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Abstract  

In the Biodiversity Strategy to 2030, the Farm to Fork Strategy and the Zero Pollution Action Plan the 
European Union has set an ambitious and ground-breaking goal to reduce by 50% nutrient losses to the 
environment (air, water, soil) by 2030, while preserving soil fertility. To this end, the Commission will 
work with Member States to develop an Integrated Nutrient Management Action Plan (INMAP). The 
óKnowledge for INMAPô project, developed by the JRC during the year 2021, aimed to gather scientific 
knowledge and data available in the EU to support the discussion and preparation of the Integrated 
Nutrient Management Action Plan. In particular, the work focused on three major tasks: 1) the 
description of the current flows of nitrogen and phosphorus in the EU considering all sources and sectors 
involved (agriculture, industries, urban, energy and transport) and all environmental losses in air, water, 
and soils; 2) the evaluation of the distance to environmental targets, considering the EU legislation and 
strategies; 3) the analysis of measures to reduce nutrient pollution at different intervention points in the 
nutrient cycle. Online map viewers and dashboards were also developed to facilitate the visualisation of 
the collected data and the analysis of regional pollution hotspots and major polluting sources. 
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1 Introduction  

In the Biodiversity Strategy to 20301, the Farm to Fork Strategy2 and the Zero Pollution Action Plan3 the 
European Union has set an ambitious and ground-breaking goal to reduce by 50% nutrient losses to the 
environment (air, water, soil) by 2030, while preserving soil fertility. ñThis will be achieved by 
implementing and enforcing the relevant environmental and climate legislation in full, identifying with 
Member States the nutrient load reductions needed to achieve these goals, applying balanced 
fertilisation and sustainable nutrient management, and by managing nitrogen and phosphorus better 
throughout their lifecycle. To this end, the Commission will work with Member States to develop an 
Integrated Nutrient Management Action Plan in 2022ò4 (INMAP). The plan will cover all sectors and 
environmental compartments involved in the nitrogen (N) and phosphorus (P) cycles.  

The óKnowledge for INMAPô project, developed by the JRC during the year 2021, aimed to gather 
scientific knowledge and data available in the EU to support the discussion and preparation of the 
INMAP. In particular, the work focused on three major tasks: 1) the description of the current flows of N 
and P in the EU considering all sources and sectors involved (agriculture, industries, urban, energy and 
transport) and all environmental losses in air, water, and soils; 2) the evaluation of the distance to 
environmental targets, considering the EU legislation and strategies; 3) the analysis of possible 
measures to reduce nutrient pollution at different intervention points in the nutrient cycle.  

This report presents the results of the project. The report is organised in three parts, following to the 
projectôs tasks: Chapter 2 presents nutrient flows for Europe, according to available data sources; 
Chapter 3 describes the EU environmental legislation related to nutrients and the distance to policy 
targets; and Chapter 4 discusses measures to reduce nutrient losses to the environment making 
reference to recent scientific studies and new modelling assessments. Additional information on the 
methodological approach and references to other international projects and initiatives relevant for the 
preparation of the INMAP are provided in the Annexes.  

In the óKnowledge for INMAPô project, online map viewers and dashboards were developed to facilitate 
the visualisation of the collected data and the analysis of regional pollution hotspots and major polluting 
sources. They are available at https://water.jrc.ec.europa.eu (Integrated nutrient management page). 

In the present work many data sources were used (and combined) for the analysis N and P stocks and 
flows in the different sectors and environmental compartments. Similarly, for the scenarios analysis 
different modelling tools were considered that are based on specific datasets and assumptions. 
Therefore, the study cannot ensure a complete coherence of all the datasets adopted. It focused on 
gathering relevant scientific knowledge available in Europe for the preparation of the INMAP, 
acknowledging that uncertainty in flows estimations is part of the complexity of the N and P cycle 
analysis. 

                                                      

 

1 COM(2020) 380 final. COMMUNICATION FROM THE COMMISSION TO THE EUROPEAN PARLIAMENT, THE COUNCIL, 
THE EUROPEAN ECONOMIC AND SOCIAL COMMITTEE AND THE COMMITTEE OF THE REGIONS. EU Biodiversity 
Strategy for 2030. Bringing nature back into our lives. 

2 COM(2020) 381 final. COMMUNICATION FROM THE COMMISSION TO THE EUROPEAN PARLIAMENT, THE COUNCIL, 
THE EUROPEAN ECONOMIC AND SOCIAL COMMITTEE AND THE COMMITTEE OF THE REGIONS. A Farm to Fork 
Strategy for a fair, healthy and environmentally-friendly food system. 

3 COM(2021) 400 final. COMMUNICATION FROM THE COMMISSION TO THE EUROPEAN PARLIAMENT, THE COUNCIL, 
THE EUROPEAN ECONOMIC AND SOCIAL COMMITTEE AND THE COMMITTEE OF THE REGIONS. Pathway to a 
Healthy Planet for All. EU Action Plan: 'Towards Zero Pollution for Air, Water and Soil'. 

4 COM(2020) 380 final. 

https://water.jrc.ec.europa.eu/
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2 Nitrogen and phosphorus flow 

To support the preparation of the INMAP, available data for Europe (by June 2021) were collected and 
analysed to describe the current N and P cycles in Europe, with the aim to understand the magnitude 
of nutrient fluxes and the role of all sources and sectors involved. The main sectors of emissions included 
agriculture, industries, urban settlements, energy and transport. Nutrient losses to air, soil and water 
were considered in the study. In order to cover the majority of fluxes, both reported data by countries 
and estimations by modelling were adopted. The assessment of nutrient flows was carried out using 
data of most recent years (centred on 2015 or the most recent period available). Major flows of N and 
P cycles were quantified for the entire EU27 and for each EU country (Section 2.1). Similarly a detailed 
material flow analysis on nutrients in the food system was developed, including food waste (Section 
2.2). Information on N and P losses to the environment were also calculated at different spatial 
resolution, depending on data availability, including administrative (country, NUTS2) and hydrological 
units (river basin), with the intention to show regional impacts and pollution hotspots, and support several 
planning levels (Section 2.3). Web maps and dashboard applications were developed to browse 
interactively information on nutrient fluxes and sources contribution (https://water.jrc.ec.europa.eu). 

