 

Late season 1200–1600 1.15 → 0.25 

Carrot 

Growth Stage Degree days (°C days) Kc   

Initial 0–200 0.35 

Development 200–600 0.35 → 1.05 

Mid-season 600–1000 1.05 

Late season 1000–1300 1.05 → 0.75 

After harvest >1300 0.00 

Potato 

Growth Stage Degree days (°C days) Kc   

Initial 0–150 0.50 

Development 150–550 0.50 → 1.15 

Mid-season 550–900 1.15 

Late season 900–1200 1.15 → 0.75 

After harvest >1200 0.00 
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Grass (cutting cycle) 

Growth Stage Degree days (°C days) Kc   

After cut 0 0.85 

Regrowth 0–400 0.85 → 0.95 

Before next cut ~400 0.95 

 

7.5 Max soil concentration over 100 years application (t=100 yr) 

 

 

7.6 Time-weighted average (TWAC) concentration in soil  

 

 

7.7 Transfer from soil to surfacewater 

7.7.1 Input into surface water via leaching/runoff/drainage/erosion 

The simulation of monthly fluxes towards recipient surface water in this study is restricted to 

the losses through leaching. The rationale of the mass balance is that all excess pore water in 

the soil profile, calculated as the difference between the precipitation and the sum of the 

runoff and actual evapotranspiration, is routed through the tile drainage network. This 

assumption is justified for the cereal areas in the study regions. The overall image for 

vegetables, potatoes and grassland might be more diverse, but tile drainage can be assumed 

to be fairly regular for these crops as well.  

7.8 Plant uptake – Bioconcentration Factor (BCF) 

7.8.1 Loss rate due to plant uptake 

Earlier risk assessments of potentially toxic elements PTE (Eggen et al. 2023) used to calculate 

loss by plant uptake using the bioconcentration factor BCF. This approach does not work for 

most organic chemicals, because these can evaporate from leaves to air. The amount 

remaining in plants at harvest does thus not represent the amount that has been taken up by 

plants. Loss by plant uptake is mostly relevant for polar chemicals that have a low Koc and 

hence a low Kd. An example calculation with the plant uptake model (equations see there) 

shows that for a fictive polar chemical (log Kow = 0) with no adsorption to proteins and a Koc 

of 10 L/kg, the Kaw plays a decisive role. If this fictive chemical is essentially non-volatile (Kaw 

= 10-22 L/L), a BCF leaf of 50 kg/kg is calculated. With Kaw is 10-8 L/L, the value falls to 45 kg/kg, 

for Kaw is 10-7 L/L to 24 L/L, with Kaw is 10-6 L/L to 3.93 kg/kg and with Kaw is 10-5 L/L to 0.43 

kg/kg. With Kaw is 0.1 L/L, almost nothing is left in the leaves at harvest, BCF is 0.01 kg/kg. 

Which means that of 50 mg chemical taken up, only 0.01 mg are found in leaves at harvest. 
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More than half of all studied organic chemicals posses Kaw > 10-5 L/L, though, not all of them 

are polar. Using BCF to calculate loss from soil by plant uptake would thus underestimate the 

loss of all those chemicals.  

The mass balance equation for roots ( “carrot model”) calculates uptake into root with the 

transpiration water.  

Change of chemical mass in roots = +flux in with water – flux out with water 

R
W T Xy T

dm
C Q C Q

dt
=  −  R

W T Xy T

dm
C Q C Q

dt
=  − 

 

where mR is the mass of chemical in roots, QT is the transpiration stream (L/d), CXY is the 

concentration in the xylem (mg/L) at the outflow of the root. Diffusive uptake is not 

considered, and there is no flow back from plant to soil. The uptake from soil into plants can 

thus be calculated as  

W Tplantuptake C Q=  W Tplantuptake C Q=   

As above, CW is calculated from concentration in dry soil CSoil (mg/kg) and Kd (L/kg), thus  

/W Soil dC C K= /W Soil dC C K=     (mg L-1) 

Using these two equations, and following the same steps as for k leach, we arrive for the loss by 

plant uptake from soil at a similar equation as with leaching, that is  

𝑑𝐶𝑠𝑜𝑖𝑙

𝑑𝑡
=  −𝑄𝑇/(𝑎𝑟𝑒𝑎 × 𝑑𝑒𝑝𝑡ℎ × 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 × 𝐾𝑑) ×  𝐶𝑠𝑜𝑖𝑙  = -kplant x CSoil 

where QT is the transpiration stream, or the amount of water taken up by plants (L/year), and 

kplant (year-1) is the loss rate due to plant uptake.  

7.8.2 Introduction 

This part lists the equations and the input data for the plant uptake models for roots, leaves, 

cereals and potatoes, of neutral chemicals. For ionized chemicals, please see the PPCP model 

paper Trapp et al. (2023). The models are implemented in excel and fully parameterized. All 

models are published in the scientific literature, for example, Legind and Trapp (2009), Trapp 

(2015).  

Crop-specific models, overview. Crop-specific models were developed for most major crop 

types, to mention are root vegetables, grass and leafy vegetables, potato and cereals. All 

models are based on the same physico-chemical principles and describe the same basic 

processes, such as advective uptake into plants, diffusive uptake described by chemical 

equilibrium between plant tissue (roots, leaves, fruits, and tubers) and surrounding soil and 

air, fluxes inside the plants with xylem and phloem, dilution by growth, and particle deposition 

from soil and air. This mechanistic principle of building is similar for all crop-specific models. 

The actually occurring processes and the parameterization depend on the type of crop (A-

Figure 7.8.2-1).  
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A-Figure 7.8.2-1. Processes of the crop specific models. According to Legind and Trapp (2009), 
modified.  

7.8.3 Root Model 

A separate root model was developed by Trapp (2002), considering uptake and loss in roots by 

advective processes plus dilution by growth. Diffusion into and across the peel is not 

considered, with the argument that the root vegetables, such as carrots, are usually peeled. 

And the chemicals do not reach the bulk of a thick root by diffusion because chemical 

equilibrium is not reached for more lipophilic compound. 

The natural bulk soil consists of soil matrix, soil solution and soil gas. This is considered in the 

calculation of the chemical equilibrium between soil water and wet bulk soil KWS.   

W wet
WS

S OC dry S

C
K

C OC K W




= =

  +

W wet
WS

S OC dry S

C
K

C OC K W




= =

  +
  (kg L-1) 

where CW (mg L-1) is the concentration of the chemical in soil water and CS (mg kg-1) in wet bulk 

soil; ρwet is the density of wet soil (kg L-1), OC is the fraction of organic carbon (kg kg-1), ρdry is 

the density of the dry soil, and WS is the volume fraction of water in soil (L L-1). KOC (L kg-1) has 

been measured or calculated as described. The phase equilibrium between roots and water, 

KRW (L kg-1), considers sorption to root lipids and dissolution into the aqueous solution of root 

cells: 

bR
RW R R OW

W

C
K W L a K

C
= = +   bR

RW R R OW

W

C
K W L a K

C
= = +  

 

where CR is concentration in root (mg per kg fresh weight), CW (mg L-1) is concentration in 

water, WR (L kg-1), LR (kg kg-1) are water and lipid contents of the root, 'b' for roots is 0.77 and 

‘a' = 1/ρOctanol = 1.22 L kg-1. The concentration in fine roots in phase equilibrium is thus  
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WSRWSRSSeqR KKCKCC ==, WSRWSRSSeqR KKCKCC ==,  

The “carrot model” calculates uptake into root with the transpiration water.  

Change of chemical mass in roots = +flux in with water – flux out with water 

QCQC
dt

dm
XyW

R −= QCQC
dt

dm
XyW

R −=
 

mR is the mass of chemical in roots, Q is the transpiration stream (L/d), CXY is the concentration 

in the xylem (mg/L) at the outflow of the root. Diffusive uptake is not considered (the carrot is 

peeled!). From mass, the concentration is derived by dividing through the mass of the root M:  

MQCMQC
dt

dC
XyW

R −= MQCMQC
dt

dC
XyW

R −=
 

If growth is exponential, and the ratio Q/M (transpiration to plant mass) is constant, the 

growth by exponential dilution can be considered by a first-order growth rate k (d-1):  

RXyW

R CkMQCMQC
dt

dC
−−= // RXyW

R CkMQCMQC
dt

dC
−−= //

 

If the xylem sap is in equilibrium with the root, the concentration CXy = CR/KRW. Then,  

RRWRW

R CkMQKCMQC
dt

dC
−−= ///

RRWRW

R CkMQKCMQC
dt

dC
−−= ///

 

Setting this to steady-state (dCR/dt = 0) gives for the concentration in the root CR:  

W

RW

R C

kM
K

Q

Q
C

+

= W

RW

R C

kM
K

Q

Q
C

+

=

 

The ratio of the concentration in soil water CW to that in bulk soil CSoil is KWS, and for the 

bioconcentration factor BCF between root vegetable and bulk soil follows: 

WS

RW

WS

W

R

Soil

R K

kM
K

Q

Q
K

C

C

C

C
BCF 

+

===
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R

Soil

R K

kM
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Q
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C
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+
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Additionally, a minimum BCF of 0.001 kg/kg fresh weight is set to consider attached soil. 

7.8.4 Potato Model 

The potato model (Trapp et al., 2007) considers as processes diffusion from soil into spherical 

potatoes, dilution by growth and eventually 1st order metabolism. The equation for the steady-

state is  

    

where CP (mg kg-1 fresh weight) and CS (mg kg-1 wet weight) are the chemical concentrations in 

potato and soil; k (d-1) are uptake rate (1), loss rate (2) and growth rate (G). The growth rate is 

an input data. The loss rate k2 is deduced from a radial diffusion model  

           

where DP is the diffusion coefficient of the chemical in potato, and R is the radius of the potato 

(m). The uptake rate k1 is calculated from phase equilibrium  

 

The equilibrium between soil and water KSW is 1/KWS and is calculated as described above. The 

phase equilibrium between potato and water, KPW, is calculated from  

     

where CW (mg L-1) is the chemical concentrations in water; W is the water content of potato (L 

kg-1); fCH is the fraction of carbohydrates; L is the lipid content (including waxes and lignin) (kg 

kg-1); b is an empirical value describing differences between root lipids and n-octanol and is 

0.77, a = 1/ρOctanol = 1.22 L kg-1, GP is the air content of the potato (L kg-1), and KCH is the 

partition coefficient of carbohydrates to water. Chiou et al. (2001) give values for KCH = 0.1 for 

log KOW < 0 to KCH = 3 for log KOW > 3. The carbohydrate fraction usually plays a minor role.  

The diffusion coefficient in potato, DP, is calculated with the same method as the diffusion 

coefficient in roots DR (described in (Trapp, 2007)), but with potato-specific data:  

effGeffWP DDD ,, += effGeffWP DDD ,, +=
 

Let DW (m2 d-1) be the diffusion coefficient of the chemical in pure water and DG (m2 d-1) the 

diffusion coefficient in pure gas phase. The diffusion coefficients of chemicals can be related to 

the square root of the molar mass M (g mol-1). The diffusion coefficient of the chemical in pure 

water DW (Trapp and Matthies, 1998): 
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M
DD OW

32
2 =

M
DD OW

32
2 =

 

where DO2 is the diffusion coefficient of oxygen O2 (M = 32 g mol-1) in water (1.728 x 10-4 m2 d-

1). For the estimation of DG, the diffusion coefficient of water vapor DH2O in air is used, with 

DH2O = 2.22 m2 d-1 (Trapp and Matthies, 1998)  

M
DD OHG

18
2 =

M
DD OHG

18
2 =

 

In porous solids (such as plant tissue), the diffusion is hampered by a "labyrinth factor", named 

tortuosity T. This tortuosity is estimated by the method of Millington and Quirk (cited in (Jury 

et al., 1983)). TW is the tortuosity in the water pores of the plant tissue, and TG is the tortuosity 

of the gas-filled pores. The expressions are not unit-true.  

2

3/10

)( PP

P
W

GW

W
T

+
=

2

3/10

)( PP

P
W

GW

W
T

+
=

 

2

3/10

)( PP

P
G

GW

G
T

+
=

2

3/10

)( PP

P
G

GW

G
T

+
=

 

The fraction of chemical fW (mg L-1 : mg kg-1) dissolved in the water WP (L kg-1) of the plant (the 

ratio between concentration in water phase of the plant tissue to total concentration) is  

PW

P

P
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The fraction of chemical fG (mg L-1 : mg kg-1) present in gas pores GP (L kg-1) of the plant (the 

ratio between concentration in gas phase of the plant tissue to total concentration) is   

PW

AWP
G

K

KG
f


=

PW

AWP
G

K

KG
f


=

 

We can now define effective diffusion coefficients Deff related to the total concentration. For 

diffusion in the water pores of the plant DW,eff 

WWWeffW TfDD =, WWWeffW TfDD =,  

and for diffusion in the gas pores DG,eff 

GGGeffG TfDD =, GGGeffG TfDD =,  

The sum of DW,eff and DG,eff gives the diffusion coefficient of the chemical in plant tissue DP (m2 

d-1) 
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 effGeffWP DDD ,, += effGeffWP DDD ,, +=
 

The next table lists the properties of the potato, which were taken from the original reference 

(Trapp et al., 2007). 

A-Table 7.8.4-1 Properties of potatoes.  

Parameter Symbol Value Unit 

Water content  WP 0.778 L kg-1 

Lipid content (*) LP 0.001 g g-1 

Gas pores  GP 0.04 L kg-1 

Carbohydrate fraction fCH 0.086 L kg-1 

Growth rate  kG 0.139 d-1 

Radius  R 0.04 M 

(*) This lipid content includes all lipid-like compounds, not only fat and oil, but also waxes like suberin and cutin. 

 

For unpeeled potato, a minimum BCF due to soil attachment of 0.001 kg/kg fw is added.  

7.8.5 Leafy Vegetables Model 

The leafy vegetables model is taken from Trapp (2015). The advantage of this approach is that 

it does not use a TSCF Transpiration Stream Concentration Factor, but is built on first 

principles. The main difference to the old approach used in the TGD is that the concentration 

in xylem in relation to that of the soil pore water is a sigmoid curve and not a bell-shaped 

Gaussian curve, as in Briggs regression for the TSCF (Briggs 1982).  

The mass balance equation for leaves is expressed as the change of contaminant mass in 

leaves resulting from the influx of contaminant with transpiration water from roots plus 

gaseous and particulate deposition from air, minus diffusion to air and first-order loss:  

LLmetL

LA

L

APdepLAPLR

RW

L

mkC
K

mLgA

CfvACfgAC
K

Q

dt

dm

−


−

+−+=

−

,

31000

)1(

LLmetL

LA

L

APdepLAPLR

RW

L

mkC
K

mLgA

CfvACfgAC
K

Q

dt

dm

−


−

+−+=

−

,

31000

)1(

LLmetL

LA

L

APdepLAPLR

RW

L

mkC
K

mLgA

CfvACfgAC
K

Q

dt

dm

−


−

+−+=

−

,

31000

)1(

 



 

 

57 

 

 

where AL is leaf area (m2), KLA is the partition coefficient between leaves and air (L kg-1), CA is 

the total concentration in air (mg m-3) and fP (-) is the fraction of the total concentration in air 

that is sorbed on particles. The factor of 1000 converts m3 to L. Uptake from air can be through 

diffusive exchange in the gas phase with conductance g (m d-1), or by deposition of particles 

with velocity vdep (m d-1). By choosing the default value for g as 10-3 m/s and for vdep as 10-3 

m/s, gaseous and particle deposition have the same value, and the equation simplifies. For 

constant conditions and with exponential growth, the concentration in leaves is  
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where ML is the mass of leaves (kg) and kL (d-1) is the first-order rate that includes growth 

dilution and metabolic loss processes (if any). Defining I as the sum of all constant input terms 

(flux from roots, diffusion and deposition from air), and k is the sum of all loss terms (diffusive 

loss to air, metabolism and growth dilution), the dynamic analytical solution of the differential 

equation (in case of constant concentrations in soil, root and air) is  

)1()( kt
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L e
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I
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I
tC −−


=

       

This approach resembles the one-compartment model by Trapp and Matthies (1 that is used in 

EUSES1 and CSOIL.2 In the original equations, translocation from soil is calculated with the 

transpiration stream concentration factor TSCF.19 The new formulation, with uptake from 

roots, can also consider formation and transport of metabolites and does not rely on empirical 

equations. The calculated TSCF is very similar to the new sigmoid TSCF curve of Dettenmaier et 

al., both predict that polar neutral compounds (log KOW < 1) will be readily translocated. For 

medium to strongly lipophilic compounds, calculated TSCF and empirical regressions do not 

differ much, all predict slower translocation with increasing log Kow. 

7.8.6 Cereal Model 

No specific model for uptake of organic contaminants into cereal was developed so far. 

Therefore, we use a modified leafy vegetables model to calculate uptake into cereal. The mass 

balance equation remains unchanged, but the physiological parameters, such as surface area, 

volume and fluxes were adapted. Particle deposition was disregarded.  

The mass balance equation is:  

Change of mass in corn = + translocation from stem + uptake from air by gaseous diffusion - 

loss to air by gaseous diffusion 
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where C is the index for cereal, W for soil water and A for air; QC is the water flux to corn (L d-

1). All other parameters are described in the section for the leafy vegetables model.  