2.1 Assessment of major nutrients flows 

Human activities have altered the natural nitrogen and phosphorus cycles, increasing the amount of 
nutrients losses to air, water and soils, with impacts for human health, ecosystem functioning, 
biodiversity and climate change. In 2011 the first European Nitrogen Assessment (ENA) was published, 
gathering scientific knowledge on the alteration of the nitrogen cycle in Europe and its consequences 
on air and water quality, terrestrial biodiversity and climate, and drawing attention on possible actions to 
curb and reduce nitrogen pollution acting at different points of the cycle. ENA provided a first assessment 
of the magnitude of nutrient fluxes from/to all sectors and environmental compartments at the continental 
scale (ENA, Sutton et al. 2011).  

Knowledge on the nutrient fluxes originated from different sources and flowing into different 
environmental compartments is key for understanding the level of disruption of the natural N and P 
cycles and for planning measures to reduce nutrient pollution while preserving soil fertility. In this study 
data on nutrient fluxes were collected from different sources, including both reported data and modelled 
data, with the aim of estimating all major fluxes in the N and P cycles. The list of data and respective 
references are shown in Table 1.  

Based on these data, we provide a quantification of the major fluxes in the N and P cycles at the EU27 
level for a period centred in year 2015. Values were also computed for each EU country (Annex A1). 
For an analysis of the agro-food system in Europe see also Section 4.7.  

 

https://water.jrc.ec.europa.eu/
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Table 1. List of datasets used in this study. 

Data 
Source 

Data type 
Format  
of data 

Unit of 
measure 

Reference 
year 

Spatial 
coverage 

Ref Sys 
(EPSG) 

Description / Source / Citation 

EDGAR 
Database 

Map of N2O 
emissions  

netcdf, 0.1 
x 0.1 deg 

kg/sqm/s 2015 global 4326 

The Emissions Database for Global Atmospheric Research (EDGAR) is 
an independent global emission inventory of greenhouse gases (GHG) 
and air pollutants developed by the Joint Research Centre of the 
European Commission. The non-CO2 components in EDGARv5.0 cover 
a long time series of emissions for the period 1970-2015; emissions are 
estimated for all anthropogenic emission sectors with the exception of 
Land Use, Land Use Change and Forestry (LULUCF) at country and 
annual level in a consistent and comparable way for all world countries.  
Regarding Nitrogen, EDGAR provides N2O, NOx and NH3 emissions 
(unit: kt).  

Crippa, M., Oreggioni, G., Guizzardi, D., Muntean, M., Schaaf, E., Lo 
Vullo, E., Solazzo, E., Monforti-Ferrario, F., Olivier, J. and Vignati, E., 
Fossil CO2 and GHG emissions of all world countries, EUR 29849 EN, 
Publications Office of the European Union, Luxembourg, 2019, ISBN 
978-92-76-11100-9 (online),978-92-76-11025-5 (print), 
doi:10.2760/687800 

https://data.europa.eu/doi/10.2904/JRC_DATASET_EDGAR 

https://edgar.jrc.ec.europa.eu/overview.php?v=50_GHG 

https://edgar.jrc.ec.europa.eu/overview.php?v=50_AP 

Map of NOx 
emissions 

Map of NH3 
emissions 

IPCC2006 total 
N2O, NOx, NH3 
emissions by sector 
and Country 

table Gg 2015 
EU28 (by 
country) 

 

EMEP 
Model 

Total N deposition 
Netcdf, 
0.1 x 0.1 
deg 

mg/sqm/y 2015 
Physical 
Europe 

4326 

The co-operative programme for monitoring and evaluation of the long-
range transmission of air pollutants in Europe (unofficially 'European 
Monitoring and Evaluation Programme' = EMEP) is a scientifically based 
and policy driven programme under the Convention on Long-range 
Transboundary Air Pollution (CLRTAP) for international co-operation to 
solve transboundary air pollution problems. Inside this programme, the 
óEMEP open-source' model has been developed, to simulate air quality 
and deposition due to emission reduction policies. The EMEP model, for 
this project, has been run at the Joint Research Centre. 
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DayCent 
Model 

Sinthetic and 
organic fertilization, 
biological N fixation 
(plant+soil), 
N deposition (from 
EMEP), 
N export from grain, 
N export from above 
ground biomass, 
N in NO3 leaching,  
N in DOC (organic 
N leaching),  N2O, 
NO, N2, 
N loss by erosion 

tiff (Raster 
dataset 
with 12 
bands), 
1000 x 
1000 m 

kg/ha/y 
Average 
value 
2010-2019 

Physical 
Europe 

3035 

JRC-D.3 full N budget in agricultural soils by DayCent model 

Quemada, M., Lassaletta, L., Leip, A., Jones, A., and Lugato, E. 
Integrated management for sustainable cropping systems: Looking 
beyond the greenhouse balance at the field scale. Global Change 
Biology, 2020a, 14989, https://doi.org/10.1111/gcb.14989 

Lugato, E., Leip, A., and Jones, A. Mitigation potential of soil carbon 
management overestimated by neglecting N2O emissions. Nature Clim 
Change, 8, 2018a, 219ï223, https://doi.org/10.1038/s41558-018-0087-z 

Lugato, E., Paniagua, L., Jones, A., de Vries, W., and Leip, A., 
Complementing the topsoil information of the Land Use/Land Cover 
Area Frame Survey (LUCAS) with modelled N2O emissions. PLoS ONE, 
12, 2017, e0176111. https://doi.org/10.1371/journal.pone.0176111 

Domestic 
emissions 
to water 

TN and TP  

Vector 
data, 
catchment 
level 

t/y 2016 

Physical 
Europe 

3035 

N and P domestic waste emissions to waters (tN/y; tP/y) from UWWTP, 
Sewage discharges, Individual Appropriate Systems (IAS), scattered 
dwellings 

Vigiak, O., Grizzetti, B., Zanni, M., Aloe, A., Dorati, C., Bouraoui, F., 
Pistocchi, A., 2020. Domestic waste emissions to European waters in 
the 2010s. Sci. Data 7. https://doi.org/10.1038/s41597-020-0367-0 
(updated to 2016 data) 

https://data.jrc.ec.europa.eu/dataset/0ae64ac2-64da-4c5e-8bab-
ce928897c1fb  

GREEN 
Model 

TN and TP diffuse 
emissions 

kg/ha 
2014-2018 Vigiak, O., Udías, A., Grizzetti, B., Zanni, M., Aloe, A., Weiss, F., 

Hristov, J., Bisselink, B., de Roo, A., Pistocchi, A., Recent regional 
changes in nutrient fluxes of European surface waters, Science of the 
Total Environment, 858, 2023, 160063, 
http://dx.doi.org/10.1016/j.scitotenv.2022.160063 

Grizzetti, B., Vigiak, O., Udias, A., Aloe, A., Zanni, M., Bouraoui, F., 
Pistocchi, A., Dorati, C., Friedland, R., De Roo, A., Benitez Sanz, C., 
Leip, A., and Bielza, M., How EU policies could reduce nutrient pollution 
in European inland and coastal waters, Global Environmental Change, 
69, 2021, 102281, https://doi.org/10.1016/j.gloenvcha.2021.102281  

TN and TP loads to 
the seas 

t/y 

https://doi.org/10.1038/s41597-020-0367-0
https://data.jrc.ec.europa.eu/dataset/0ae64ac2-64da-4c5e-8bab-ce928897c1fb
https://data.jrc.ec.europa.eu/dataset/0ae64ac2-64da-4c5e-8bab-ce928897c1fb
http://dx.doi.org/10.1016/j.scitotenv.2022.160063
https://doi.org/10.1016/j.gloenvcha.2021.102281
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Global P 
losses due 
to soil 
erosion 

  
tiff, 0.5 x 
0.5 deg 

kg/ha/y 2015 Global 4326 

Alewell, C., Ringeval, B., Ballabio, C., Robinson, D.A., Panagos, P., 
Borrelli, P. 2020. Global phosphorus shortage will be aggravated by soil 
erosion. Nat Commun 11, 4546. https://doi.org/10.1038/s41467-020-
18326-7 

https://esdac.jrc.ec.europa.eu/content/global-phosphorus-losses-due-
soil-erosion  

Mean 
phosphorus 
stock 
(LUCAS 
points) 

  
tiff, 500 x 
500m 

mg/kg 
and  

kg/ha 

2009 EU28 3035 

Ballabio, C., Lugato, E., Fernández-Ugalde, O., Orgiazzi, A., Jones, A., 
Borrelli, P., Montanarella, L. and Panagos, P., 2019. Mapping LUCAS 
topsoil chemical properties at European scale using Gaussian process 
regression. Geoderma, 355: 113912. 
https://esdac.jrc.ec.europa.eu/content/chemical-properties-european-
scale-based-lucas-topsoil-data 

Phosphorus 
Plant 
removal 

 NUTS2 kg/ha 2016 EU28 3035 

Panagos, P., Muntwyler, A., Liakos, L., Borrelli, P., Biavetti, I., Bogonos, 
M. and Lugato, E., 2022. Phosphorus plant removal from European 
agricultural land. Journal of Consumer Protection and Food Safety, DOI: 
10.1007/s00003-022-01363-
https://esdac.jrc.ec.europa.eu/content/phosphorus-plant-removal  

CAPRI 
Model 

N and P  Mineral 
fertiliser,  Manure 
applied to soil, 
N Crop fixation, 
Crop uptake, 
Surplus 

 kg/ha 2014 EU27  

Barreiro-Hurle, J., Bogonos, M., Himics, M., Hristov, J., Pérez-
Domiguez, I., Sahoo, A., Salputra, G., Weiss, F., Baldoni, E., Elleby, C. 
Modelling environmental and climate ambition in the agricultural sector 
with the CAPRI model. Exploring the potential effects of selected Farm 
to Fork and Biodiversity strategies targets in the framework of the 2030 
Climate targets and the post 2020 Common Agricultural Policy, EUR 
30317 EN, Publications Office of the European Union, Luxembourg, 
2021, ISBN 978-92-76-20889-1, doi:10.2760/98160, JRC121368. 

Nutrients 
(N, P) in 
sewage 
sludge 
applied to 
land 

 table kg/ha   EU27 

 Based on EUROSTAT statistics (sludge volumes, aggregated at MS 
level), spatial locations of waste water treatment plants and estimates of 
nutrient contents in sewage sludge, we will be estimating sewage sludge 
applications to agricultural land at a small spatial scale (to be defined, 
but likely around 5 x 5 km) (work done in cooperation with Alberto 
Pistocchi, and D.3) (units: kg N/P ha-1 yr-1) 

https://doi.org/10.1038/s41467-020-18326-7
https://doi.org/10.1038/s41467-020-18326-7
https://esdac.jrc.ec.europa.eu/content/global-phosphorus-losses-due-soil-erosion
https://esdac.jrc.ec.europa.eu/content/global-phosphorus-losses-due-soil-erosion
https://esdac.jrc.ec.europa.eu/content/chemical-properties-european-scale-based-lucas-topsoil-data
https://esdac.jrc.ec.europa.eu/content/chemical-properties-european-scale-based-lucas-topsoil-data
https://esdac.jrc.ec.europa.eu/content/phosphorus-plant-removal
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Food waste  