Attached soil. Cereal is, whenever possible, harvested at dry weather, and the modern 

machines used for this produce dust. This leads to a small, but noticeable pollution of the 

harvest product with soil particles. Paretzke and Garland (1992) report that milled wheat and 

barley corn contains 0.001 kg soil per kg dry weight. Based on this, we use a default value of 

0.0001 kg soil per kg cereal (wet weight, corresponds to 0.001 kg/kg dw), for the BCF soil to 

corn via soil resuspension. 

All data of the root, leaf and cereal model for the standard approach and for the PPCP model 

are shown in the Table below.  

7.8.7 Leafy Vegetables Model 

The leafy vegetables model is taken from Trapp (2015). The advantage of this approach is that 

it does not use a TSCF Transpiration Stream Concentration Factor, but is built on first 

principles. The main difference to the old approach used in the TGD is that the concentration 

in xylem in relation to that of the soil pore water is a sigmoid curve and not a bell-shaped 

Gaussian curve, as in Briggs regression for the TSCF (Briggs 1982).  

The mass balance equation for leaves is expressed as the change of contaminant mass in 

leaves resulting from the influx of contaminant with transpiration water from roots plus 

gaseous and particulate deposition from air, minus diffusion to air and first-order loss:  
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where AL is leaf area (m2), KLA is the partition coefficient between leaves and air (L kg-1), CA is 

the total concentration in air (mg m-3) and fP (-) is the fraction of the total concentration in air 

that is sorbed on particles. The factor of 1000 converts m3 to L. Uptake from air can be through 

diffusive exchange in the gas phase with conductance g (m d-1), or by deposition of particles 

with velocity vdep (m d-1). By choosing the default value for g as 10-3 m/s and for vdep as 10-3 

m/s, gaseous and particle deposition have the same value, and the equation simplifies. For 

constant conditions and with exponential growth, the concentration in leaves is  
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where ML is the mass of leaves (kg) and kL (d-1) is the first-order rate that includes growth 

dilution and metabolic loss processes (if any). Defining I as the sum of all constant input terms 

(flux from roots, diffusion and deposition from air), and k is the sum of all loss terms (diffusive 

loss to air, metabolism and growth dilution), the dynamic analytical solution of the differential 

equation (in case of constant concentrations in soil, root and air) is  

)1()( kt

L

L e
Mk

I
tC −−


= )1()( kt

L

L e
Mk

I
tC −−


=

   

This approach resembles the one-compartment model by Trapp and Matthies (1 that is used in 

EUSES1 and CSOIL.2 In the original equations, translocation from soil is calculated with the 

transpiration stream concentration factor TSCF.19 The new formulation, with uptake from 

roots, can also consider formation and transport of metabolites and does not rely on empirical 

equations. The calculated TSCF is very similar to the new sigmoid TSCF curve of Dettenmaier et 

al., both predict that polar neutral compounds (log KOW < 1) will be readily translocated. For 

medium to strongly lipophilic compounds, calculated TSCF and empirical regressions do not 

differ much, all predict slower translocation with increasing log Kow.   

7.8.8 Cereal Model 

No specific model for uptake of organic contaminants into cereal was developed so far. 

Therefore, we use a modified leafy vegetables model to calculate uptake into cereal. The mass 

balance equation remains unchanged, but the physiological parameters, such as surface area, 

volume and fluxes were adapted. Particle deposition was disregarded.  

The mass balance equation is  

Change of mass in corn = + translocation from stem + uptake from air by gaseous diffusion - 

loss to air by gaseous diffusion 
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where C is the index for cereal, W for soil water and A for air; QC is the water flux to corn (L d-

1). All other parameters are described in the section for the leafy vegetables model.  

Attached soil. Cereal is, whenever possible, harvested at dry weather, and the modern 

machines used for this produce dust. This leads to a small, but noticeable pollution of the 

harvest product with soil particles. Paretzke and Garland (1992) report that milled wheat and 

barley corn contains 0.001 kg soil per kg dry weight. Based on this, we use a default value of 

0.0001 kg soil per kg cereal (wet weight, corresponds to 0.001 kg/kg dw), for the BCF soil to 

corn via soil resuspension. 

All data of the root, leaf and cereal model for the standard approach and for the PPCP model 

are shown in the Table below. 

A-Table 7.8.8-1. Table of input data for the standard plant uptake and the PPCP model. Black: Both 
standard model and PPCP model. Underlined: only required for the PPCP model. Source: Trapp et al. 
(2023), if not mentioned otherwise.  

Chemical data Unit Default  Information 

KAW  L/L 
 

partition coefficient air to water  

log KOW log L/L 
 

log partition coefficient n-octabol to water 

molar mass M g/mol 
  

metab rate d-1 
 

added to growth rate  

slope b - 0.85 exponent for correction of plant lipids 

CSoil  mg/kg 
  

CAir mg/m3 
  

KOC  L/kg 
 

optional, calculated elsewhere 
    

log KOW (ion) 
  

optional calculated, log KOW (neutral) -3.5 

KHSA  L/mol 10000 Adsorption to proteins (human serum albumin) 

pKa 
 

in water in water; corrected by 1 unit for membranes 

valency z 
  

base +1, acid -1 
    

Soil data  
   

Kd L/kg 0.3 
 

pH 
  

5.7 to 6.25, depending on the region 
    

Plant data 
   

time to harvest d 60 
 

W water content L/kg 0.89 same for roots and leaves 

L lipid content g/g 0.025 same for roots and leaves 

protein content g/g 0.03 
 

ionic strength M 0.3 of cell sap 
    

Root data 
  

for 1 m2  

M root mass kg  1 
 

k growth roots d-1 0.1 
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Chemical data Unit Default  Information 

Leaves data 
   

mass kg 1 
 

area m2 5 
 

conductance g m/s 0.001 between leaves and air 

growth rate  d-1 0.035 
 

density  kg/m3 1000 
 

    

Transpiration  
   

roots L/d 1 
 

fruits L/d 0.1 
 

leaves L/d 0.9 
 

ratio phloem to 
xylem flow 

(-) 0.1 from leaves to roots 

Table continued. Table of input data. Black: Both standard model and PPCP model. In red: only 
required for the PPCP model.  

Corn (grain) Unit Default Information 

Mass  kg 1 
 

Growth rate d-1 0.1 
 

density  kg/m3 1000 
 

Area m2 1 
 

ratio phloem to xylem (-) 0.1 from leaves to corn (or fruits) 

time t2 d 60 t2 is the time fruits grow 
    

Potato unit default same as in Legind and Trapp (2009) 

Radius m 0.04 
 

Water content L/kg 0.778 
 

Lipids g/g 0.001 
 

Carbohydrates g/g 0.154 
 

Growth rate d-1 0.139 
 

    

Cell model 
  

values correspond to one cell 

Temperature K 293.15 = 20 °C 

Volume fraction 
 

0.1 cytosol 
  

0.9 vacuole 

pH cytosol 
 

7.4 
 

pH vacuole 
 

5 
 

pH phloem 
 

5.5 
 

pH xylem 
 

8 
 

Potential V -0.12 of cytosol to outside 
  

+0.02 of vacuole to cytosol 
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Corn (grain) Unit Default Information 
  

+0.12 of xylem to cytosol  (uncharged to outside) 
  

10-6 of phloem to cytosol (uncharged to cytosol) 

 

8 Predicted background concentration  

Due to lack of measured background concentration of organic contaminants in agricultural soil, 

an estimated predicted background concentration which could represent application of 

sewage sludge. In Norway, sewage sludge has been applied to agricultural soils for about 5 

decades.  

Predicted concentration in soil one month before the 6th application of dewatered sewages 

sludge at the same agricultural field over years, was assumed to represent an estimated 

background concentration (PECsoil-background). 

Table A-8-1 summarise PECsoil-background for PFAS compounds (present risk assessment), 

measured soil concentration values (MECsoil) in urban soil (Oslo) (data from the National 

environmental program for pollutants in the terrestrial and urban environment, MILBY), and 

MECsoil from a Swedish field study with application of sewage sludge.  

Table A-8-1   Comparison between PECsoil-background for PFAS compounds (present risk 
assessment), MECsoil in urban soil (Oslo) ( MILBY data), and MECsoil from a Swedish field study with 
application of sewage sludge (given as µg/kg dw).  

CAS no. Name (Abbr) PECbackground 
(Melhus Cereal 
prod.) 

MILBY 
(MEAN) 

PECsoil A3 
before (0-
0.25 m) 

PECsoil B3 
before 
(0.25 m) 

PECsoil C3 
before 
(0.25) 

  µg/kg dw 

1763-23-1 PFOS 0.014 0.465 0.430 2.100 3.300 

31506-32-8 N-MeFOSA 0.111 0.300 0.000 0.000 0.000 

4151-50-2 N-EtFOSA 0.120 0.300 0.000 0.000 0.000 

678-39-7 8:2 FTOH 0.538 2.000 n.a. n.a. n.a. 

335-67-1 PFOA 0.000 0.322 0.270 0.550 0.750 

754-91-6 PFOSA 0.014 0.070 0.000 0.000 0.000 

2058-94-8 PFUnDA 0.333 0.098 0.000 0.000 0.000 

335-76-2 PFDA 0.014 0.070 0.080 0.180 0.260 

27619-97-2 6:2 FTSA 0.022 0.150 0.000 0.000 0.000 

24448-09-7 N-MeFOSE 0.106 5.000 n.a. n.a. n.a. 

375-92-8 PFHpS 0.015 0.050 0.000 0.000 0.000 

355-46-4 PFHxS 0.067 0.030 0.000 0.000 0.000 

39108-34-4 8:2 FTSA 0.008 0.150 0.000 0.000 0.000 

1691-99-2 N-EtFOSE 0.151 5.000 n.a. n.a. n.a. 

647-42-7 6:2 FTOH 0.027 2.000 n.a. n.a. n.a. 

335-77-3 PFDS 0.049 0.100 0.000 0.000 0.000 

375-95-1 PFNA 0.039 0.138 0.060 0.130 0.190 

375-85-9 PFHpA 0.010 0.110 0.000 0.150 0.190 

307-55-1 PFDoDA 0.043 0.028 0.000 0.000 0.120 

2991-50-6 EtFOSAA 0.096 0.245 0.000 0.000 0.150 
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CAS no. Name (Abbr) PECbackground 
(Melhus Cereal 
prod.) 

MILBY 
(MEAN) 

PECsoil A3 
before (0-
0.25 m) 

PECsoil B3 
before 
(0.25 m) 

PECsoil C3 
before 
(0.25) 

  µg/kg dw 

2355-31-9 MeFOSAA 0.025 0.245 0.000 0.000 0.000 

376-06-7 PFTDA 0.064 0.050 0.000 0.000 0.000 

72629-94-8 PFTrDA 0.038 0.041 0.000 0.000 0.000 

2806-24-8 FOSAA 0.004 0.245 0.000 0.320 0.700 

120226-60-0 10:2 FTS 0.026 0.300 n.a. n.a. n.a. 

39239-77-5 12:2 FTOH 0.012 2.000 n.a. n.a. n.a. 

865-86-1 10:2 FTOH 0.357 2.000 n.a. n.a. n.a. 

2706-90-3 PFPeA 0.000 0.050 0.000 0.190 0.260 

79780-39-5 PFDoS 0.006 0.200 0.000 0.000 0.000 

16517-11-6 PFOcDA 0.001 0.190 n.a. n.a. n.a. 

67905-19-5 PFHxDA 0.001 0.132 n.a. n.a. n.a. 

307-24-4 PFHxA 0.004 0.143 0.000 0.000 0.240 

375-73-5 PFBS 0.000 0.032 0.000 0.000 0.000 
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9 Prioritisation of organic contaminants for risk assessment 

9.1 Step 1-predicted environmental concentrations (PECstep 1) 

• So far, only individual compounds have been prioritised. 

• The compounds primarily pose a risk to organisms that live in the soil-sludge mixture 

(e.g. plants, springtails and earthworms) or that eat the soil-sludge mixture (e.g. 

earthworms, farm animals). The compounds may also pose a risk to aquatic organisms 

due to runoff from the fields where the sludge have been applied, but in regard to the 

first prioritisation of chemicals it is unlikely that risk to aquatic organisms will pose a 

higher risk than to the organisms living in or off the soil where the sludge is directly 

applied. 

• There will be two different types of applications that need to be taken into account at 

this stage of the assessment: 

o Sewage sludge may be applied directly as topsoil, hence no mixing with the 

soil beneath. 

o Sewage sludge may be applied by mixing it in with the upper soil (𝐷𝑒𝑝𝑡ℎ𝑠𝑜𝑖𝑙). 

It was here assumed complete homogeneous mixing into 20 cm topsoil.  

• The current regulation (until 1st February 2025) state that the maximum amount of 

class I sewage sludge allowed to be applied on farmland is 4 tons dry sludge per acres 

(40 tons dry sludge per hectare) over a 10-year period. However, the upcoming 

regulations may strongly limit the application of sewage sludge on farmland. The 

applied amount needs to consider the levels of bioavailable phosphorous in the sludge, 

allowing a maximum amount of 25 kg P per acres over a 10-year period. However, the 

maximum amount allowed to apply per year will be 3.1 kg P per acres per year (2.8 kg 

P per acres in most of the country), though this limit is gradually reduced years after 

the regulation is implemented and depending on where in the country the fertilisers 

are applied. Alternatively, the application of fertilisers may be controlled by the 

phosphorous balance, hence not exceeding the amount of phosphorous that is 

following the harvested material over a four-year period. If it can be documented that 

the plants need more fertiliser than 3.5 kg P per acres per year, a higher amount of 

fertiliser may be admitted.  

o As most phosphorous at wastewater treatment plants (WWTPs) in Norway is 

removed by precipitation with iron- or aluminium-based coagulants, forming 

strong metal-P-complexes, a relatively small fraction of the phosphorous in the 

sludge is available for plant uptake. In the 17 WWTPs (with five data points per 

plant) that took part in the 2022/23-study of organic pollutants in Norwegian 

wastewater sludge 2022/23, the median total P level in sludges was 21 g P/kg 

dry weight. The average with standard deviation was 21.3 ± 8.4 g P/kg dry 

weight. The 5th percentile of the data was 14.8 g P/kg dry weight. If only the 

sludge from the plants that apply chemical precipitation are considered (11 

plants), the median, average with standard deviation and 5th percentile were 

19.2 g P/kg dry weight, 18.9 ± 7.2 g P/kg dry weight and 8.0 g P/kg dry weight.  

o It is not stated how the bioavailable P-fraction should be quantified, but for 

soil this is usually by measuring the P-AL level by extraction with ammonium 

lactate and acetic acid at pH 3.75 for 1,5 hours, though many other extraction 
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methods are also applied (Bøen 2010). Krogstad (2004) found that P-AL 

amounted to 3.2-5.7% of the total P in sludge from five different WWTPs 

where Al- og Fe-based coagulants were used. However, Øgaard (2013) has 

pointed out that the correlation between P-AL in sewage sludge and plant 

uptake is relatively poor, though none of the methods that were tested gave 

strong correlations with all the different sludge types. The levels of Al and Fe in 

the sludge appeared to be best correlated with the level of plant uptake. 