N and P amounts in 
food waste at 
processing, 
distribution, 
household, food 
services, 
wastewater 
collection, treatment 
and waste 
management  

table 
kt N/y and  
kt P/y 

2015 EU27  

Corrado S., Caldeira C., Carmona-Garcia G., Körner I., Leip A., Sala S.. 
Unveiling the potential for an efficient use of nitrogen along the food 
supply and consumption chain. Global Food Security 25, 100368 
https://doi.org/10.1016/j.gfs.2020.100368;  

Caldeira, C., De Laurentiis, V., Ghoose, A., Corrado, S., Sala, S. 2021. 
Grown and thrown: Exploring approaches to estimate food waste in EU 
countries. Resources, Conservation and Recycling, 168, p. 105426 
https://doi.org/10.1016/j.resconrec.2021.105426 

De Laurentiis, V., Caldeira, C., Sala, S., Building a balancing system for 
food waste accounting at National Level, EUR 30685 EN, Publications 
Office of the European Union, Luxembourg, 2021, ISBN 978-92-76-
37275-2, doi:10.2760/316306, JRC124446 

 

 

https://doi.org/10.1016/j.resconrec.2021.105426
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2.1.1 Major fluxes in the N cycle 

Based on models and data listed in Table 1, the main flows of reactive nitrogen between land, air, and 
water are summarized in the Sankey Diagram of Figure 1. The dimension of fluxes represented in the 
diagram are proportional to flux volumes (nitrogen quantities are reported in Table 2). The 
conceptualization of fluxes reflects as close as possible the INMAP pollution compartments, i.e. air, 
water and soil, but with some exceptions. Indeed, in the diagram primary production (including cropping 
systems, pastures, livestock, and forests) is merged with soil into a single node called LAND, which was 
so named to remark the inclusion of primary activities directly sustained by soils. Hence, in this 
representation, manure is a product of LAND (from livestock) that returns to LAND as soil fertilization. 
Future work will aim at disentangling primary production from soils. The FOOD node includes all 
activities related to FOOD processing, distribution and consumption, i.e. from the farm gate to the 
households, from and to territories OUTSIDE the EU27, and to WASTE (The estimation of these fluxes 
in presented in Section 2.2).  

Nitrogen fluxes were quantified with models that differ for spatial extent, i.e. some covering the whole 
territory others only agricultural land, and temporal coverage (Table 1). Thus, stocks in each 
compartments in terms of net accumulation or depletion are not fully quantified. Nevertheless, the 
Sankey diagram allows identifying the major fluxes, and thus helps focusing measures to reduce 
pollution. 

 

Figure 1. Nitrogen flows in EU27 around 2015-2020. Data sources reported in the text. 
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Table 2. Assessed contemporary nitrogen fluxes (ktN/y) in EU27. 

FROM Node TO Node Nitrogen 
(ktN/y) 

Flux Data source 
and spatial 
extent 

LAND AIR 521 N2O (1) EDGAR, 
EU27 

LAND AIR 1996 NOx (1) 

LAND AIR 4179 NH3 (1) 

LAND FRESHWATER 3543 NO3 leaching DAYCENT; 
agricultural 
land LAND FRESHWATER 70 OrgN leaching 

LAND FRESHWATER 822 Losses in soil erosion 

AIR LAND 10344 Mineral fertilization CAPRI; 
agricultural 
land LAND LAND 5707 Manure fertilization 

AIR LAND 1256 Plant N fixation 

AIR LAND 4210 Atmospheric deposition EMEP; 
EU27 

FOOD LAND 2789 Feed and biorefineries Food/waste 
Cycle; EU27 

FOOD OUTSIDE 148 Food export 

FOOD WASTE 3691 Waste 

LAND FOOD 6571 Agricultural food production 

LAND OUTSIDE 376 Export of agricultural products 

LAND WASTE 203 Agriculture waste/losses 

OUTSIDE FOOD 56 Food import 

OUTSIDE LAND 604 Import of agricultural products 

WASTE AIR 1335 Emissions of N2(2) 

WASTE AIR 1077 Emissions of N-reactive(2) 

WASTE LAND 445 Sludge and composting(2) 

WASTE LAND 131 Uncollected domestic emissions Domestic 
emissions 

WASTE FRESHWATER 605 Collected domestic emissions to 
water 

FRESHWATER OUTSIDE 334 Stream network net export GREEN; 
Europe 

FRESHWATER SEA 3053 Load to sea 

OUTSIDE SEA 1627 Stream network load to sea 

LAND  FRESHWATER 87 Quota of uncollected emissions 
reaching stream network 

(1) These fluxes exclude emissions from WASTE management. 
(2) These fluxes consider emissions from WASTE management of food cycle, less emissions to freshwater (estimated in 

Domestic emissions as in Vigiak et al., 2020). 
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2.1.2 Major fluxes in the P cycle 

EU27 phosphorus fluxes are represented in Figure 2. The diagram is somehow simpler as the 
compartment of AIR is absent due to the phosphorus cycle characteristics. Instead, a node ROCK has 
been added to represent depletion of geological resources of phosphorus for production of mineral 
fertilizers. Phosphorus fluxes are reported in Table 3. 

Figure 2. Phosphorus flows in EU27 around 2015-2020. Data sources reported in the text. 
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Table 3. Assessed contemporary phosphorus fluxes (ktP/y) in EU27. 

FROM Node TO Node Phosphorus 
(ktP/y) 

Flux Data source and 
spatial extent 

ROCKS LAND 1120 Mineral fertilization CAPRI; agricultural 
land 

LAND LAND 2012 Manure fertilization 

LAND FRESHWATER 183 Losses in soil erosion Global P losses; global 

LAND FOOD 962 Agricultural food 
production 

Food/waste Cycle; 
EU27 

LAND OUTSIDE 27 Export of agricultural 
products 

LAND WASTE 31 Agricultural 
waste/losses 

OUTSIDE FOOD 7 Food import 

OUTSIDE LAND 43 Import of agricultural 
products 

FOOD OUTSIDE 21 Food export 

FOOD LAND 501 Feed and 
biorefineries 

FOOD WASTE 448 Waste 

WASTE LAND 138 Sludge and 
composting 

WASTE FRESHWATER 60 Collected domestic 
emissions to water 

Domestic emissions 

WASTE LAND 18 Uncollected domestic 
emissions 

LAND  FRESHWATER 13 Quota of uncollected 
emissions reaching 
stream network  

GREEN; Europe 

FRESHWATER SEA 200 Load to sea 

FRESHWATER OUTSIDE 7 Net export through 
stream network 

OUTSIDE SEA 143 Export through 
stream network 

 

2.1.3 Data limitations and knowledge gaps 

This study provides a not exclusive compilation of nutrient fluxes based on recent reported or modelled 
data from various sources (Table 1) to describe the current N and P cycles in EU27 (Figure 1, 2, Tables 
2, 3). Major knowledge gaps in the quantification of N and P cycles concern the legacy and buildup of 
N in groundwater and of P in soil. These stocks are not represented. The quantification of nutrient fluxes 
is limited by the data availability, their spatial and temporal resolution, and the consistency in datasets 
and assumptions of the different modelling assessments. To provide a qualitative understanding of the 
data variability and uncertainty we compared the nutrient fluxes (Sankeyôs diagrams, Figures 1 and 2) 
with values reported in the ENA (Sutton et al. 2011), and with the independent analysis performed by 
the GRAFS model (Billen et al. in preparation, Section 4.7). In addition, we compared nutrient fluxes in 
agriculture from several data sources/assessments adopted in the study. Quantifying nutrient cycles 
and comparing different reported and modelled fluxes provide insight on data variability and knowledge 
gaps.  
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The comparison between nitrogen flows estimated in this study, ENA and GRAFS model (Table 4) is 
only qualitative, as the three assessments differ in the approach (how compartments and processes are 
represented), data sources, time period of analysis (year 2000 in ENA; around year 2015 in the other 
approaches), and spatial extent (this study: EU27 after Brexit, as from February 2020, ~4.2 106 km2; 
ENA: EU27 before Croatia joined, as in 2007- 2013, ~4.4 106 km2; and GRAFS: EU27 plus UK, Norway, 
Switzerland and Balkans, ~4.9 106 km2). 

N emissions to air, estimated by EDGAR, are higher in this study compared to GRAFS as the latter 
considers only N emissions from the agricultural system, while industries and traffics are also included 
here. The estimation of N loads to European seas appear coherent between the assessments, while 
there is some variability in the estimation of nitrogen leaching to groundwater, although in the same 
order of magnitude (there are also differences in the agricultural areas considered). N input in the 
agricultural system by mineral fertilisers, manure and biofixation are almost coherent across the three 
assessments. Similarly, N inputs from atmospheric deposition are consistent, also considering that 
GRAFS provides N deposition only in agricultural land, while the in the other cases the figures refer to 
the whole surface. The estimation of N fluxes from domestic waste in the present study is net of N 
removed by wastewater treatments, therefore lower than the values in ENA and GRAFS, which report 
N fluxes from domestic waste before treatment. The comparison of N fluxes in the food production 
system is not straightforward across the three assessments, as the material flow analysis presented in 
this study considers only N entering the food processing system, while in ENA and GRAFS assessments 
report data on the whole agricultural production system (food+feed). 

 

Table 4. Comparison of nitrogen fluxes estimated in this study (Figure 1 and Table 2), in the European Nitrogen 
Assessment (ENA, Sutton et al. 2011) and GRAFS model (Billen et al. Section 4.7). Explanation in the text. 

From NODE To NODE 
Flux  
(This study, Table 2) 

This 
study 

(TgN/y) 
ENA 

(TgN/y) 
GRAFS  
(TgN/y) 

LAND AIR N2O (except waste) 0.5  0.4 

LAND AIR NOx (except waste) 2.0 3.4  

LAND AIR NH3 (except waste) 4.2 3.8 3.0 

FRESHWATER SEA Load to sea 3.1 4.5  

LAND FRESHWATER NO3 leaching 3.5 6.2 5.9 

LAND FRESHWATER OrgN leaching 0.1   

LAND FRESHWATER Losses in soil erosion 0.8   

WASTE FRESHWATER 
Collected domestic emissions to 
water 

0.6 1.8 3.2 

AIR LAND Mineral fertilization 10.3 11.2 12.3 

LAND LAND Manure fertilization 5.7 8 5.6 

AIR LAND Plant N fixation 1.3 1 4.1 

AIR LAND Atmospheric deposition 4.2 3.8 2.9 

FOOD LAND Feed and biorefineries 2.8   

FOOD OUTSIDE Food export 0.1 0.4 2.6 

FOOD WASTE Waste 3.7 3.6  

LAND FOOD Agricultural food production 6.6 4.3 8.8 

LAND OUTSIDE Export of agricultural products 0.4  18 

LAND WASTE Agricultural waste/losses 0.2   

OUTSIDE FOOD Food import 0.1 0.4  

OUTSIDE LAND Import of agricultural products 0.6   

WASTE AIR Emissions of N2 (waste treatment) 1.3 0.6  

WASTE AIR 
Emissions of N-reactive (waste 
treatment) 

1.1   

WASTE LAND Sludge and composting 0.4 0.1  

FRESHWATER OUTSIDE Stream network net export 0.3   
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OUTSIDE SEA Stream network load to sea 1.6   

WASTE LAND Uncollected domestic emissions 0.1   

LAND FRESHWATER 
Quota of uncollected emissions 
reaching stream network 

0.1   

 

Concerning nutrient fluxes in agriculture, several data sources were available and compared per EU27 
countries, including data from EUROSTAT and FAOSTAT, which are official statistics, and datasets 
used in this study for the modelling assessments, which include assumptions on data spatialisation and 
gap filling. In specific, we considered nutrient input data from the modelling analysis of DayCent, CAPRI, 
GREEN, P model and GRAFS presented in Section 4 for the period 2014-2018 (data from DayCent 
refer to the period 2010-2019). The comparison highlights when similar datasets and assumptions have 
been adopted.  