Though, as of now P-AL seems to be option to estimate the plant availability of 

P in sludge. When using the average total P content (18.9 g P/kg dry weight) 

and the average P-AL level (4.5%) in the sludges with chemically precipitated 

phosphorous in the calculations, 0.84 g P-AL will be added per kg dry weight 

sludge.  

o If a maximum allowable amount of 3.1 kg P per acres per year is assumed, the 

maximum amount of sludge that could be applied is 36.9 tons of dry weight 

sludge per hectare per year. The 25 kg P per hectare over a 10-year period 

amounts to 297 tons dry weight sludge per hectare.  

o In the worst-case (unlikely) scenario, there are no losses of a particular 

compound due to degradation, runoff, plant uptake or evaporation over the 

10 years and additional application of sludge may further increase the 

concentration of that compound in the soil. However, it is unlikely that any 

farmers will only apply sewage sludge as fertiliser, hence the almost 300 tons 

of dry weight sewage sludge over a 10-year period is most likely a strong 

overestimate. In few years (from 2025) the maximum yearly amount of P 

allowed to apply as fertiliser will also be decreased. As of now we have 

calculated the maximum concentration in the soil after application of sewage 

sludge using the maximum yearly application load, rounding up to 40 tons dry 

weight per hectare: 

 

𝑀𝑠𝑙𝑢𝑑𝑔𝑒,10 𝑦 =
𝑠𝑙𝑢𝑑𝑔𝑒 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 [𝑘𝑔]

𝐷𝑒𝑝𝑡ℎ𝑠𝑜𝑖𝑙[𝑚]∙𝐴𝑟𝑒𝑎[𝑚2]
=

40 000 𝑘𝑔 

0.2 𝑚∙10 000 𝑚2 = 20 𝑘𝑔/𝑚3 

 [1] 

The bulk density of wet soil (𝑅𝐻𝑂𝑠𝑜𝑖𝑙) is assumed to be 1700 kg wet weight 
/m3, hence the maximum initial concentration of dry sewage sludge in the soil 
is: 

 

𝐶𝑠𝑜𝑖𝑙,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 =  
𝑀𝑠𝑙𝑢𝑑𝑔𝑒,10 𝑦

𝑅𝐻𝑂𝑠𝑜𝑖𝑙
=  

20 𝑘𝑔/𝑚3

1700 kg/m3 = 0,011765 𝑘𝑔 𝑑𝑟𝑦 𝑠𝑙𝑢𝑑𝑔𝑒/m3

 [2] 

Hence, the measured sludge concentrations (µg compound/kg dry weight 

sewage sludge) were multiplied by a factor 0.011765 to get the initial 

concentrations in the soil (𝐶𝑠𝑜𝑖𝑙).  
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9.2 Step 1-risk assessment to prioritise compounds in treated 
sewage sludge 

• The risk posed by a compound towards organisms living in the soil was therefore 

calculated using the risk quotient defined as the ratio between the predicted 

environmental concentration (PEC) and the predicted no-effect concentration to soil 

organisms (𝑃𝑁𝐸𝐶𝑠𝑜𝑖𝑙): 

𝑅𝑄𝑠𝑜𝑖𝑙 =  
𝑃𝐸𝐶

𝑃𝑁𝐸𝐶𝑠𝑜𝑖𝑙
         [3] 

• It is typically assumed that only the fraction of the compound found in the pore water 

is bioavailable and hence may cause a toxic effect on the organisms (European 

Commission 2003). This is considered valid for compounds with a log Kow (or log Koc) 

value up to 5. For compounds with higher log Kow values (or for compounds with a 

corresponding adsorption or binding behaviour, e.g. ionisable substances), the 𝑅𝑄𝑠𝑜𝑖𝑙 

should be multiplied with a factor 10. 
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10 Process based estimation of PECsurface water 

In this risk assessment, the TGD-recommended method (ECB, 2003) is used for the estimation 

of concentrations in surface water bodies. The dilution factor and background sediment 

concentrations are assumptions that could be reasonable in one context, but completely 

unsuitable in another. The use of a single value for a diverse set of locations increases the risk 

of assigning erroneous values to important dynamic environmental properties. In Norway, 

however, agricultural areas are monitored and mapped and they have been so for many years.  

This appendix describes an approach to the simulation of the effect of compound fluxed from 

agriculture to the river network that alleviates some of the shortcomings of the TDG method. 

It does so by replacing generic parameter values by estimates based on existing and readily 

available Norwegian data. 

The model links spatial source strength (concentrations in soil and effluent), seasonal transport 

processes, and river dilution. Application maps define where material is added to the soil in 

the typical 10-year cycles in this study. Monthly erosion controls how much material is 

mobilised overland. A connectivity raster is used to estimate the sediment and solute delivery 

rates from source to recipient (river network). Most agricultural soils in Norway are 

characterised by textures that require artificial drainage. Tile drainage represents a direct 

transfer pathway to the nearest river cell. Estimated monthly discharge rates then allow to 

compute concentration based on the accumulated river compound load. 

Model output should be interpreted as a spatially distributed estimate of monthly river 

concentration driven by application intensity, seasonal overland flow, erosion and drainage 

rates, and discharge-based dilution. High concentrations occur where source loads are high, 

connectivity is strong, upstream contributing area is large, and discharge is relatively low. 

 

Model inputs 

Geospatial data 

The model is fully spatially explicit; it represents transport processes from field to river in a 

raster discretisation of the catchment of interest. This regular grid consists of 10x10 m raster 

cells (see A-Fig. 9.1 for examples).  

The model requires a series of raster maps: 

• Digital Elevation Model (DEM). 

• River mask: a map that shows the location of the recipient river. 

• Connectivity raster: a map with values between 0 and 1 that represent the likelihood 

that particles or solutes are transported from source (field) to recipient (river). 

• Nearest-river-cell: a map with estimates of where tile drainage from a certain field is 

connected to the river network. 

• Sludge application maps: ten maps that show a random distribution of fields on which 

sludge is applied. All fields receive an application in a 10-year period. 

• Erosion rasters: twelve monthly maps, derived from the national erosion risk map. 

These are risk values as a function of the 1991-2020 climate, soil physical conditions 

and terrain. 
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• River discharge: twelve monthly maps that show the estimated monthly discharge in 

each cell in the river mask. 

All map rasters are aligned with the DEM grid so that every file has consistent dimensions and 

spatial extent. A-Fig.9.1 shows four of the input maps. 

 

A-Figur 10.1 Examples of geospatial input to the PECsurface water model. A: a hillshade rendering of the 
digital elevation model with the course of the Loa river in red, B: individual field IDs, C: hydrological 
connectivity, and D: one of the 12 monthly erosion risk maps. 

Monthly PEC 

Two tables provide month-specific values: PECsoil and drainage for a certain simulation period. 

As with the PEC calculations in this risk assessment, the monthly values cover a 100-year 

period (i.e. 1200 time steps). Both files are compound-specific and are generated from the 

model described in section 3.4 of this report. 
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Mass balance rationale 

Flow routing 

For each valid DEM cell, the model applies a deterministic flow-direction rule. The rule is 

referred to as a deterministic-8 (D8) flow-direction rule, as it compares the eight neighbouring 

cells and selects the neighbour with the greatest positive downslope gradient, i.e. the 

downstream neighbour with the largest positive drop. If no positive drop exists, the cell has no 

downstream receiver. 

After computing D8 directions, the model builds a downstream graph and a topological 

processing order. This ensures that upstream cells are processed before downstream cells, 

allowing mass to be accumulated once and passed downstream efficiently. 

Application of sludge every 10 years 

The simulation is implemented with monthly time steps and covers 100 years.  Every field is 

assumed to be fertilised with sludge once per ten years. The assignment of fields to be 

fertilised in a given year of the cycle is random, but it repeats every ten-year application cycle. 

Thus, the model contains ten annual application maps and cycles through them by simulation 

year. 

Overland source mass equation 

For each land cell and month, the erosion-driven detachment rate is calculated as: 

Moverland,i,t = PECsoil * Ei,t  * ICi 

where PECsoil is the concentration of the compound in the soil at month t, Ei,t, is monthly 

erosion, and IC i is the connectivity value (0 - 1). This equation represents material fluxes 

towards the river network, based on the concentration in the soil, detachment by erosion, 

scaled by monthly concentration, and reduced according to hydrological connectivity to the 

river network. Monthly loading towards the river is estimated by accumulating the Moverland, i, t 

values downstream with the D8 algorithm, until it reaches the river network. Once there it is 

added to the total monthly load of that particular river cell. 

Drainage accumulation 

Drainage is handled as a direct transfer from each application cell to its nearest river cell: 

Mdrainage,r,t = Σ(Li,y * Qleaching, t) 

where Li,y is the monthly compound leachate (µg) and Qleaching, t is the monthly drainage depth 

(mm), and r is the nearest valid river cell for land cell i. Dt is taken from the soil water balance 

in the PEC model, described in section 3.4 in this report. Unlike the erosion pathway, this term 

is not routed overland from the original land cell; it is added directly to the receiving river cell. 

Overland flow accumulation 

For each monthly step, each cell starts with its local source mass (Moverland and Mdrainage). The 

model then routes accumulated mass through the downstream flow graph towards the river: 

Accumi,t = Sourcei,t + Σu(Accumu,t)  

where u’s are all upstream cells draining into i. In the implementation, this is done by traversing 

cells in topological order and passing each cell accumulation to its downstream neighbour. 
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Estimation of monthly river discharge 

Discharge (Qi,t) is estimated for every cell in the stream network by means of a simple linear 

regression model. This model isa simplified linear rainfall-response model that was 

parameterised by using discharge and land use data for five representative and gauged 

catchments in four of the five municipalities in this risk assessment (no appropriate reference 

data were found for Målselv municipality). The model does not predict snow melt and will 

underestimate discharge in March and April. Besides on monthly precipitation, discharge in the 

river (Qt, m3 s-1) is assumed to be a function of land use and terrain steepness. 

Qt =  a Ptotal + b S+ c LUurban+ d LUforest + e LUagriculture 

Where Ptotal is the monthly rainfall, S the average slope of the contributing area of river 

location (m/m), LUx are the percentual areas for the different land use classes and a to e are 

the regression coefficients. Figure A-11.2 shows the result of the calibrated regression model.  

 

Figure A-10.2: Discharge time series displaying the calibration of the linear rainfall-runoff model that 
is used for the estimation of monthly discharge in the river network. 

Compound concentration in river 

For each river cell, concentration is computed as: 

PECsurface water,i,t = Accumi,t / Qi,t 

where Accumi,t is accumulated mass at river cell i in month t, and Qi,t is monthly discharge for 

that river cell and month.  
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Model output 

Geospatial output 

The model writes a GeoTIFF containing the maximum concentration recording during the 100-

year simulation period at each river cell. This is depicted as the coloured river network in Fig.A-

11.2. It can also write GeoTIFF rasters for the year and month in which the maximum occurs. In 

addition, it writes a GeoJSON point layer containing river-cell coordinates, maximum 

concentration, timing of maximum concentration, and the full monthly concentration time 

series. 

Model results for Loa river in Melhus 

An arbitrary compound was selected in combination with an arbitrary scenario in order to 

illustrate the effect of spatiotemporal variation in risk exposure evaluation in flowing 

freshwater. The compound chosen was UV-329 (CAS 3147-75-9) and the scenario was cereal 

production in Melhus with application of 11.2 tonne/ha of dewatered sludge once every ten 

years.  

Within this municipality, an agricultural headwater catchment was identified based on its size 

and land use characteristics. The Loa, with a total catchment area of 2.32 10⁶ m², is a small 

tributary to the much larger Gaula. 

The estimated peak concentration in surface water according to the TGD-based model (30 

days after application) is 2.58 10⁻⁹ g l⁻¹. The map in the figure below shows the maximum 

concentration in the streaming river for the entire 100-year simulation period.  

A-Figure 10-1. Map overview of maximum concentrations in river discharge (PECsurface water) for the Loa 
river in Melhus municipality, and the location of its catchment in the wider area south of Trondheim. 

While the concentrations along the profile of the river have a considerable range, the order of 

magnitude is similar to that of the TGD-based estimates. The combination of highly variable 
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loads (due to land use) and dilution factors (due to contributing area) results in a non-

monotonic development of PECsurface water in the downstream direction.  

This is an indication that PNEC values for certain compounds, while not exceeded by the 

average values generated by the TGD method, may be exceeded at certain locations within 

agriculture-dominated headwater catchments. 
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11 Fertiliser regulation 

11.1 Norwegian Fertiliser Regulations of 1. February 2025 

A new fertiliser regulation came into force 1 February 2025 

(https://www.mattilsynet.no/planter-og-dyrking/gjodsel-jord-og-dyrkingsmedier/nytt-

gjodselregelverk-tradte-i-kraft-1.februar-2025). The previous Fertiliser Regulations (FOR-2003-

07-04-951) are divided into two; the Fertiliser Product Regulation - for production, sales and 

import of fertilisers of organic origin and certain inorganic fertilisers (FOR-2025-01-29-116) and 

the Fertiliser Use Regulations (FOR-2025-01-29-115) (for storage and use of fertilisers).  

The aim of the two new fertiliser regulations is to facilitate recycling of waste and by-products 

to fertilisers and soil improvers while taking account for soil health and safety for 

environmental, animal and human health in a long-term perspective. New guidance’s are 

under development. 

The Chapter and paragraphs with highest relevance for the present risk assessment are 

included in the sections below. 

11.1.1 Fertilising Product Regulation – related to production, sales and import 
(FOR-2025-01-29-116)  

Product name ‘sterilised sewage sludge’ (Chapter 2, general requirement for businesses, 

§11). The Norwegian Food Safety Authority shall, upon application, grant enterprises approval 

for the use of the product names ‘sterilised sewage sludge’ and ‘sewage sludge-based fertiliser 

with special conditions of use’. Such approval shall only be granted if the conditions in the 

second or third paragraph are met (Use of the product names ‘sterilised sewage sludge’ and 

‘sewage sludge-based fertiliser with special conditions of use’, §11).  

‘Sterilised sewage sludge’ may only be used on fertilisers containing sewage sludge that has 

been treated with thermal hydrolysis or other hygienisation methods that result in the 

material being sterilised.  

Another product name is ‘sewage sludge-based fertiliser with special conditions of use’ 

(Chapter 2 §11). The sales description ‘sewage sludge-based fertiliser with special conditions 

of use’ may only be used for sewage sludge products that: 

a. are suitable for annual fertilisation where the annual application rate of the sewage 

sludge component is less than 1000 kg DM/ha. 

b. have a content of available nitrogen, phosphorus and potassium that is balanced and 

adapted to the annual agronomic needs of the crops. 

c. is in solid form and is suitable for even spreading on the area to be fertilised 

d. is treated with methods where the temperature is at least 55 °C during the 

hygienisation period. 

An example of ‘sewage sludge-based fertiliser with special conditions of use’, is the Norwegian 

fertiliser product Minorga® (https://www.ivar.no/minorga/), which is one of the fertiliser 

products applied in scenario To3, new ways for application of sewage sludge.  

https://www.ivar.no/minorga/
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Raw materials for use in fertiliser products (Chapter III, product requirement, §15).  Only raw 

materials given in an acceptance list can be used for fertiliser products.  

Maximum limits (MLs) for heavy metals (Chapter III, §21). Similar as previous Fertiliser 

regulation from 2003, there are MLs for heavy metals, however, there are some changes in 

rules.  

Duty to care (Norwegian “Akstomhetsplikt”) for content of unwanted compounds (Chapter 

III §24). Businesses shall exercise caution and take reasonable measures to i) ensure they have 

sufficient knowledge about the content of organic pollutants, pesticide residues, 

pharmaceutical residues and other substances harmful to health or the environment in raw 

materials and fertilisers, and ii) prevent, limit or prevent raw materials and fertilisers from 

containing substances mentioned in letter a) in such quantities that their use could cause 

damage to health or the environment. 

For raw sludge, ash and biochar, the obligation in the first paragraph is also considered to be 

fulfilled for the environmental toxins for which limit values are specified in Sections 25, 26 and 

27.  

It is not permitted to dilute the individual raw materials in order to bring them down to an 

acceptable level of undesirable substances. However, mixing of different heavy metal classes 

as described in Sections 21 to 23 is permitted. 

Special limit values for the content of organic pollutants in raw sludge (Chapter III, §25), in f 

ash (§26) and biochar (§27).  

In the new regulation, there is established MLs for selected organic contaminants in raw 

sludge (diethylhexyl phthalate - DTHE, sum PFOS and PFOA, PCB7), and in ash and biochar 

(PAH16, Polyklorerte dibenzo-p-dioksiner og dibenzofuraner (PCDD/F)) (A-Table 11.1.1-1).  

A-Table 11.1.1-1 Maximum limits for organic contaminants in raw sludge, and biochar and ash from 
sludge (Norwegian Fertilising Product Regulation FOR-2025-01-29-116). 

Matrix Compound Abbreviation ML Unit 

Raw sludge Diethylhexyl phfhalate  DEHP 50 mg/kg DM 

Perfluorooctane sulfonic acid 
(PFOS) and Perfluoroocatnoic acid 
(PFOA) 

Sum (PFOS plus 
PFOA) 

0.04 mg/kg DM 

Polychlorinated biphenyls PCB7 0.04 mg/kg DM 

Biochar and ash Polycyclic aromatic hydrocarbons PAH161 6 mg/kg DM 

Sum Polychlorinated dibenzo-p-
dioxins) & polychlorinated 
dibenzofurans  

PCDDs, PCDFs, also 
combined as 
PCDD/Fs 

20  ng WHO TEF2 
per kg DM 

1Sum of naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, 
benzo[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, indeno[1,2,3-
cd]pyrene, dibenzo[a,h]anthracene and benzo[ghi]perylene; 2TEF: Toxicity  Equivalence Factors.   

For production of ash and biochar there are special supplementary requirements for (§26 and 

§27). Under production of ash the temperature must exceeds 450 °C for at least two seconds. 

The total content of organic carbon shall be less than six per cent dry matter of the material. 
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Biochar must be produced under oxygen-limiting conditions and have a hydrogen to organic 

carbon molar ratio of less than 0.7.  

Biochar made from sewage sludge is still considered sewage sludge. 

11.1.2 Fertiliser Use Regulations (FOR-2025-01-29-115) 

Chapter 3. Requirement for use of fertiliser 

Requirements regarding spreading times (§15). The permission of spreading of organic 

fertilisers varies between regions. In areas within the catchment area that drains to the coastal 

stretch from the Swedish border to the county border with Agder, and in the municipalities of 

Stavanger, Sola, Randaberg, Sandnes, Gjesdal, Klepp, Time and Hå in Rogaland county: in the 

period 1 March to 1 September. In Troms and Finmark counties the period is from 1 March to 

1 November. Spreading without mulching on meadows and other crops must take place no 

later than 1 September and must be harvested the same year after spreading. In the rest of 

the country: in the period 1 March to 15 September.  The spreading of organic fertilisers is not 

permitted on snow-covered or frozen ground. 

Requirements for spreading (§16). Organic fertilisers that are spread on open ground have to 

be moulded within 18 hours. However, this does not apply to organic-mineral fertilisers that 

are pelletised, granulated or similar processed.  

Restrictions on phosphorus application to agricultural land (§20). The new regulations for 

phosphorus supply are divided in different levels for Rogaland, Troms and Finnmark, and rest 

of the country.  

For the present risk assessment, the phosphor limit was decided in discussion with NFSA, and 

to represent an average and of relevance for all countries with time.  

Chapter 4. Special rules on the use of fertilisers with sewage sludge 

There are special requirements for the use of fertilisers with sewage sludge (§22). It is not 

permitted to apply unhygienised sewage sludge.  

Use of fertilisers containing sewage sludge is not permitted in grassland, nurseries or where 

vegetables, potatoes, berries or fruit are grown. Where fertilisers containing sewage sludge 

have been used, vegetables, potatoes, berries and fruit may be grown and harvested at the 

earliest three years after the last date of application. 

Where sewage sludge-based fertilisers with special conditions of use or sterilised sewage 

sludge have been applied, such crops may nevertheless be cultivated ten months after the last 

date of application. The areas may be used for grazing or harvesting fodder crops at the 

earliest in the growing season after fertiliser containing sewage sludge has been used. 

Fertilisers containing sewage sludge must be mixed into soil within 18 hours after spreading. 

However, this requirement does not apply to the use of sewage sludge-based fertilisers with 

special terms of use.  

Fertilisers containing sewage sludge may not be spread on agricultural land with a phosphorus 

content measured as a P-AL value of 14 or higher. This is not taking into consideration in the 

risk assessment.  
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When spreading fertilisers with sewage sludge on agricultural land, sewage sludge may be 

applied in quantities containing a maximum of 25 kg P/daa over a ten-year period (250 kg 

P/ha/10 yrs or 2.5 kg P/ha/yr) (§22f). However, no larger quantities of plant-available 

phosphorus may be used than corresponds to the maximum permitted phosphorus application 

under section 20.   

Chapter 5. Special rules on the use of fertilisers (not only sewage sludge) regulated based on 

the heavy metal content 

The present risk assessment does not consider heavy metals regulation. However, a worst-case 

scenario where phosphorus has been recovered from sewage sludge and where application is 

regulated based on the heavy metals was included in ToR2 (todays practice). It was decided by 

NFSA to use application of up to 40 tonnes of dry matter per ha per 10 years. 

When using sewage sludge-based fertiliser with special conditions of use, the annual supply of 

the sewage sludge component must not exceed 1000 tonne DW/ha. 

European Sewage Sludge Directive (FOR-2003-07-04-951) entered into force June 18. 1986. 

The aim of the directive was “to protect humans, animals, plants and the environment by 

ensuring that heavy metals in soil and sludge do not exceed set limits and to increase the 

amount of sewage sludge used in agriculture” (Sewage sludge - European Commission). It was 

established maximum limits for concentrations of seven heavy metals (Cd, Cr, Cu, Hg, Ni, Pb, 

Zn) in sewage sludge to be used in agriculture, but not for organic contaminants. This Directive 

was replaced by the European Fertilising Product Regulation in 2019. 

11.2 European Fertilising Product Regulation (FPR) (EC 2019/1009) 

The European Fertilising Product Regulation was adopted 5. June 2019 and fully implemented 

16. July 2022.  

The aim of the regulation is to ensure safety and environmental sustainability of fertilizing 

products framework and facilitating free movement within the EU market.  

The FRP divides all permitted raw materials into different Component Material Categories 

(CMC) groups based on origin and processing. Each category has specific requirements for 

quality, safety and maximum levels of contaminants. The description of the different CMCs 

also lists which recycled materials are allowed within each specific CMC. 

FRP and describes the types of raw materials that can be used to manufacture fertiliser 

products that are CE marked.  

The regulation defines in Annex II a list of CMCs. The CMCs with relevance for the present risk 

assessment are CMC 5, CMC 10 and CMC 14 which also have MLs for PAH16, dl-PCBs and Sum 

Polychlorinated dibenzo-p-dioxins) & polychlorinated dibenzofurans (A-Table 11.2-1). PAH16 

applies only to CMC 5 because combustion residues can contain polycyclic aromatic 

hydrocarbons. dl-PCB and PCDD/F apply to CMC 5 and CMC 10 due to potential contamination 

from thermal or sludge treatment processes.  CMC 12 focuses on chemical purity and heavy 

metal thresholds rather than organic pollutants. 

Specific labelling requirements are set out for product function categories (PFC), which are 

subdivided into fertilisers, soil improvers, growing media, liming materials and biostimulants”. 

(https://www.compostnetwork.info/policy/from-waste/product-regulation/#structure). 

https://environment.ec.europa.eu/topics/waste-and-recycling/sewage-sludge_en
https://www.compostnetwork.info/policy/from-waste/product-regulation/#structure
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The regulation includes both mineral and inorganic fertilisers, liming materials, soil improvers, 

growing media, inhibitors, plant biostimulants and fertilising product blends 

(https://agrochemical.chemlinked.com/agropedia/introduction-eu-fertilizer-regulation).  

The regulation defines in Annex II a list of CMCs. The CMCs with relevance for the present risk 

assessment are CMC 5, CMC 10 and CMC 14 which also have MLs for PAH16, dl-PCBs and Sum 

Polychlorinated dibenzo-p-dioxins) & polychlorinated dibenzofurans (A-Table 12.2-1). PAH16 

applies only to CMC 5 because combustion residues can contain polycyclic aromatic 

hydrocarbons. dl-PCB and PCDD/F apply to CMC 5 and CMC 10 due to potential contamination 

from thermal or sludge treatment processes.  CMC 12 focuses on chemical purity and heavy 

metal thresholds rather than organic pollutants. 

A-Table 11.2-1: CMC Categories Permitting Sewage Sludge & Organic Contaminant Limits 

CMC 
Category 

Material Allowed Organic Contaminant Limits (Annex II) 

CMC 5 Ash from incinerated sewage sludge • PAH161 ≤ 6 mg/kg TS  
• dl-PCB ≤ 0.8 mg/kg TS  
• PCDD/F ≤ 20 ng WHO-TEQ/kg TS 

CMC 10 Treated sewage sludge (hygienised 
and processed) 

• dl-PCB ≤ 0.8 mg/kg TS  
• PCDD/F ≤ 20 ng WHO-TEQ/kg TS 

CMC 12 Precipitated phosphate salts (e.g., 
struvite) from sludge 

No specific organic contaminant limits in Annex II (focus 
on purity and heavy metals) 

1 Sum of naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, 
fluoranthene, pyrene, benzo[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, 
benzo[a]pyrene, indeno[1,2,3-cd]pyrene, dibenzo[a,h]anthracene and benzo[ghi]perylene. 2Sum of 
congeners PCB 28, 52, 101, 138, 153, 180. 

STRUBIAS definitions: STRUvite (MgNH4PO4 6H2O), BIochar and ASh-based products. Ash-

based products include raw ashes and ashes that have been further processed.  

11.3 European Urban Wastewater Treatment Directive (Directive - EU 

- 2024/3019 - EN - EUR-Lex 

The EU’s Urban Wastewater Treatment Directive (UWWTD) was adopted 21. May 1991 

(Directive - 91/271 - EN - EUR-Lex). A revised Urban Wastewater Treatment Directive was 

entered into force 1 January 2025 (Directive - EU - 2024/3019 - EN - EUR-Lex) with the aim “to 

protects human health and the environment from the effects of untreated urban wastewater”.  

In context of quaternary treatment performance indicators (Annex I, A-Table 12.3-1, EU 

2024/3019), there is a list of substances explicitly named. These are used to verify ≥80% 

removal of micropollutants at large WWTPs. 

A-Table 11.3-1 List of chemicals included in EUs  

Category 1 – “very easily treated” (select at least 4 substances) 

Amisulpride (human medicinal product) 

Carbamazepine (antiepileptic)  

Citalopram (antidepressant) 

Clarithromycin (antibiotic)  

Diclofenac (NSAID)  

https://agrochemical.chemlinked.com/agropedia/introduction-eu-fertilizer-regulation
https://eur-lex.europa.eu/eli/dir/2024/3019/oj
https://eur-lex.europa.eu/eli/dir/2024/3019/oj
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:31991L0271
https://eur-lex.europa.eu/eli/dir/2024/3019/oj
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Category 1 – “very easily treated” (select at least 4 substances) 

Hydrochlorothiazide (diuretic) 

Metoprolol (beta-blocker)  

Venlafaxine (antidepressant)  
 

Category 2 – “easily treated” (select at least 2 substances) 

Benzotriazole (corrosion inhibitor / PPCP-adjacent use in materials) 

Candesartan (antihypertensive)  

Irbesartan (antihypertensive)  

Mixture of 4-methyl-benzotriazole and 5-methyl-benzotriazole 
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12 Predicted environmental concentrations 

12.1 concentrations in plants  

Summary Uptake into plants  

The chemicals were ranked by the calculated concentration in plants after 10 sewage sludge 

applications PEC_Plant_c10. The top 15 ranked chemicals for cereal grain, potato, grass and 

root vegetables are shown in Table 2. There is almost no overlap between table 1 (mobility, 

leaching) and table 2 (highest concentrations in plants). This may surprise, because the most 

mobile chemicals (with low Kd) typically show the highest BCF-values and should thus have the 

highest transfer into plants. However, mobile chemicals do not accumulate in soil, they are 

quantitatively lost by leaching in the waiting time between application and cultivation (4 

months for cereals, 3 years for potato and vegetables and 10 months for grass). Chemicals 

remaining in soil from the time of application of sewage sludge to the harvest of the plants (or, 

at least to the main growth phase of plants) must have high adsorption to soil and must be 

persistent towards biodegradation. This explains why several lipophilic chemical are found in 

the list of Table 2, besides a number of medium lipophilic chemicals and acidic chemicals.  

Two chemicals with known good plant uptake (and medium to high BCF) listed in table 2 are 

carbamazepine and TCPP (Nightingale et al. 2025, Eggen et al. 2012). Both are medium 

lipophilic (log Kow 2.28 and 2.31), which enables efficient transfer into plants and also 

translocation to leaves and grains. Both are also known as very persistent to biodegradation.  

Carbamazepine is a medical drug, and several other drugs are also listed in Table 2: 

bortezomib, valsartan, entacapone, adapalene, doxorubicin, tetracycline, doxycycline, 

docetaxel and 6-hydroxypaclitaxel. These drugs are widely used and often very persistent to 

degradation (antibiotics). Most of these drugs are ionizing. If multiple ionizing groups are 

present in the molecule (doxorubicin, tetracycline, doxycycline, docetaxel and 6-

hydroxypaclitaxel), predictions become rather uncertain. Plant uptake of medical drugs has 

repeatedly been observed in field studies. 

Several surfactants show up high on the list, that is bis(2-ethylhexyl) phosphate (CAS 298-07-

7), sodium p-n-dodecylbenzenesulfonate (CAS 2211-98-5), sodium p-n-decylbenzenesulfonate 

and sodium laureth sulfate. These surfactants are widely used and have thus high occurrence 

in sewage sludge. All four also have calculated medium to high BCF-values, which can be 

contributed to their acidic nature. Non-ionized, these chemicals would be rather lipophilic. 

However, studies have shown that their degradation in the root zone is rapid, with half-lives in 

the order of days to weeks (Martín et al. 2026, Mortensen et al. 2011). The result is thus not in 

line with real world observations (too slow degradation rate).  

Siloxanes are ranked high in all crops. Siloxanes are very lipophilic and transported particle-

bound to plants. There occurrence in plants is no sign of mobility, but of wide usage, chemical 

persistence and strong adsorption. Particle deposition is mostly outside on the plant surface, 

moreover, siloxanes are volatile. It can be expected that siloxanes are partly or mostly 

removed from plants during processing (washing, peeling, cooking). 

Summarized, there is little relation between mobility of chemicals and high predicted 

concentrations in crops. The more important factors for occurrence of chemicals in crops after 

sewage application are:  
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1. High input (high concentration in sewage sludge), which is connected to wide usage and 

strong adsorption to sewage sludge (high lipophilicity).  

2. Persistence and accumulation in soil. Only chemicals with high adsorption (typically high 

lipophilicity) will resist leaching and remain months or years in the top soil. Also, 

biodegradation occurs in the water phase, and biodegradation half-life in soil increases with 

increasing Kd. 

High concentration of chemicals in soil pore water (due to low Kd) is generally correlated with 

good uptake into plants and translocation to leaves and grains. Mobile chemicals with low Kd 

(labeled “M” in the CLP) thus have the highest BCF-values in experimental laboratory studies. 

This does, however, not translate to high concentrations in plants for the scenario of sewage 

sludge application followed by month-long or longer waiting period until plants are cultivated 

harvested. To be present in the harvest products, chemicals need to be persistent and have 

small loss with leaching.   

A-Table 12.1-1. Top 15 Chemicals in crops ranked by concentration PEC_harvest10.  

scenario 1 Ås, cereals scenario 2 Ås, grass scenario 4 Stange, potato 

bis(2-ethylhexyl) phosphate octadecamethyl octasiloxane 
(L8) 

sodium p-n-dodecylbenzenesulfonate 

sodium p-n-
dodecylbenzenesulfonate 

sodium p-n-
dodecylbenzenesulfonate 

bis(2-ethylhexyl)phosphate HDEHP 

bortezomib  hexadecamethyl heptasiloxane 
(L7) 

octadecamethyloctasiloxane (L8) 

carbamazepine carbamazepine hexadecamethylheptasiloxane (L7) 

sodium dodecylsulfate tetradecamethyl hexasiloxane galaxolide 

sodium laureth sulfate galaxolide tetradecamethylhexasiloxane 

tris(1-chloro-2-propyl)phosphate 
(TCPP) 

bis(2-ethyl hexyl) phthalate Tri(2-butoxyethyl) phosphate (TBEP) 

sodium p-n-decyl 
benzenesulfonate 

doxorubicin tris(1-chloro-2-propyl) phosphate TCPP 

valsartan tetracycline adapalene 

entacapone bis(2-ethylhexyl) phosphate 
HDEHP 

doxorubicin 

doxorubicin sodium p-n-
decylbenzenesulfonate 

isocyclemon E 

benzothiazolone  sodium laureth sulfate carbamazepine 

octadecamethyl octasiloxane 
(L8) 

sodium dodecyl sulfate octocrylene 

doxycycline doxycycline decamethylcyclopentasiloxane (D5) 

hexadecamethyl heptasiloxane 
(L7) 

docetaxel sodium p-n-decylbenzenesulfonate 

A-Table 12.1-1 continued. Top 15 Chemicals in crops ranked by PEC_harvest10.  

scenario 5 Stange, roots vegetables  scenario 7 Melhus, cereals 

Tri(2-butoxyethyl) phosphate (TBEP) bis(2-ethylhexyl) phosphate  

doxorubicin sodium p-n-dodecylbenzenesulfonate 

galaxolid bortezomib 

tris(1-chloro-2-propyl) phosphate TCPP  carbamazepine 

Isocyclemon E tris(1-chloro-2-propyl)phosphate (TCPP) 

octadecamethyloctasiloxane (L8) sodium dodecyl sulfate 

carbamazepine sodium laureth sulfate 
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scenario 5 Stange, roots vegetables  scenario 7 Melhus, cereals 

octocrylen sodium p-n-decylbenzenesulfonate 

dekamethylcyclopentasiloxane (D5) valsartan 

hexadecamethylheptasiloxane (L7) entacapone 

tetradecamethylhexasiloxane doxorubicin 

bortezomib benzothiazolone  

bisphenol A octadecamethyl octasiloxane (L8) 

benzyldimethyldodecylammonium (BAC-C12) doxycycline 

6-hydroxypaclitaxel hexadecamethyl heptasiloxane (L7) 

Uptake into plants, detailed answer 

A second aspect of mobility is the uptake of chemicals from soil pore water with the 

transpiration water into roots, leaves and fruits. Several properties of the chemicals are pre-

condition for high accumulation in plants: besides persistence in soil over a sufficiently long 

period, low adsorption to the soil matrix leads to elevated concentrations of chemicals in the 

transpiration water with subsequent translocation into plants.  

Chemical properties leading to high plant uptake. In general, chemicals with low Kd show the 

best uptake into plants and translocation to leaves and fruits and hence the highest 

bioconcentration factor plant (BCF). The Kd is well correlated with log Kow, and polar chemicals 

with low Kow typically show the highest uptake into plants, if persistent. However, no 

accumulation in leaves or fruits will happen if the chemicals are volatile (with KAW > 10-6 L/L).  

Concentrations in roots as well as in potatoes are typically lower than in soil, in particular for 

lipophilic chemicals (Trapp 2002, Trapp et al. 2007). Usually, adsorption to plant material is 

well correlated with the adsorption to the soil matrix, both can be predicted from log Kow. 

However, there are some notable exceptions, and accumulation in roots to concentrations 

higher than in soil may happen if adsorption to plant material is higher than adsorption to soil. 