Nutrient fluxes depend on the extent of the agricultural area. The latter is consistent for most of the 
modelling assessments with Eurostat statistics. In DayCent the agricultural area is based on the spatial 
information of the Corine Land Cover map. Values are close to Eurostat statistics except for some 
countries. The Coefficient of Variation (CV) for EU values is CV=5% (Figure 3). 

Figure 3. Comparison of agricultural area (km2) per EU27 countries according to different data sources and 
modelling approaches. Data refer to average 2014-2018 (except DayCent 2010-2019). 

 

 

Overall, the estimation of N input to the agricultural system by mineral fertilisers is very coherent across 
different data sources and modelling approaches in this study (CV=9%) (Figure 4), with differences 
mainly related to the surface of agricultural land considered. The assessment of N input by manure 
presents more variability (CV=18%), which could be related to the excretion coefficients (per animal 
types) adopted or to assumptions on NH3 emissions (Figure 4). Similarly, the estimation of N input from 
biological fixation varies in the different approaches (CV=63%), although this flux is lower in terms of 
magnitude compared to mineral and manure inputs (Figure 4). 

With regard to P fluxes, the quantification of mineral fertiliser input seems consistent in the data sources, 
except for few higher values in CAPRI and GREEN in some countries (Germany, France, Poland) and 
a striking higher value of the P model for Italy (CV=5%). As for N, also the estimation of P input in 
manure is quite variable (CV=29%), note that in many cases it is estimated from N manure input by a 
fix N:P ratio (Figure 5). 

The fact that several data sources and assessment have similar values of nutrient flows suggest a 
certain coherence in the underpinning datasets and assumptions, but does not necessarily indicate that 
they are more correct than the others. (For example the values reported for the model GREEN in the 
present application are based on the data from the CAPRI model, plus assumption on the spatial 
distribution of the input in the river basin). Nevertheless, these comparisons (Figures 4 and 5) help 
understanding the range of variability of nutrient agricultural fluxes we are confronted with for EU27, and 
how this could be reflected in the modelling scenario analysis.  
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Figure 4. Comparison of nitrogen agricultural inputs: synthetic fertiliser (above), manure (centre) and biological 
fixation (below), per EU27 countries, according to different data sources and modelling approaches. Data refer to 

average 2014-2018 (except DayCent 2010-2019). 
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Figure 5. Comparison of phosphorus agricultural inputs, synthetic fertiliser (above) and manure (below), per 
EU27 countries, according to different data sources and modelling approaches. Data refer to average 2014-2018 

(except DayCent 2010-2019).  

 

 

  



 

17  

2.2 Flow material analysis of nutrient in the food system, including food waste 

The model developed by Corrado et al. (2020) to quantify nitrogen flows along the European food chain 
from food processing up to waste treatment, was further developed to include the quantification of P 
flows and downscaled to quantify N and P flows in the food system at Member State (MS) level. The 
model has been applied for all years between 2002 and 2017 for the EU27 MSs. In this report, results 
are presented for 2015. 

The nutrient content in food products, food waste, by-products, human excrements, and losses to the 
environment of these flows were quantified (Figure 6). Food waste is defined according to EU legislation 
as: ñall food as defined in Article 2 of Regulation (EC) No 178/2002 of the European Parliament and of 
the Council (EC, 2002) that has become wasteò (EC, 2018).  The definition of 'food' laid down in 
Regulation (EC) No 178/2002 encompasses food as a whole, along the entire food supply chain from 
production until consumption, and includes inedible parts, where those were not separated from the 
edible parts when the food was produced, such as bones attached to meat destined for human 
consumption. óWasteô means any substance or object which the holder discards or intends or is required 
to discard (European Parliament and Council, 2008). By-products are defined as surplus food used as 
animal feed and for non-food uses such as the production of biobased materials. The study system 
boundaries include post-farm gate stages of the food chain, i.e. processing, distribution, and 
consumption, and human metabolism (intended as the processes of human digestion of food and 
excretion of residues) as well as waste management.  

In the following sections, we describe briefly how the nutrient content in food products, by-products, food 
waste, and human excrements (section 2.2.1) and the nutrient losses to the environment from the 
different destinations (section 2.2.2) were calculated. More information on the model and approach are 
provided in Corrado et al. (2020) and in Annex A2. 

 

Figure 6. Boundaries of the study, flows and destinations considered. Adapted from Corrado et al. (2020). 

 

 

2.2.1 Nutrient content in food products, food waste, and human excrements  

Quantities of consumed food, food waste, and by-products at each stage of the EU food chain for each 
MS were obtained from the food waste model developed by Caldeira et al. (2021). The calculation of 
the nutrient content in food products and food waste is described below separately for N and P.  
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2.2.1.1 Nitrogen content in food products and food waste 

The nitrogen content in food products was calculated according to Corrado et al. (2020) considering (i) 
crude protein content in food products, food waste, and by-products; (ii) conversion factors between 
protein content and nitrogen content (Jonesô factors; Jones, 1941); and (iii) food consumption amounts. 

The N content in food products and food waste calculated is presented in Table 5.  