This may happen if: 

a) chemicals show low lipophilicity but high adsorption to proteins. Both adsorption to soil 

organic matter and to plant lipids is driven by the lipophilicity (the log Kow) of the chemical, 

and therefore, both these processes are well correlated. However, different from soil organic 

matter, plants are also rich in proteins. Some chemicals show a high adsorption to proteins 

despite low log Kow. To mention here are first of all the fluorinated PFAS, which have been 

shown to possess high root concentration factors despite low log Kow, and subsequently have 

a high accumulation potential in roots and leaves of plants, in particular, the short-chain PFAS 

(Gredelj et al. 2019). Also some pharmaceuticals, for example the weakly acidic pain killers 

ibuprofen, ketoprofen and naproxen, show rather high adsorption to proteins but low 

lipophilicity, because they are dissociated and present as anion at usual soil pH (González 

García 2019). However, for most chemicals and in particular for neutral chemicals, adsorption 

to proteins is well correlated to log Kow and one order of amount lower, and thus not of high 

relevance (Endo et al. 2012).   

b) chemicals are neutral outside but ionized inside root cells. Weak acids and bases may 

accumulate in root cells by the ion trap effect if the pH in soil is lower (acids) or higher (bases) 

than pH 7 to 7.4 (the pH of cytosol sap) (Trapp et al. 2023). 
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Chemicals that have a (calculated) high BCF are, for example, sulfaguanidine, dicyanamide, 

sulfathiazole, primidone, methyl paraben, bisphenol S, fenbendazole, perfluorononanesulfonic 

acid, benzotriazole, carbamazepine, lamotrigine and flubendazole. But high BCF does not 

necessarily mean high concentrations in plants, because high concentration in soil during the 

growth season of the plants (high PECsoil) is the second decisive factor for high concentrations 

of chemicals in plants.  

Chemicals with high PECplant. High concentrations in plants are predicted if high 

concentrations in soil and high BCF come together. High concentrations in soil origin first of all 

from a high input, that means, high concentration in sewage sludge. This is more likely the case 

for non-polar compounds that show high adsorption to the sludge, while polar chemicals with 

low log Kow do not adsorb as much to sewage sludge. Second, biodegradation and other loss 

processes must be slow, else the chemical is lost before plant uptake can happen. The most 

polar chemicals with the highest BCF have typically the lowest Kd-values and therefore show 

the fastest loss by leaching.  

Table 1 shows the top 15 chemicals with the highest concentrations in plants. The calculated 

PEC_plant data were ranked for the PEC_harvest_c10 for a number of scenarios with different 

crops. There is rather little difference between the calculated concentrations of the various 

regions, but a high difference in calculated concentrations for the different crops. 

Concentrations follow the order grass >> roots >= cereals > potato.  

Cereals. The chemicals predicted to have highest concentrations in cereals (scenario 1, Ås, 

PEC_harvest year 10) are bis(2-ethylhexyl) phosphate > sodium p-n-dodecylbenzenesulfonate 

> bortezomib > carbamazepine > sodium dodecylsulfate > sodium laureth sulfate > tris(1-

chloro-2-propyl)phosphate (TCPP) > sodium p-n-decylbenzenesulfonate > valsartan > 

entacapone > doxorubicin > benzothiazolone  > octadecamethyl octasiloxane (L8) > 

doxycycline > hexadecamethyl heptasiloxane (L7). Among the highest ranked chemicals are 

five surfactants, detergents or emulsifiers with ubiquitous and high usage, mostly lipophilic 

acids and with medium log D; medical drugs with ubiquitous use, also mostly weak acids or 

neutral, with medium polarity (bortezomip, carbamazepine, valsartan, entacapone); three 

antibiotics with multiple charges (doxorubicin, doxycycline, tetracycline); one flame retardant 

with wide usage and again medium polarity (TCPP log Kow 2.31); one fairly water soluble 

corrosion inhibitor (benzotriazole) and two highly lipophilic siloxanes (L7, L8) used in 

lubricants, coatings, silicone polymers and cosmetics.  

This is in line with the expectation that the most polar chemicals show low input with sewage 

sludge and rapid loss from soil, while the lipophilic chemicals have high input and accumulate 

in soil but show little plant uptake, and therefore chemicals with medium lipophilicity (2 < log 

Kow < 5) are most likely to be found in crops. However, the silicones have very high log Kow, 

their occurrence in plants is less due to favorable physico-chemical properties but due to their 

wide use, high adsorption to sewage sludge, and recalcitrance against degradation. Uptake 

into plants is particle-bound by soil resuspension. 

The plant uptake calculations of the three antibiotics, doxorubicin, doxycycline, tetracycline, 

are very uncertain: these chemicals have multiple charges, and none of the uptake models was 

designed or tested for such compounds. Moreover, also the Kd-values are uncertain.  

A comparison of PEC_harvest_c1 to PEC_harvest_c10 moreover shows that the same 

chemicals are listed high, with one exception, that is valsartan. The comparison of calculated 

concentrations PEC_harvest_c1 to PEC_harvest_c10 shows furthermore that the chemicals 
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with the highest Kd, that is tetracycline, L7 and L8, have seven times higher concentrations at 

the later time; valsartan also shows an increase, but only factor 2. All other chemicals have the 

same calculated concentration at PEC_harvest_c1 and PEC_harvest_c10. Within ten years, the 

bulk of these chemicals is degraded or lost by leaching, and each ten years new chemicals are 

added with sewage sludge application. 

Sodium p-n-dodecylbenzenesulfonate (CAS 2211-98-5) (rank 2) and sodium p-n-

decylbenzenesulfonate (rank 8) are members of the class of linear alkylbenzene sulfonate 

(LAS) surfactants which are used in high amounts in detergents such as washing powders. 

Levels in sewage sludge are therefore high. Widespread application of sewage sludge to 

agricultural soils had led to concerns about the possible accumulation and effects of linear 

alkylbenzene sulfonate (LAS) earlier. However, uptake and degradation studies of LAS found no 

plant uptake, and rapid degradation was observed (Mortensen et al. 2001). A recent study 

looked into fate and risk of linear alkyl benzene sulfonates (LAS). The scientists found that LAS 

biodegraded quickly in soil, with half-lives from 2 to 13 days, and concluded that LAS poses 

minimal ecological risk, except lagoon sludge; composting was recommended for reducing LAS 

levels (Martín et al. 2026). Similar compounds, though not LAS, are sodium dodecyl sulfate 

(rank 5), sodium laureth sulfate (rank 6) and bis(2-ethylhexyl) phosphate (HDEHP, rank 1), for 

which rapid degradation can be expected, too. Bis(2-ethylhexyl)phosphate (HDEHP or 

HDEHPA) is an organophosphorus compound that has quaternary structure. It can be used as 

lubricant additive, antiwear additive, as surfactant and for the extraction of rare earth metals 

and uranium. 

Grass. Scenario 2 Ås. The top 15 chemicals with the highest calculated concentrations are 

octadecamethyl octasiloxane (L8), sodium p-n-dodecylbenzenesulfonate, hexadecamethyl 

heptasiloxane (L7), carbamazepine, tetradecamethyl hexasiloxane, galaxolide, bis(2-ethyl 

hexyl) phthalate, doxorubicin, tetracycline, bis(2-ethylhexyl) phosphate HDEHP, sodium p-n-

decylbenzenesulfonate, sodium laureth sulfate, sodium dodecyl sulfate, doxycycline and 

docetaxel. The super-lipophilic siloxanes rank high because of transport with resuspended soil 

particles, which was assumed to be high for leaves and grass (default BCF 0.01 kg/kg). Whether 

this translate to high siloxane concentrations in the fields and meadows may be questioned 

because siloxanes possess very high partition coefficients air-water KAW and are thus quite 

volatile. They may thus be lost again from aerial plant parts. The same holds for galaxolide, a 

musk fragrance with KAW 0.013 L/L, which is a rather high value. High on the list are again LAS 

(sodium p-n-dodecylbenzenesulfonate), which are known to be degraded, and carbamazepine. 

The latter is a widely used pharmaceutical and has been found all over the world in various 

plants (Nightingale et al. 2025). New among the top 15 are bis(2-ethyl hexyl) phthalate (also 

known as diethlyhexyl phthalate DEHP) and docetaxel. DEHP is a widely used lipophilic 

plasticizer, though, typically rapidly degraded. Docetaxel is a very complex chemical with 

multiple ionizable groups, and the calculations are uncertain because none of the uptake 

models was designed or tested for such compounds, nor the Kd-regressions.  

Potato. Scenario 4, Stange. A similar pattern as seen before emerges for uptake into potato 

(Stange, scenario 4), PEC_harvest10 (Table 1). The top 15 chemicals are sodium p-n-

dodecylbenzenesulfonate (LAS), bis(2-ethylhexyl)phosphate (HDEHP), 

octadecamethyloctasiloxane (L8), hexadecamethylheptasiloxane (L7), galaxolide, 

tetradecamethylhexasiloxane, Tri(2-butoxyethyl) phosphate (TBEP), tris(1-chloro-2-propyl) 

phosphate TCPP, adapalene, doxorubicin, isocyclemon E, carbamazepine, octocrylene, 

decamethylcyclopentasiloxane (D5) and sodium p-n-decylbenzenesulfonate. For potato, the 

volatility of the siloxanes and of galaxolide is not relevant. However, due to their high 
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lipopilicity, these chemicals will mainly reside in the peel of potatoes (Trapp et al. 2007). TBEP 

and TCPP are two organophosphate compounds. TCPP has been found to show good uptake 

into plants. TBEP was not measured in this study, but chemically similar organophosphates 

also showed good plant uptake (Trapp and Eggen 2013).  

Chemicals not ranked among the top 15 for cereals showing up high in potato are galaxolide (a 

musk fragrance with KAW 0.013 L/L, high), TBEP (plasticizer and flame retardant, log Kow 3.46, 

KAW 3.e-4 L/L), isocyclemon E  (cosmetics, fragrance, log Kow 4.72, KAW 8.2e-3 L/L), BAC-C12 

(log Kow 2.42, KAW 8.2e-5 L/L), which are all three somewhat volatile, which reduces efficient 

accumulation in aerial plant parts such as leaves, grains  and fruits but not in potatoes. 

Adapalene has as neutral chemical a very high log Kow (7.18), but is mostly present as medium 

lipophilic anion in soil (acid pKa 4.38). 

Root vegetables. Chemicals ranked highest for uptake into roots are tri(2-butoxyethyl) 

phosphate (TBEP) > doxorubicin > galaxolide > tris(1-chloro-2-propyl) phosphate TCPP > 

isocyclemon E > octadecamethyloctasiloxane (L8) > carbamazepine > octocrylen > 

dekamethylcyclopentasiloxane (D5) > hexadecamethylheptasiloxane (L7) > 

tetradecamethylhexasiloxane > bortezomib > bisphenol A > benzyldimethyldodecylammonium 

(BAC-C12) > 6-hydroxypaclitaxel. Most of these chemicals are also ranked high in other crops. 

New on the list is bisphenol A, a hormonally active plastic ingredient of medium lipophilicity, 

and 6-hydroxypaclitaxel a metabolite of the anti-cancer drug paclitaxel. 6-Hydroxypaclitaxel is 

again a very complex molecule with multiple ionizable groups, and predictions should be 

considered highly uncertain.  

 



 

   

 

 

12.2 Prected concentration in soil after 50 year 

A-Table 12-1. PECpeaksoil-50years immediately after application of sewage sludge normal dose common todays practice (ToR 2a) higher than 10 µg/kg dw, are shown. Maximum 

RCR after 90 yr. 1 (N>4 & Ratio  0.5).   

CAS # Chemical group Name MAX PEC50 yrs Max RCR90 yr # samp. # WWTP1  DT50 soil 
20°C 

Koc 

   µg/kg dw n n d L/kg 

556-69-4 Cosmetics Oktadekametyloktasiloxan (L8) 2118 15.1 4 1 15819 67102 

541-01-5 Cosmetics Heksadekametylheptasiloxan (L7) 1446 4.8 4 1 15819 86250 

107-52-8 Cosmetics Tetradekametylheksasiloxan 893 2.9 4 1 15819 42015 

117-81-7 Plastics Bis(2-etylheksyl)ftalat 671 0.347 259 17 1582 86757 

1222-05-5 Cosmetics Galaxolid 535 0.085 223 17 15819 74355 

60-54-8 Drugs tetracycline 140 2.1 13 1 15819 59969 

507442-49-1 Cosmetics Galaxolidon 97.9 0.000 94 12 1582 6383 

54464-57-2 Cosmetics Isosyklemon E 96.1 3.0 82 15 1582 5543 

541-02-6 Cosmetics Dekametylsyklopentasiloksan (D5) 92.4 0.393 138 12 1582 8156 

6197-30-4 Cosmetics Oktokrylen 92.0 16.6 112 13 1582 13866 

6899-10-1 QACs Hexadecyltrimethylammonium 53.4 0.000 47 15 16 2090 

100427-26-7 Drugs lercanidipine 52.6 10.5 n.a. n.a. 15819 139234 

540-97-6 Cosmetics Dodekametylsykloheksasiloksan (D6) 46.6 0.080 115 12 1582 25168 

83799-24-0 Drugs fexofenadine 46.6 0.000 140 16 15819 160099 

163222-33-1 Drugs ezetimibe 40.0 0.008 n.a. n.a. 15819 83529 

1951-25-3 Drugs amiodarone 38.7 0.012 8 1 15819 227090 

54193-28-1 Drugs Doksorubicinol (legemiddelrest) 35.8 0.000 2 0 1582 3455 

85721-33-1 Drugs ciprofloxacin 32.1 0.136 13 1 15819 222614 

78-51-3 Plasticiser Tri(2-butoxyetyl)fosfat (TBEP) 30.3 0.006 124 14 1582 12391 

21145-77-7 Cosmetics Tonalide 28.5 0.157 221 17 158 2926 
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CAS # Chemical group Name MAX PEC50 yrs Max RCR90 yr # samp. # WWTP1  DT50 soil 
20°C 

Koc 

   µg/kg dw n n d L/kg 

27176-93-8  Nonylfenol dietoksilat 27.6 0.000 140 16 15819 n.a. 

106685-40-9 Drugs adapalene 25.4 2.0 n.a. n.a. 15819 58393 

13674-84-5 Flame retardant Tri(1-klor-2-propyl) fosfat 24.9 0.031 145 14 158 168 

3380-34-5 Cosmetics Triclosan 24.1 0.439 151 16 1582 28929 

298-46-4 Drugs Carbamazepine 23.7 2.2 143 16 158 302 

137862-53-4 Drugs valsartan 23.5 0.000 136 14 158188 n.a. 

1163-19-5 PBDE PBDE209 22.8 0.030 336 19 527292 359623 

105-60-2 Plastics e-Caprolactam 22.8 0.003 6 3 16 25 

17301-53-0 Cosmetics Behentrimonium chloride (ATAC-C22) 22.2 6.6 1 1 475 10188 

96507-80-1 Plasticiser Decylisoundecylftalat 22.0 8.3 12 2 158 19578 

118-56-9 Cosmetics Homosalat 21.1 0.472 7 2 47 3247 

158966-92-8 Drugs montelukast 18.8 0.002 n.a. n.a. 15819 135038 

3147-75-9 Cosmetics UV-329 18.3 108 17 3 158 787 

23214-92-8 Drugs doxorubicin 17.6 1.7 10 1 1582 3473 

298-07-7 Surfactant Bis(2-etylheksyl)fosfat 17.0 1.1 11 2 158 1676 

55-56-1 Drugs Klorheksidin (Legemiddel) 16.9 6.9 11 2 1582 20614 

20256-55-7 Surfactant Dimetyldioktylammonium (DADMAC-C8) 16.5 0.198 45 15 16 1261 

144701-48-4 Drugs Telmisartan (legemiddel) 16.0 0.000 110 16 15819 128507 

2211-98-5 Surfactant Sodium p-n-dodecylbenzenesulfonate 13.0 0.070 45 15 1582 3495 

141-63-9 Cosmetics Dodekametylpentasiloksan (L5) 12.7 0.023 61 10 1582 24311 

597-82-0 Flame retardant Trifenylfosfortioat 12.5 0.548 8 2 15819 49128 

80-05-7 Plastics Bisfenol A 12.4 2.7 251 17 158 1080 

1241-94-7 Flame retardant 2-Etylhexyldifenylfosfat (EHDPP) 12.3 15.5 124 14 158 2491 

97682-44-5 Drugs Irinotekan (legemiddel) 12.1 0.527 2 0 1582 20871 

6422-86-2 Plasticiser Bis(2-etylheksyl)tereftalat 11.2 5.1 6 2 158 14435 

65277-42-1 Drugs ketoconazole 11.2 0.160 13 1 15819 48092 
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CAS # Chemical group Name MAX PEC50 yrs Max RCR90 yr # samp. # WWTP1  DT50 soil 
20°C 

Koc 

   µg/kg dw n n d L/kg 

99-76-3 Cosmetics Metylparaben 11.1 2.7 39 8 16 40 

100643-71-8 Drugs desloratadine 10.7 0.002 n.a. n.a. 1582 7720 

A-Table 12-2. PECpeaksoil-50years immediately after application of sewage sludge normal dose common todays practice (ToR 2a) higher than 10 µg/kg dw, are shown. Maximum 

RCR after 90 yr. 1 (N>4 & Ratio  0.5). 

CAS # Chemical 
group 

Name MAX PEC50 yrs Max RCR after 
90 yr 

# samp. # WWTP1  DT50 soil 20°C Koc 

      µg/kg dw   n n d L/kg 

335-67-1 PFOA Perfluorooctanoic acid 0.05 0.1 169 0 135 527292 

1763-23-1 PFOS Perfluorooctanesulfonic acid 0.08 2.7 198 14 821 527292 

355-46-4 PFHxS Perflurohexanesulfonic acid 0.14 0.0 159 9 2303 158 

375-95-1 PFNA Perfluorononanoic acid 0.07 0.0 89 0 2833 527292 

678-39-7 8:2 FTOH 1H,1H,2H,2H-perfluordekanol 0.68 0.1 34 2 2246 527292 

335-76-2 PFDA Perfluorodecanoic acid 0.04 0.0 148 1 1443 527292 

68259-12-1 PFNS Perfluorononanesulfonic acid 0.00 0.0 11 0 524 527292 

375-92-8 PFHpS Perfluoroheptanesulfonic acid 0.05 0.0 145 6 1230 527292 

2058-94-8 PFUnDA Perfluoroundecanoic acid 0.44 0.0 138 0 16614 527292 

335-77-3 PFDS Perfluorodecane sulfonic acid 0.06 0.0 148 0 19142 527292 

2706-90-3 PFPeA Perfluoropentanoic acid 0.00 0.0 80 0 96 527292 

375-85-9 PFHpA Perfluoroheptanoic acid 0.02 0.0 89 0 2112 527292 

647-42-7 6:2 FTOH 1H,1H,2H,2H-perfluoroktanol 0.05 0.0 25 0 3170 527292 

375-22-4 PFBA Perfluorobutanoic acid 0.00 0.0 77 0 89 527292 

307-55-1 PFDoDA Perfluorododecanoic acid 0.05 0.0 147 0 85441 527292 

376-06-7 PFTeDA Perfluorotetradecanoic acid 0.08 0.0 137 1 233361 527292 

72629-94-8 PFTrDA Perfluorotridecanoic acid 0.05 0.0 72 0 184386 527292 

2706-91-4 PFPeS Perfluoropentane sulfonic acid 0.00 0.0 21 0 1048 527292 



 

 

91 

 

CAS # Chemical 
group 

Name MAX PEC50 yrs Max RCR after 
90 yr 

# samp. # WWTP1  DT50 soil 20°C Koc 

      µg/kg dw   n n d L/kg 

307-24-4 PFHxA Perfluorohexanoic acid 0.01 0.0 42 0 1067 527292 

79780-39-5 PFDoDS Perfluorododecane sulfonic acid 0.01 0.0 21 0 231188 527292 

16517-11-6 PFODA Perfluorooctadecanoic acid 0.00 0.0 12 0 133385 527292 

67905-19-5 PFHxDA Perfluorohexadecanoic acid 0.00 0.0 12 0 151712 527292 

375-73-5 PFBS Perfluorobutanesulfonic acid 0.00 0.0 76 0 491 527292 

 

The 10 compounds with highest PECsoil-peak after 1 yr and 100 yrs application, their DT50soil, mean and max 90 percentile concentration in dewatered sewage 

sludge and information about number of sludge samples, frequency detected are compared in A-Table 11.2-4.   

Five of the compounds were amount the top 10 highest concentration in both PECsoilpeak year 1 and 100 (no colour), fives other compounds highest at year 1 

and 100, respectively. Except three of the compounds, all from top 10 PECsoil-peak year 1, there were concentrations are accumulating over 100 years. 

Evaluating the top 15 concentrations of PECsoil-peak 1 and 100 yrs, eight cosmetic-compounds, five pharmaceuticals, one plasticiser and one quaternary 

ammonium compound. The reasons for these compounds were among the highest PECsoil-peak concentrations are due to high measured concentration in 

dewatered sewage sludge (1268-6488 mg/kg dw), and for compounds with highest PECsoil-peak concentration at 100 years, also degradation time - all have 

DT50-values in soil > 15819 d. For the compounds with highest PECsoil-peak concentrations after first application, DT50 has no effect, e.g. one of the 

compounds (quaternary ammonium compound) has DT50 16 days. Loss processes other than degradation, also influence whether compounds are accumulating 

or decreasing with time. For three of pharmaceuticals among the highest PECsoil-peak 100 years, there were no measured data in sewage sludge, but are 

included in the risk assessment due to high prescription ( 35000 to 80000 in 2021) and estimated concentration in dewatered sewage sludge 

(PECsewagesludge) above ? (1395 – 1930 mg/kg dw). The number of measured samples of sewage sludge (4 – 259), number for WWTP with samples above LOQ 

more than 50% (1 – 17), vary highly. 

A-Table 12-3  

Name Compound group PECsoil-peak DT50  Trend Sludge* # plant LOQ>0.5 

(yr) (d) (mg/kg dw) 

    1 100           

Oktadekametyl- 
oktasiloxan (L8) 

Cosmetics 231 1599 15819 + 64888 4 1 
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Name Compound group PECsoil-peak DT50  Trend Sludge* # plant LOQ>0.5 

(yr) (d) (mg/kg dw) 

Bis(2-etylheksyl)ftalat 
(DEHP) 

plastics 173 212 1582 + 48600 259 17 

Heksadekametylhepta- 
siloxan (L7) 

Cosmetics 158 1106 15819 + 44359 4 1 

Tetradekametyl- 
heksasiloxan 

Cosmetics 98 657 15819 + 27510 4 1 

Galaxolid Cosmetics 61 423 15819 + 17078 223 17 

Hexadecyltrimethyl- 
ammonium 

QACs 31 0 16 - 13000 47 15 

Isosyklemon E Cosmetics 29 28 1582 - 8200 82 15 

Dekametylsyklo- 
pentasiloksan (D5) 

Cosmetics 26 27.53 1582 + 7420 138 12 

Oktokrylen Cosmetics 26 29.51 1582 + 7400 112 13 

Galaxolidon Cosmetics 26 25.94 1582 - 7330 94 12 

tetracycline drug, antibiotic 16 111.2 15819 + 4540 13 1 

fexofenadine drug, anti-inflammatory 6 42.97 15819 + 1690 140 16 

lercanidipine drug, (hypertension) 5.8 41.43 15819 + PEC -1635 n.d n.d 

adapalene drug ,(acne) 6 41.16 15819 + PEC - 1684 n.d n.d 

ezetimibe Drug, cholesterol-lowering 4.5 31.58 15819 + PEC -  1268 n.d n.d 

 

A-Table 12-4 RCRsoilPeak for scenarios with cultivation of cereals in Melhus with three different application rates for dewatered sewage sludge; 11.2 ton/ha/yr, 8 ton/ha/10 
yr and 1 ton/ha/yr, presented with information about chemical properties and data in sewage sludge samples. 

Groups Abbr. Melhus, cultivation of cereals DT50soil Koc # samples # WWTP 
w/data 

#WWTP  
w/LOQratio 
≥0.5 

Freq. > LOD 
all WWTP 

Groups Abbr. 11.2 
ton/ha/10 yr  

8 ton/ha/10 
yr  

1 ton/ha yr       

Cosmetics Octocrylene 16.61 11.87 1.48 1582 13866 112 13 13 1.00 
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Groups Abbr. Melhus, cultivation of cereals DT50soil Koc # samples # WWTP 
w/data 

#WWTP  
w/LOQratio 
≥0.5 

Freq. > LOD 
all WWTP 

Groups Abbr. 11.2 
ton/ha/10 yr  

8 ton/ha/10 
yr  

1 ton/ha yr       

L8 15.14 10.82 1.35 15819 67102 4 1 1 1.00 

Triclocarban 7.21 5.15 0.64 15819 55939 53 15 14 0.87 

ATAC-C22 6.55 4.68 0.58 475 10188 1 1 1 1.00 

Octinoxate 5.77 4.12 0.51 16 924 157 16 16 1.00 

L7 4.81 3.43 0.43 15819 86250 4 1 1 1.00 

Isocyclemone E 2.98 2.13 0.27 1582 5543 82 15 15 0.99 

L6 2.86 2.05 0.26 15819 42015 4 1 1 1.00 

Methylparaben 2.18 1.55 0.19 16 40 39 8 8 1.00 

  DMODA 1.15 0.82 0.10 475 5085 6 3 3 1.00 

DDTs o,p'-DDT 10.53 7.52 0.94 15819 126385 87 15 0 0.00 

Drugs Fenbendazole 50.26 35.90 4.49 158 45 12 1 0 0.08 

Lercanidipine 10.50 7.50 0.94 15819 139234 n.a. n.a. n.a. n.a. 

Clotrimazole 10.47 7.48 0.94 15819 41329 7 1 1 1.00 

Miconazole 9.88 7.06 0.88 158 520 8 1 1 1.00 

Chlorhexidine 6.68 4.77 0.60 1582 20614 11 3 2 0.91 

Sertraline 6.54 4.67 0.58 1582 4438 138 16 16 1.00 

E2 3.93 2.81 0.35 158 1053 13 1 0 0.00 

Ibuprofen 3.86 2.76 0.34 158 139 13 1 0 0.00 

Bortezomib 3.37 2.41 0.30 158 103 2 1 0 0.00 

Diclofenac 3.34 2.39 0.30 158 589 141 16 16 1.00 

Estrone 3.03 2.16 0.27 158 1526 12 1 0 0.17 

Pyrazole 2.27 1.62 0.20 16 5 6 3 3 1.00 

EE2 2.24 1.60 0.20 1582 17660 11 1 0 0.00 

Carbamazepine 2.18 1.56 0.19 158 302 143 16 16 0.98 

Tetracycline 2.12 1.52 0.19 15819 59969 13 1 1 0.92 



 

 

94 

 

Groups Abbr. Melhus, cultivation of cereals DT50soil Koc # samples # WWTP 
w/data 

#WWTP  
w/LOQratio 
≥0.5 

Freq. > LOD 
all WWTP 

Groups Abbr. 11.2 
ton/ha/10 yr  

8 ton/ha/10 
yr  

1 ton/ha yr       

Levonorgestrel 1.83 1.31 0.16 158188 528361 8 1 0 0.00 

Adapalene 1.83 1.31 0.16 15819 58393 n.a. n.a. n.a. n.a. 

Doxorubicin 1.69 1.20 0.15 1582 3473 10 2 1 0.20 

Ampicillin 1.45 1.04 0.13 158 87 8 1 0 0.00 

Toremifene 1.08 0.77 0.10 15819 41446 8 1 0 0.00 

Doxycycline 1.01 0.72 0.09 158 566 13 1 1 0.54 

Flame retardants PBEB 1.64 1.17 0.15 15819 82972 124 16 1 0.10 

DBDPE 1.24 0.89 0.11 527292 114218 97 16 5 0.39 

OPEs EHDPP 15.50 11.07 1.38 158 2491 124 14 14 1.00 

PAHs BghiP 76.29 54.49 6.81 15819 40954 301 17 9 0.55 

B(b)F 7.37 5.27 0.66 158188 418669 256 17 17 0.81 

Benzo[a]pyrene 6.12 4.37 0.55 158188 391858 300 17 13 0.71 

B(k)F 2.09 1.49 0.19 1582 22054 256 17 15 0.68 

IcdP 1.28 0.92 0.11 158188 1573270 295 17 13 0.61 

Pesticides Permethrin 66.34 47.39 5.92 15819 63170 7 3 3 1.00 

Deltamethrin 10.27 7.34 0.92 15819 153109 6 3 0 0.00 

Fipronil 1.04 0.74 0.09 158 411 4 1 0 0.00 

PFASes PFOS 2.45 1.75 0.22 527292 821 198 17 15 0.84 

FHpMMA 1.64 1.17 0.15 527292 385 6 2 0 0.00 

FHxEMA 1.07 0.76 0.10 527292 1121 6 2 0 0.00 

Phthalates DIUP 8.34 5.96 0.74 158 19578 12 2 2 1.00 

DEHT 5.11 3.65 0.46 158 14435 6 2 2 1.00 

Pigments & dyes PR112 1.47 1.05 0.13 15819 72951 10 2 2 1.00 

Plasticisers DNP 2.39 1.70 0.21 158 10368 1 1 1 1.00 

Plastics-related BPS 4.60 3.29 0.41 158 522 120 13 13 0.91 
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Groups Abbr. Melhus, cultivation of cereals DT50soil Koc # samples # WWTP 
w/data 

#WWTP  
w/LOQratio 
≥0.5 

Freq. > LOD 
all WWTP 

Groups Abbr. 11.2 
ton/ha/10 yr  

8 ton/ha/10 
yr  

1 ton/ha yr       

  Bisphenol A 2.69 1.92 0.24 158 1080 251 17 17 0.99 

  Styrene 2.20 1.57 0.20 158 896 6 3 1 0.67 

Surfactants BEHP 1.11 0.79 0.10 158 1676 11 2 2 1.00 

UV compounds UV-329 108.41 77.44 9.68 158 787 17 3 3 0.88 

UV-360 12.29 8.78 1.10 15819 85578 10 2 0 0.00 

 



 

   

 

 

 

 

 

 



 

   

 

A-Table 12-5. PECpeaksoil-50years immediately after application of sewage sludge normal dose common todays practice (ToR 2a) higher than 10 µg/kg dw, are shown. Maximum 

RCR after 90 yr. 1 (N>4 & Ratio  0.5).   

CAS # Chemical group Name MAX PEC50 
yrs 

Max 
RCR90 yr 

# samp. # WWTP1  DT50 soil 
20°C 

Koc 

   µg/kg dw n n d L/kg 

556-69-4 Cosmetics Oktadekametyloktasiloxan (L8) 2118 15.1 4 1 15819 67102 

541-01-5 Cosmetics Heksadekametylheptasiloxan (L7) 1446 4.8 4 1 15819 86250 

107-52-8 Cosmetics Tetradekametylheksasiloxan 893 2.9 4 1 15819 42015 

117-81-7 Plastics Bis(2-etylheksyl)ftalat 671 0.347 259 17 1582 86757 

1222-05-5 Cosmetics Galaxolid 535 0.085 223 17 15819 74355 

60-54-8 Drugs tetracycline 140 2.1 13 1 15819 59969 

507442-49-1 Cosmetics Galaxolidon 97.9 0.000 94 12 1582 6383 

54464-57-2 Cosmetics Isosyklemon E 96.1 3.0 82 15 1582 5543 

541-02-6 Cosmetics Dekametylsyklopentasiloksan (D5) 92.4 0.393 138 12 1582 8156 

6197-30-4 Cosmetics Oktokrylen 92.0 16.6 112 13 1582 13866 

6899-10-1 QACs Hexadecyltrimethylammonium 53.4 0.000 47 15 16 2090 

100427-26-7 Drugs lercanidipine 52.6 10.5 n.a. n.a. 15819 139234 

540-97-6 Cosmetics Dodekametylsykloheksasiloksan (D6) 46.6 0.080 115 12 1582 25168 

83799-24-0 Drugs fexofenadine 46.6 0.000 140 16 15819 160099 

163222-33-1 Drugs ezetimibe 40.0 0.008 n.a. n.a. 15819 83529 

1951-25-3 Drugs amiodarone 38.7 0.012 8 1 15819 227090 

54193-28-1 Drugs Doksorubicinol (legemiddelrest) 35.8 0.000 2 0 1582 3455 

85721-33-1 Drugs ciprofloxacin 32.1 0.136 13 1 15819 222614 

78-51-3 Plasticiser Tri(2-butoxyetyl)fosfat (TBEP) 30.3 0.006 124 14 1582 12391 

21145-77-7 Cosmetics Tonalide 28.5 0.157 221 17 158 2926 

27176-93-8  Nonylfenol dietoksilat 27.6 0.000 140 16 15819 n.a. 

106685-40-9 Drugs adapalene 25.4 2.0 n.a. n.a. 15819 58393 

13674-84-5 Flame retardant Tri(1-klor-2-propyl) fosfat 24.9 0.031 145 14 158 168 
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CAS # Chemical group Name MAX PEC50 
yrs 

Max 
RCR90 yr 

# samp. # WWTP1  DT50 soil 
20°C 

Koc 

   µg/kg dw n n d L/kg 

3380-34-5 Cosmetics Triclosan 24.1 0.439 151 16 1582 28929 

298-46-4 Drugs Carbamazepine 23.7 2.2 143 16 158 302 

137862-53-4 Drugs valsartan 23.5 0.000 136 14 158188 n.a. 