 

Table 5. N content in food products food waste, and by-products based on Corrado et al. (2020). PP: Primary 
Production; P&M: Processing and Manufacturing; R&D: Retail and Distribution; Cons: Consumption (household 
and food service). 

N content in food waste and by-products (g N/kg waste or by-product) 

 Meat Fish Dairy Eggs Cereal Fruits Vegetable Potato Sugar Oilcrop 

PP 23.8 33.1 5.2 19.2 18.8 1.2 3.2 3.4 2.3 37.5 

P&M 36.7 33.1 5.6 20.9 27.4 2.0 3.3 3.4 9.1 52.2 

R&D 32.7 33.1 5.5 19.2 10.2 1.2 3.6 5.0 2.2 34.1 

Cons 32.7 33.1 10.2 20.9 10.2 1.7 3.5 5.0 1.6 3.6 

N content in food product (g N/kg product) 

PP 25.9 33.1 5.2 19.2 18.8 1.2 3.2 3.4 2.3 37.5 

P&M 32.7 33.1 10.2 19.2 10.2 0.9 3.5 5.0 1.6 3.6 

R&D 32.7 33.1 10.2 19.2 10.2 0.9 3.5 5.0 1.6 3.6 

Cons 32.7 33.1 10.2 19.1 10.2 0.8 3.5 5.0 1.6 3.6 

 

2.2.1.2 Phosphorus content in food products and food waste 

The phosphorus content in food products, in food waste, and in by-products was calculated following a 
similar approach as for nitrogen. The conversion factors protein content/ phosphorous content 
(equivalent to Jonesô Factors for Nitrogen) were obtained from USDA (2018). The P content was 
calculated in the same manner as for N for dairy, eggs, fruits, vegetables, potatoes, sugarbeet and 
oilcrops. P content in fish was derived from FAO/INFOOD (FAO, 2016) assuming the same P content 
in food product and in food waste across supply chain stages. For cereals, protein content of whole 
cereals was used for the food product and protein content in bran cereals was used for food waste. For 
meat, approach and data were adapted from van Dijk et al. (2016), allowing to quantify the P content in 
meat products (generally muscles), by-products, and waste (generally bones). Table 6 presents the P 
content in food products, food waste, and by-products.  
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Table 6. P content in food products, food waste, and by-products based on Corrado et al. (2020). PP: Primary 
Production; P&M: Processing and Manufacturing; R&D: Retail and Distribution; Cons: Consumption (household 
and food service). 

P content in food waste and by-products (g P/kg waste or by-product) 

 Meat Fish Dairy Eggs Cereal Fruits Vegetable Potato Sugar Oilcrop 

PP 6.0 2.4 0.9 1.9 3.9 0.2 0.5 0.3 0.5 5.6 

P&M 8.9 2.4 1.1 2.1 3.9 0.3 0.5 0.3 1.9 7.5 

R&D 1.7 2.4 1.0 1.9 2.0 0.2 0.6 0.5 0.4 5.3 

Cons 1.7 2.4 1.6 2.1 2.0 0.3 0.5 0.5 0.3 0.7 

P content in food product (g P/kg product) 

PP 6.0 2.4 0.9 1.9 5.9 0.2 0.5 0.3 0.5 5.6 

P&M 1.7 2.4 1.6 1.9 2.0 0.2 0.5 0.5 0.3 0.7 

R&D 1.7 2.4 1.6 1.9 2.0 0.2 0.5 0.5 0.3 0.7 

Cons 1.7 2.4 1.6 1.9 2.0 0.2 0.5 0.5 0.3 0.7 

 

2.2.2 Quantification of nutrient losses to the environment  

The nutrient losses to the environment comprised those occurring in the different destinations of the 
food waste (i.e. landfill, incineration, anaerobic digestion, composting and wastewater treatment) and 
human excrements (i.e. wastewater treatment, not treated and not collected). Nutrient content in sludge 
from wastewater treatment that are then directed to landfill and incineration, from where additional 
losses occur, are also considered. The destinations for food waste and human excrements are those 
considered in Corrado et al. (2020). However, coefficients for waste and sludge were updated using 
country-specific values for each MS and for each year, based on Corrado et al. (2020), data from 
Eurostat (Eurostat, 2021a; Eurostat, 2021b) and from EEA (European Environmental Agency; EEA, 
2021). Missing data from Eurostat and EEA were replaced with the value from the last available year. 
This approach was preferred in order to make use of existing data, instead of using interpolations.  

2.2.2.1 Nitrogen losses to the environment 

N emissions to the environment from the different waste treatments were quantified. Emissions of N can 
occur as non-reactive, i.e. molecular N (N2), not harmful for the environment, or reactive N (Nr), including 
nitrates, ammonia, and nitrogen oxides, responsible for various pollution phenomena. The remaining N, 
i.e. the share that is neither emitted as Nr nor as N2, remains in the food waste or in the output of the 
waste treatments. This flow can be valorised as input either to the food chain or to other productive 
chains. The quantification of N emissions was done according to Corrado et al. (2020) as follow:  

1. N emissions from composting: average reactive N factors from composting, also when preceded 
by anaerobic digestion, were assumed as 23.2% of initial N for ammonia and N2O (being the 
later a minor share of about 0.5-1%) and 0.3% for N leaching (median values reported by 
Körner, 2009). For home composting the shares assumed were 59.5% N2 and 5.2% Nr 
(Andersen et al 2011). It was assumed that N captured in ventilation air purification systems is 
not recycled. 

2. N emissions from incineration: a share of 30% emitted as Nr and 70% emitted as N2 was based 
on  weighted average emissions from DeNOx (Corrado et al. (2020; Doka G., 2003). A share of 
2 % of N was considered to be present in the residues (i.e. ash) from the incineration and 
assumed to be disposed in landfills.  
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3. N emissions from landfills: N losses from landfills are highly variable and depend on different 
elements, such as the type of waste and the climatic conditions. Emissions from landfills are 
assessed at 47.4% of available N, thereof 39.2% as N2 and 8.2% as Nr, whereas the remaining 
52.6% stays in the body of the landfill.   