1163-19-5 PBDE PBDE209 22.8 0.030 336 19 527292 359623 

105-60-2 Plastics e-Caprolactam 22.8 0.003 6 3 16 25 

17301-53-0 Cosmetics Behentrimonium chloride (ATAC-C22) 22.2 6.6 1 1 475 10188 

96507-80-1 Plasticiser Decylisoundecylftalat 22.0 8.3 12 2 158 19578 

118-56-9 Cosmetics Homosalat 21.1 0.472 7 2 47 3247 

158966-92-8 Drugs montelukast 18.8 0.002 n.a. n.a. 15819 135038 

3147-75-9 Cosmetics UV-329 18.3 108 17 3 158 787 

23214-92-8 Drugs doxorubicin 17.6 1.7 10 1 1582 3473 

298-07-7 Surfactant Bis(2-etylheksyl)fosfat 17.0 1.1 11 2 158 1676 

55-56-1 Drugs Klorheksidin (Legemiddel) 16.9 6.9 11 2 1582 20614 

20256-55-7 Surfactant Dimetyldioktylammonium (DADMAC-C8) 16.5 0.198 45 15 16 1261 

144701-48-4 Drugs Telmisartan (legemiddel) 16.0 0.000 110 16 15819 128507 

2211-98-5 Surfactant Sodium p-n-dodecylbenzenesulfonate 13.0 0.070 45 15 1582 3495 

141-63-9 Cosmetics Dodekametylpentasiloksan (L5) 12.7 0.023 61 10 1582 24311 

597-82-0 Flame retardant Trifenylfosfortioat 12.5 0.548 8 2 15819 49128 

80-05-7 Plastics Bisfenol A 12.4 2.7 251 17 158 1080 

1241-94-7 Flame retardant 2-Etylhexyldifenylfosfat (EHDPP) 12.3 15.5 124 14 158 2491 

97682-44-5 Drugs Irinotekan (legemiddel) 12.1 0.527 2 0 1582 20871 

6422-86-2 Plasticiser Bis(2-etylheksyl)tereftalat 11.2 5.1 6 2 158 14435 

65277-42-1 Drugs ketoconazole 11.2 0.160 13 1 15819 48092 

99-76-3 Cosmetics Metylparaben 11.1 2.7 39 8 16 40 

100643-71-8 Drugs desloratadine 10.7 0.002 n.a. n.a. 1582 7720 
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13 Extra information related to risk assessment 

13.1 Risk soil living organisms 

To go deeper into the selected estimated PNECsoil applied in the risk assessment, information 

about the quality of PNECaq (experimental or predicted), assessment factor etc are 

summarised (A- Table 13.1-1). 

To enhance the knowledge related to compounds with RCRsoil > 1, information about the fate 

properties degradation in soil (DT50 at 20C) and mobility (log Koc), and information about the 

occurrence and frequency in sewage sludge, is summarised in A-Table 14.1-1. 

A-Table 13.1-1. Comparison of PNECsoil estimated from PNECaq. and experimental based PNECsoil 
together with references and safety factor. General comments about compounds with RCRsoilpeak>1 
is given.  

CAS no. Name (Abb) Group PNECsoil 

(est.) 
PNECsoil (exp.) Comments (under work) 

   µg/kg DW µg/kg dw Ref Safety 
factor 

 

3147-75-9 UV-329 UV 
compounds 

0.17 10000.00 ECHA1 0.00 RCR>108; QSAR PNECaq - Est. 
PNECsoil - 0.17 µg/kg dw, Exp. 
PNECsoil 10000 µg/kg 

191-24-2 BghiP PAHs 0.12 0.00 0.00 0.00 Is already regulated by Soil 
protection law. Limiting conc. In 
fertilisers.  

52645-53-1 Permethrin Pesticides 0.22 0.00 0.00 0.00 Commonly used insecticide in 
garden. Sold in supermarked.  

43210-67-9 Fenbendazole Drugs 0.01 0.00 0.00 0.00 Low Koc, high leaching, medium 
DT50, few detec. In SS 

6197-30-4 Octocrylene Cosmetics 5.63 1250.00 ECHA1 0.00 RCR>108; QSAR PNECaq - Est. 
PNECsoil - 0.17 µg/kg dw, Exp. 
PNECsoil 10000 µg/kg 

556-69-4 L8 Cosmetics 209.64 0.00 0.00 0.00 RCR>15; QSAR PNECaq - Est. 
PNECsoil - 209.6 µg/kg dw. Few 
data availble. High SS-conc.  
Should be investigated. 

1241-94-7 EHDPP OPEs 0.79 302.00 UK-
EPA2  

10.00 RCR>16.6; Exp. PNECaq - Est. 
PNECsoil - 0.79 µg/kg dw, Exp. 
PNECsoil 302 µg/kg 

103597-45-1 UV-360 UV 
compounds 

0.50 0.00 0.00 0.00 Assume low toxicity from the 
UV-329 (similarity in chemical 
structure & very high Koc). No 
analysis > LOD in SS 

23593-75-1 Clotrimazole Drugs 1.02 0.00 0.00 0.00 High use, high sorpt to sludge, 
high toxic toward fungi. Should 
be observed. 

789-02-6 o,p'-DDT DDTs 0.01 0.00 0.00 0.00 Not of relevance. Banned. Many 
samples, no detec. > LOD 

100427-26-7 Lercanidipine Drugs 7.44 0.00 0.00 0.00 No measured data in sludge 

52918-63-5 Deltamethrin Pesticides 0.00 0.00 0.00 0.00 Mainly used agricultre. Can be 
bought in supermarked. Sjekk.  
No analysis > LOD in SS 

22916-47-8 Miconazole Drugs 0.23 0.00 0.00 0.00 High use, high toxic toward 
fungi. Should be observed. 
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CAS no. Name (Abb) Group PNECsoil 

(est.) 
PNECsoil (exp.) Comments (under work) 

   µg/kg DW µg/kg dw Ref Safety 
factor 

 

6422-86-2 DEHT Phthalates 2.20 13000.00 ECHA3  0.00 RCR>108; QSAR PNECaq - Est. 
PNECsoil - 0.17 µg/kg dw, Exp. 
PNECsoil 10000 µg/kg 

50-28-2 E2 Drugs 0.01 0.00 0.00 0.00 No detection in sewage. Included 
due to high LOD. 

15687-27-1 Ibuprofen Drugs 0.03 0.00 0.00 0.00 No detection in sewage. Included 
due to high LOD. 

179324-69-7 Bortezomib Drugs 1.93 0.00 0.00 0.00 No detection in sewage. Included 
due to high LOD. 

1763-23-1 PFOS PFASes 0.03 373.00 UK4  1000 RCR>108; QSAR PNECaq - Est. 
PNECsoil - 0.17 µg/kg dw, Exp. 
PNECsoil 10000 µg/kg 

ECHA1 Chemical information (Scientific Properties, No potential to cause toxic effects if 

accumulated (in higher organisms) via the food chain; UK EPA2Environmental Agency (UK), 

2009, Estimated from aquatic data; ECHA3 https://echa.europa.eu/brief-profile/-

/briefprofile/100.003.829; UK4 pfos.uk.risk.eval.report.2004 Worm toxicity.  

 

https://echa.europa.eu/brief-profile/-/briefprofile/100.003.829
https://echa.europa.eu/brief-profile/-/briefprofile/100.003.829
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14 Sensitivity and uncertainty analysis 

14.1  Introduction and Method 

Model results vary with input data, and input data always have some uncertainty. To learn about 
the consequences of these uncertainties, and to discriminate between more and less relevant 
input uncertainties, a sensitivity and uncertainty analysis was carried out. Here considered were 
uncertainties related to compound properties, climate characteristics and concentrations in 
sludge. Uncertainties in effect data (PNEC-values) are not considered here but discussed in a 
separate chapter. The uncertainty of the Koc regressions used to predict the partition coefficient 
organic carbon to water Koc for the chemicals assessed in this study could be determined by a 
subset of 92 chemicals, for which measured Koc-values were available in literature. The mean 
absolute error (MAE) found was factor 3 for bases, factor 6 for acids and neutrals, and > factor 
100 for multiple charged chemicals and zwitterions. The bioconcentration factors in plants BCF 
use the Koc as input and thus have as minimum the same error. To consider the uncertainty of 
Koc and BCF, a factor 4 to both sites (1/4 to 4fold) was taken as range of the input.  

Concentrations in sludge can vary considerably, both in time and site, and is dependent on the 
use and emission patterns of this chemical (wide uniform use versus industrial emissions at only 
a few sites). For many chemicals, sludge from only a few treatment plants was analyzed, and the 
true uncertainty of this parameter cannot be determined. Thus, the same range (1/4 and factor 
4) as for Koc and BCF was taken for the sludge input concentrations. Biodegradation in soil is 
derived from the outcome of a ready biodegradability test (such as OECD 301 or 310). The test 
gives as result four categories: Readily biodegradable /  readily biodegradable but failing 10 day 
window / Inherently biodegradable / not biodegradable. To each category, a half-life was 
assigned (source: JRC), depending also on the adsorption to soil. For the uncertainty analysis, 
the next lower or next higher category and the corresponding DT50 is chosen. For the climate 
drivers rainfall and soil temperature, the range was the interquartile range (IQR) of the monthly 
values in the 1991-2020 climate reference period. Table A-13.1-1 lists the properties 
investigated for their sensitivity and their relative value ranges. 

A-Table 13.1-1. Properties investigated for their sensitivity and their relative value ranges. Q1 and Q3 
refer to the first and third quartile, respectively.  

Parameter  min max 

partitioning coefficient orgC to water KOC 0.25 4.0 

Bioconcentration factor BCF 0.25 4.0 

Biodegradation  DT50 lower  higher class 

Input, Sludge concentration input I 0.25 4.0 

Monthly rainfall RR Q1 Q3 

Monthly average soil temperature Tsoil Q1 Q3 

 

Four example chemicals which cover a wide range of chemical properties (acids, bases, neutrals) 
were chosen to depict the uncertainty:  

• Sodium p-n-dodecylbenzenesulfonate (LAS C12; CAS 2211-98-5) (Table A-13.1-2a). LAS 

is widely used as detergent in washing powder and thus has very high concentrations 

in sludge. It is a strong acid and is present as anion and thus shows good uptake into 

plants. LAS is listed as inherently biodegradable, though experimental degradation 
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studies showed fast degradation in rooted soils (Mortensen et al. 2001, Martín et al. 

2026). Table A-13.1-2a 

• Doxorubicin (CAS 23214-92-8) (Table A-13.1-2b) is a widely used antibiotic. 

Doxorubicin has multiple ionizing groups, both an alkaline amine group (base pKa at 

8.06) and weakly acidic phenol groups (pKa-values around 9). In Norwegian soils, it is 

thus mostly present as cation.  

• Bisphenol A (CAS 80-05-7) (Table A-13.1-2c) is a plastic monomer and, being a 

xenoestrogen, suspect for human risk. The phenol group makes a very weak acid, 

hence bisphenol A can be considered to be present as neutral chemical.  

• Perfluorooctanesulfonic acid (PFOS; CAS 1763-23-1) (Table A-13.1-2v). PFOS is the 

most prominent member of the group of perfluoroalkyl substances PFAS. It is a strong 

acid and present as anion in soils. It is a very persistent “forever chemical” with 

multiple adverse effects in vertebrates and humans. 

The ranges for the individual compounds are given in Table A-13.1-2a-d. 

A-Table 13.1-2a Value ranges for sodium p-n-dodecylbenzenesulfonate LAS C-12, 2211-98-5. 
 default minimum maximum unit 

KOC (l/kg) 152.2 38.05 608.8 l/kg ww 

BCFleaf 5.44 1.36 21.8 kg/kg fw 

BCFseed 0.359 0.090 1.436 kg/kg fw 

DT50  1582 474 4745 days 

Input, sludge 

concentration  

2200 550 8800 µg kg⁻¹ dw 

 

A-Table 13.1-2b. Value ranges for doxorubicin, 23214-92-8. 

 default minimum maximum unit 

KOC (l/kg) 238.3 59.58 953.2 l/kg ww 

BCFleaf 0.5873 0.147 2.349 kg/kg fw 

BCFseed 0.0276 0.0069 0.1104 kg/kg fw 

DT50  1582 474 4745 days 

Input, sludge 

concentration 

2911 727.8 11640 µg kg⁻¹ dw 

 

A-Table 13.1-2c. Value ranges for bisphenol A, 80-05-7. 

 default minimum maximum unit 

KOC (l/kg) 1080 270 4320 l/kg ww 

BCFleaf 0.2041 0.051 0.816 kg/kg fw 

BCFseed 0.0129 0.0032 0.052 kg/kg fw 

DT50  158 47 474 days 

Input, sludge 

concentration 

2105 526.3 8420 µg kg⁻¹ dw 
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A-Table 13.1-2d Value ranges for PFOS, 1763-23-1. 

 default minimum maximum unit 

KOC (l/kg) 821.0 205.3 3284 l/kg ww 

BCFleaf 0.0513 0.0128 0.205 kg/kg fw 

BCFseed 0.0362 0.007 0.1158 kg/kg fw 

DT50  527292 

 

158187 infinite days 

Input, sludge 

concentration 

9.54 2.385 38.16 µg kg⁻¹ dw 

 

The uncertainty analysis was done for each chemical and each chemical parameter separately. 
The calculated concentrations in soil PECpeak,soil, plants PECharvest and surface water PECsurface water 
can be compared to the standard case. This allows to evaluate the impact of each parameter 
for the four individual chemicals. 

 

14.1.1 Results 

The following tables show the concentrations in soil in the month of application (PECpeak, soil, µg 
kg⁻¹), in the harvested biomass (PECharvest, µg kg⁻¹ fresh weight) and in surface water (PECsurface 

water µg l⁻¹) in the month of application. The tables show for each output variable always the 
minimum (low) result, the standard result (without changing parameters), and the high result. 
Concentrations in animal uptake are not given; their relative sensitivity to the variation in input 
parameter values are highly correlated to those for PECharvest.  

Only results for the scenario with cereal growth is shown here, the results for grass are shown 
in the appendix. Moreover, the result for the cereal scenario as % change is also shown in the 
appendix. The two outcomes differ in numbers, but the relative sensitivity and uncertainty are 
very similar and lead to identical conclusions.  

Effect of variation of the input, concentration in sewage sludge. The effect of the input with 
sewage sludge is easiest to interpret: Using ¼ of the input will give ¼ of the output value, and 
4fold input will give 4fold output of calculated concentrations. This holds for all four chemicals 
and all calculated parameters. The reason is mathematical: concentration in soil is calculated 
with a linear ordinary differential equations, and those are linear to the input: double input, 
double output, 4fold input, 4fold output.  

Effect of variation of Koc. The Koc is positively correlated to the concentration in soil PECpeak,soil 
and plants PECharvest, and negatively to that in water PECsurface water. Its impact on PECsoil is via the 
loss rate by leaching and is different for the four chemicals, with PFOS > LAS > doxorubicin > 
bisphenol A. The opposite order is seen for PECwater, because leaching from soil leads to 
occurrence in water bodies, and the impact of Koc is largest for bisphenol A > doxorubicin = 
LAS > PFOS. For the plants, PECharvest, the impact of Koc is more direct, as the uptake from soil 
to plants depends for most chemicals on how much of the chemical is dissolved in water. 
Impact of Koc on PECharvest is largest for LAS > doxorubicin > PFOS > bisphenol A.  

Effect of variation of BCF. Variation of BCF has no effect on PECsoil and PECsurface water, but a 
linear effect (factor ¼ or 4) on concentrations in plants, be it grass or cereals, for all chemicals 
and all scenarios. For PECharvest, BCF together with input is the most important variable.  

Biodegradation rate DT50. It’s effect depends highly on a) the absolute rate and be) other loss 
rates and parameters (mainly Koc, loss by leaching). The highest variation of output is seen for 
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bisphenol A, and higher in the grass scenario than in the cereal scenario (Table SI 2 and 3). 
Moreover, the effect on PECharvest is larger than that on PECsoil or PECsurfacewater. This is because of 
the waiting time between sludge application and begin of growth (6 months for cereals, 3 
years for grass). The effect is highest for bisphenol A (PECharvest 28% minimum), but negligible 
for PFOS. The reason is that the biodegradation for PFOS is so slow that even a category faster 
(from 527292 days to 158187 days) does not make it an effective loss process. For LAS and 
doxorubicin, the effect is also rather small.  

Temperature. Temperature affects the degradation rate. Thus, it only has an effect when DT50 
has an effect on the outcome. Even then (bisphenol A, grass scenario), the change of output is 
< 5%.    

Precipitation. Precipitation affects the loss rate via leaching, run-off and plant uptake. Higher 
leaching does also lead to increased concentrations in surface water. The effect is largest when 
the Koc is small. But even for PECsurface water, changes due to increase or decrease of 
precipitation are moderate, lower than the effect of Koc or input with sewage sludge (highest 
for bisphenol A, 59 to 140%).  

 

Tables A-Table 13.1-1a-d. Calculated concentrations for the cereal scenario for each varied 
parameter. Values for the grass scenario please see 13.1.2. Percent % change please see also 
13.1.2. 

A-Table 13.1.1-1a. Cereals – PFOS 1763-23-1 

 

 

 

PECpeak,soil PECharvest PECsurface water 

 low standard high low standard high low standard high 

Koc 5.50E-02 7.02E-02 1.67E-01 1.03E-03 1.65E-03 4.15E-03 2.83E-04 9.13E-05 5.44E-05 

BCFleaf 7.02E-02 7.02E-02 7.02E-02 4.13E-04 1.65E-03 6.60E-03 9.13E-05 9.13E-05 9.13E-05 

BCFseed 7.02E-02 7.02E-02 7.02E-02 4.13E-04 1.65E-03 6.60E-03 9.13E-05 9.13E-05 9.13E-05 

DT50 7.01E-02 7.02E-02 7.02E-02 1.65E-03 1.65E-03 1.65E-03 9.12E-05 9.13E-05 9.13E-05 

Input 1.76E-02 7.02E-02 2.81E-01 4.13E-04 1.65E-03 6.60E-03 2.28E-05 9.13E-05 3.65E-04 

temperature 7.02E-02 7.02E-02 7.02E-02 1.65E-03 1.65E-03 1.65E-03 9.13E-05 9.13E-05 9.13E-05 

rainfall 8.46E-02 7.02E-02 6.37E-02 2.03E-03 1.65E-03 1.46E-03 6.48E-05 9.13E-05 1.17E-04 

 

A-Table 13.1-1b. Cereals – LAS 2211-98-5 

 

 

PECpeak,soil PECharvest PECsurface water 

 low standard high low standard high low standard high 

Koc 1.09E+01 1.25E+01 1.37E+01 5.31E-01 2.03E+00 3.01E+00 2.86E-
01 

8.61E-02 2.40E-
02 

BCFleaf 1.25E+01 1.25E+01 1.25E+01 5.07E-01 2.03E+00 8.11E+00 8.61E-
02 

8.61E-02 8.61E-
02 

BCFseed 1.25E+01 1.25E+01 1.25E+01 5.07E-01 2.03E+00 8.11E+00 8.61E-
02 

8.61E-02 8.61E-
02 

DT50 1.24E+01 1.25E+01 1.25E+01 1.85E+00 2.03E+00 2.08E+00 8.54E-
02 

8.61E-02 8.63E-
02 

Input 3.12E+00 1.25E+01 4.99E+01 5.07E-01 2.03E+00 8.11E+00 2.15E-
02 

8.61E-02 3.44E-
01 

temperature 1.25E+01 1.25E+01 1.25E+01 2.03E+00 2.03E+00 2.02E+00 8.61E-
02 

8.61E-02 8.61E-
02 

rainfall  1.27E+01 1.25E+01 1.23E+01 2.32E+00 2.03E+00 1.77E+00 5.19E-
02 

8.61E-02 1.19E-
01 
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A-Table 13.1.1-1c. Cereals – Doxorubicin 23214-92-8 

 

 

PECpeak,soil PECharvest PECsurface water 

 low standard high low standard high low standard high 

Koc 1.54E+01 1.68E+01 1.97E+01 1.03E-
01 

2.42E-01 3.44E-
01 

2.64E-
01 

7.46E-02 2.20E-
02 

BCFleaf 1.68E+01 1.68E+01 1.68E+01 6.06E-
02 

2.42E-01 9.69E-
01 

7.46E-
02 

7.46E-02 7.46E-
02 

BCFseed 1.68E+01 1.68E+01 1.68E+01 6.06E-
02 

2.42E-01 9.69E-
01 

7.46E-
02 

7.46E-02 7.46E-
02 

DT50 1.66E+01 1.68E+01 1.69E+01 2.21E-
01 

2.42E-01 2.49E-
01 

7.38E-
02 

7.46E-02 7.48E-
02 

Input 4.20E+00 1.68E+01 6.73E+01 6.06E-
02 

2.42E-01 9.69E-
01 

1.86E-
02 

7.46E-02 2.98E-
01 

temperature 1.68E+01 1.68E+01 1.68E+01 2.43E-
01 

2.42E-01 2.42E-
01 

7.46E-
02 

7.46E-02 7.45E-
02 

rainfall  1.71E+01 1.68E+01 1.66E+01 2.66E-
01 

2.42E-01 2.22E-
01 

4.49E-
02 

7.46E-02 1.04E-
01 

 

A-Table 13.1.1-1d. Cereals – Bisphenol A 80-05-7 

 

 

 PECpeak,soil PECharvest PECsurface water 

  low standard high low standard high low standard high 

Koc  1.18E+01 1.20E+01 1.21E+01 6.01E-
02 

7.26E-
02 

7.62E-
02 

4.62E-
02 

1.19E-
02 

2.99E-
03 

BCFleaf  1.20E+01 1.20E+01 1.20E+01 1.82E-
02 

7.26E-
02 

2.90E-
01 

1.19E-
02 

1.19E-
02 

1.19E-
02 

BCFseed  1.20E+01 1.20E+01 1.20E+01 1.82E-
02 

7.26E-
02 

2.90E-
01 

1.19E-
02 

1.19E-
02 

1.19E-
02 

DT50  1.10E+01 1.20E+01 1.27E+01 2.98E-
02 

7.26E-
02 

9.69E-
02 

1.09E-
02 

1.19E-
02 

1.26E-
02 

Input  3.00E+00 1.20E+01 4.80E+01 1.82E-
02 

7.26E-
02 

2.90E-
01 

2.97E-
03 

1.19E-
02 

4.75E-
02 

temperature  1.21E+01 1.20E+01 1.19E+01 7.45E-
02 

7.26E-
02 

7.06E-
02 

1.19E-
02 

1.19E-
02 

1.18E-
02 

rainfall   1.20E+01 1.20E+01 1.20E+01 7.40E-
02 

7.26E-
02 

7.13E-
02 

7.01E-
03 

1.19E-
02 

1.67E-
02 

 

The result of the uncertainty analysis is summarized at the begin of the chapter, and in Table 
A-Table 13.1-1. Here a brief replicate of the main findings:  

The concentration in sludge (input) is a highly sensitive parameter and affects all calculated 
concentrations linearly: double input, double output. The uncertainty of the Koc leads to 
moderate uncertainty of the predicted concentrations in soil and to high uncertainty of 
concentrations in plants and surface water. Bioconcentration factor BCF affects only 
concentrations in plants. The uncertainty of the biodegradation half-life DT50 is very difficult 
to quantify. It’s effects are largest when DT50 is short. The effect of temperature is connected 
to that of DT50 and is usually low. Variation of precipitation leads to a low to moderate change 
in the calculated outcome for soils and plants but has a high effect on the concentrations in 
surface water. Uncertainty of estimated PNEC data was not considered here.  
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14.1.2 Appendix to Sensitivity and uncertainty analysis  

 

A-Table 13.1.2-1. Change of output variables of the sensitivity and uncertainty analysis for the grass 
scenario.  

Grass – PFOS 1763-23-1 

 

 

PECpeak,soil PECharvest PECsurface water 

 low standard high low standard high low standard high 

Koc 5.19E-02 6.92E-02 1.66E-01 1.15E-03 2.20E-03 5.79E-03 5.63E-04 1.92E-04 1.16E-04 

BCFleaf 6.92E-02 6.92E-02 6.92E-02 5.51E-04 2.20E-03 8.81E-03 1.92E-04 1.92E-04 1.92E-04 

BCFseed 6.92E-02 6.92E-02 6.92E-02 5.51E-04 2.20E-03 8.81E-03 1.92E-04 1.92E-04 1.92E-04 

DT50 6.91E-02 6.92E-02 6.92E-02 2.20E-03 2.20E-03 2.20E-03 1.92E-04 1.92E-04 1.92E-04 

Input 1.73E-02 6.92E-02 2.77E-01 5.51E-04 2.20E-03 8.81E-03 4.81E-05 1.92E-04 7.69E-04 

temperature 6.92E-02 6.92E-02 6.92E-02 2.20E-03 2.20E-03 2.20E-03 1.92E-04 1.92E-04 1.92E-04 

rainfall  8.37E-02 6.92E-02 6.25E-02 2.77E-03 2.20E-03 1.91E-03 1.37E-04 1.92E-04 2.44E-04 

 

Grass – LAS 2211-98-5 

 

 

PECpeak,soil PECharvest PECsurface water 

 low standard high low standard high low standard high 

Koc 7.92E+00 1.15E+01 1.34E+01 2.14E+00 2.18E+01 4.14E+01 4.04E-01 1.66E-01 4.98E-02 

BCFleaf 1.15E+01 1.15E+01 1.15E+01 5.45E+00 2.18E+01 8.72E+01 1.66E-01 1.66E-01 1.66E-01 

BCFseed 1.15E+01 1.15E+01 1.15E+01 5.45E+00 2.18E+01 8.72E+01 1.66E-01 1.66E-01 1.66E-01 

DT50 1.12E+01 1.15E+01 1.15E+01 1.92E+01 2.18E+01 2.26E+01 1.62E-01 1.66E-01 1.67E-01 

Input 2.87E+00 1.15E+01 4.59E+01 5.45E+00 2.18E+01 8.72E+01 4.14E-02 1.66E-01 6.63E-01 

temperature 1.15E+01 1.15E+01 1.15E+01 2.19E+01 2.18E+01 2.17E+01 1.66E-01 1.66E-01 1.66E-01 

rainfall  1.19E+01 1.15E+01 1.11E+01 2.80E+01 2.18E+01 1.70E+01 1.03E-01 1.66E-01 2.22E-01 

 

Grass – Doxorubicin 23214-92-8 

 

 

PECpeak,soil PECharvest PECsurface water 

 low standard high low standard high low standard high 

Koc 1.25E+01 1.59E+01 1.93E+01 9.35E-01 4.12E+00 6.85E+00 4.33E-01 1.49E-01 4.62E-02 

BCFleaf 1.59E+01 1.59E+01 1.59E+01 1.03E+00 4.12E+00 1.65E+01 1.49E-01 1.49E-01 1.49E-01 

BCFseed 1.59E+01 1.59E+01 1.59E+01 1.03E+00 4.12E+00 1.65E+01 1.49E-01 1.49E-01 1.49E-01 

DT50 1.55E+01 1.59E+01 1.60E+01 3.62E+00 4.12E+00 4.28E+00 1.45E-01 1.49E-01 1.50E-01 

Input 3.97E+00 1.59E+01 6.36E+01 1.03E+00 4.12E+00 1.65E+01 3.72E-02 1.49E-01 5.96E-01 

temperature 1.59E+01 1.59E+01 1.59E+01 4.14E+00 4.12E+00 4.11E+00 1.49E-01 1.49E-01 1.49E-01 

rainfall  1.64E+01 1.59E+01 1.55E+01 4.88E+00 4.12E+00 3.51E+00 9.15E-02 1.49E-01 2.03E-01 
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Grass – Bisphenol A 80-05-7 
 

 

PECpeak,soil PECharvest PECsurface water 

 low standard high low standard high low standard high 

Koc 1.06E+01 1.12E+01 1.13E+01 6.70E-
01 

9.30E-01 1.01E+00 8.83E-
02 

2.37E-02 6.03E-
03 

BCFleaf 1.12E+01 1.12E+01 1.12E+01 2.32E-
01 

9.30E-01 3.72E+00 2.37E-
02 

2.37E-02 2.37E-
02 

BCFseed 1.12E+01 1.12E+01 1.12E+01 2.32E-
01 

9.30E-01 3.72E+00 2.37E-
02 

2.37E-02 2.37E-
02 

DT50 8.95E+00 1.12E+01 1.23E+01 2.60E-
01 

9.30E-01 1.38E+00 1.89E-
02 

2.37E-02 2.61E-
02 

Input 2.80E+00 1.12E+01 4.48E+01 2.32E-
01 

9.30E-01 3.72E+00 5.92E-
03 

2.37E-02 9.48E-
02 

temperature 1.12E+01 1.12E+01 1.11E+01 9.66E-
01 

9.30E-01 8.92E-01 2.38E-
02 

2.37E-02 2.36E-
02 

rainfall  1.13E+01 1.12E+01 1.11E+01 9.63E-
01 

9.30E-01 8.97E-01 1.40E-
02 

2.37E-02 3.32E-
02 
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A-Table 13.1.2-2. Percent change of output variables of the sensitivity and uncertainty analysis for the 
cereal scenario.  

Cereal  PECpeak,soil  PECharvest  PECsurface water  

PFOS low standard high low standard high low standard high 

Koc 78 100 238 62 100 252 310 100 60 

BCFleaf 100 100 100 25 100 400 100 100 100 

BCFseed 100 100 100 25 100 400 100 100 100 

DT50 100 100 100 100 100 100 100 100 100 

Input 25 100 400 25 100 400 25 100 400 

temperature 100 100 100 100 100 100 100 100 100 

rainfall 121 100 91 123 100 88 71 100 128 

Cereal PECpeak,soil  PECharvest  PECsurface water  

LAS low standard high low standard high low standard high 

Koc 87 100 110 26 100 148 332 100 28 

BCFleaf 100 100 100 25 100 400 100 100 100 

BCFseed 100 100 100 25 100 400 100 100 100 

DT50 99 100 100 91 100 102 99 100 100 

Input 25 100 399 25 100 400 25 100 400 

temperature 100 100 100 100 100 100 100 100 100 

rainfall 102 100 98 114 100 87 60 100 138 

Cereal PECpeak,soil  PECharvest  PECsurface water  

Doxorubicin low standard high low standard high low standard high 

Koc 92 100 117 43 100 142 354 100 29 

BCFleaf 100 100 100 25 100 400 100 100 100 

BCFseed 100 100 100 25 100 400 100 100 100 

DT50 99 100 101 91 100 103 99 100 100 

Input 25 100 401 25 100 400 25 100 399 

temperature 100 100 100 100 100 100 100 100 100 

rainfall 102 100 99 110 100 92 60 100 139 

Cereal PECpeak,soil  PECharvest  PECsurface water  

Bisphenol A low standard high low standard high low standard high 

Koc 98 100 101 83 100 105 388 100 25 

BCFleaf 100 100 100 25 100 399 100 100 100 

BCFseed 100 100 100 25 100 399 100 100 100 

DT50 92 100 106 41 100 133 92 100 106 

Input 25 100 400 25 100 399 25 100 399 

temperature 101 100 99 103 100 97 100 100 99 

rainfall 100 100 100 102 100 98 59 100 140 
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A-Table 13.1.2-3. Percent change of output variables of the sensitivity and uncertainty analysis for the 
grass scenario. 

Grass PECpeak,soil  PECharvest  PECsurface water  

bisphenol A low standrd high low standrd high low standrd high 

Koc 95 100 101 72 100 109 373 100 25 

BCFleaf 100 100 100 25 100 400 100 100 100 

BCFseed 100 100 100 25 100 400 100 100 100 

DT50 80 100 110 28 100 148 80 100 110 

Input 25 100 400 25 100 400 25 100 400 

temperature 100 100 99 104 100 96 100 100 100 

rainfall 101 100 99 104 100 96 59 100 140 

Grass PECpeak,soil  PECharvest  PECsurface water  

doxorubicin low standrd high low standrd high low standrd high 

Koc 79 100 121 23 100 166 291 100 31 

BCFleaf 100 100 100 25 100 400 100 100 100 

BCFseed 100 100 100 25 100 400 100 100 100 

DT50 97 100 101 88 100 104 97 100 101 

Input 25 100 400 25 100 400 25 100 400 

temperature 100 100 100 100 100 100 100 100 100 

rainfall 103 100 97 118 100 85 61 100 136 

Grass PECpeak,soil  PECharvest  PECsurface water  

LAS low stndrd high low stndrd high low stndrd high 

Koc 69 100 117 10 100 190 243 100 30 

BCFleaf 100 100 100 25 100 400 100 100 100 

BCFseed 100 100 100 25 100 400 100 100 100 

DT50 97 100 100 88 100 104 98 100 101 

Input 25 100 399 25 100 400 25 100 399 

temperature 100 100 100 100 100 100 100 100 100 

rainfall 103 100 97 128 100 78 62 100 134 

 

 

The ranges of the climatic variables are illustrated in the following figures (A-Figure 13.1.2-1 
and A-Figure 13.1.2-2). 
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A-Figure 13.1.2-1. Average and IQR of the soil temperature for the five municipalities. 

 
A-Figure 13.1.2-2. Average and IQR of the average monthly rainfall depth for the five municiipalities. 

 

In the following figures, we illustrate the effect of the relevant parameters on the 
instantaneous values of PECsoil,peak.  
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A-Figure 13.1.2-3. Model sensitivity to variation of biodegradation rates on PECsoil,peak for cereals and 
grass in Ås. 

 

 

A-Figure 13.1.2-4. Model sensitivity to variation of KOC on PECsoil,peak for cereals and grass in Ås. 
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A-Figure 13.1.2-5. Model sensitivity to variation of monthly rainfall on PECsoil,peak for cereals and grass 
in Ås. 

 

 

A-Figure 13.1.2-6. Model sensitivity to variation of monthly average temperature on PECsoil,peak for 
cereals and grass in Ås. 

 

Sensitivity of the output of PECharvest shows a more varied influence of variations in input data. 
As for PECsoil,peak,the effect of the compound concentration in the applied sludge is linear and 
proportional to PECharvest. The effect of the different variations on the concentration in 
harvested product is illustrated in the following figures. 
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A-Figure 13.1.2-7. Model sensitivity to variation of DT50 on PECharvest for cereals and grass in Ås.  

 

 

A-Figure 13.1.2-8. Model sensitivity to variation of KOC on PECharvest for cereals and grass in Ås. 
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A-Figure 13.1.2-9. Model sensitivity to variation of monthly rainfall on PECharvest for cereals and grass 
in Ås. 

 

 

A-Figure 13.1.2-10. Model sensitivity to variation of monthly average temperature on PECharvest for 
cereals and grass in Ås. 
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