4. N emissions from incinerated or landfilled sewage sludge and ash: the N emission factors 
abovementioned for incineration and landfill were used.  

5. N emissions from wastewater treatment: for primary and secondary treatment we assumed 
nitrogen removal efficiencies of 10% and 25%, respectively (Bonomo, 2008). For tertiary 
wastewater treatment technologies, it was considered 30% of N emitted as Nr, and 51% emitted 
as N2 (McCarty, 2018). For all the treatment, the share of N not emitted to the environment 
stays in the wastewater sludge. 

6. A summary of coefficients for N losses to the environment in the different destinations is 
presented in annex A2, table 8. Figure 7 shows the nitrogen fluxes resulting from the model 
application for EU27 in 2015. 

 

Figure 7. Sankey diagram for N flows in the EU27 food system for the year 2015. Small fluxes are not 
represented in the Sankey for presenting purposes. 

 

In 2015, at EU level, the share of nitrogen in food waste was 12.7%. Regarding the losses to the 
environment, these were 49.3% of the total amount of nutrients available in the food chain. Table 7 
presents these shares in each Member State for 2015. 
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Table 7. Shares of N in food waste and lost to the environment in the EU and for each 27MS in 2015. 

Member State Share of N in food waste 

(%) 

Share of N lost to the 

environment (%) 

Austria 11.6 38.6 

Belgium 9.9 44.3 

Bulgaria 7.3 32.1 

Croatia 13.7 54.7 

Cyprus 12.7 49.9 

Czech Republic 11.3 44.7 

Denmark 13.8 54.0 

Estonia 11.6 42.8 

Finland 12.4 56.1 

France 11.4 46.9 

Germany 10.8 47.2 

Greece 11.1 44.2 

Hungary 8.5 32.4 

Ireland 14.7 45.1 

Italy 12.0 43.1 

Latvia 13.9 47.5 

Lithuania 11.6 41.7 

Luxembourg 11.1 52.7 

Malta 10.9 47.3 

Netherlands 9.9 39.5 

Poland 14.2 52.0 

Portugal 11.8 40.2 

Romania 12.4 50.3 

Slovakia 10.1 42.5 

Slovenia 12.7 47.4 

Spain 11.0 39.2 

Sweden 11.3 49.4 

European Union 12.7 49.3 

 

2.2.2.2 Phosphorus losses to the environment 

Regarding P losses from waste treatments, no significant losses to air take place. The emissions were 
assumed as follows:  

1. P emissions from composting: composting is subject to nutrient losses as not all is recirculated 
on agricultural land. Compost is used also in other non-agricultural applications, such as 
backfilling and mine sites rehabilitation and landfill (as cover material). On average, 40% of the 
phosphorous in compost is lost (Barth, 2006; EC, 2008; van Dijk et al., 2016). During the 
anaerobic digestion process and when handling its residues, it was assumed a 1% P loss. It is 
mostly directly applied in agriculture.  

2. P emissions from incineration: all P in waste incinerated and landfilled is assumed to be 
removed from the biogeochemical cycle. Ashes are mostly used as construction materials, 
because technologies that recover P from (sewage sludge) ashes (Tonini et al., 2019) are not 
yet being implemented at a relevant scale.  
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3. P emissions from landfills: Current technologies do not enable the return of landfilled P into the 
biogeochemical cycle. Therefore, a 100% loss is assumed for both treatment destinations. 

4. P emissions from wastewater treatment: P losses from wastewater treatment were calculated 
as the complementary of the removal efficiency, as reported in Vigiak et al. (2020).  

A summary of coefficients for P losses to the environment in the different destinations is presented in 
annex A2, Table 8. Figure 8 shows the phosphorus flow material Sankey diagram for Food waste cycle 
for EU27 in 2015. 

Figure 8. Sankey diagram for P flows in the EU27 food system for the year 2015. Small fluxes are not 
represented in the Sankey for presenting purposes. 

 

 

In 2015, at EU level, the share of phosphorous in food waste was 10%. Regarding the losses to the 
environment, these were 39.4% of the total amount of P available in the food chain. Table 8 presents 
these shares in each Member State for 2015.  
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Table 8. Shares of P in food waste and lost to the environment in the EU and for each 27MS in 2015. 

Member State Share of P in food waste 

(%) 

Share of P lost to the 

environment (%) 

Austria 9.2 13.5 

Belgium 8.3 40.0 

Bulgaria 6.2 39.1 

Croatia 11.5 71.4 

Cyprus 9.1 35.2 

Czech Republic 9.1 27.8 

Denmark 9.3 47.7 

Estonia 8.8 21.1 

Finland 9.7 44.0 

France 8.7 46.5 

Germany 8.6 37.3 

Greece 8.8 45.1 

Hungary 6.3 19.8 

Ireland 11.4 34.4 

Italy 10.0 32.3 

Latvia 10.7 30.9 

Lithuania 9.0 22.2 

Luxembourg 8.4 25.2 

Malta 8.4 58.7 

Netherlands 8.3 36.2 

Poland 10.5 31.0 

Portugal 9.4 30.3 

Romania 10.1 55.7 

Slovakia 8.0 29.2 

Slovenia 9.4 27.7 

Spain 8.9 32.8 

Sweden 8.4 23.2 

European Union 10 39.4 
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2.3 Nutrient flows per regions and sources (web maps and dashboards) 

Nutrient flows (N and P) from different data sources, presented in Session 2.1, were analysed per region 
and per source type, providing spatial information at different spatial level of aggregation. Table 1 
provides an overview of the available data. All data can be explored in the web maps and dashboards 
https://water.jrc.ec.europa.eu  

2.3.1 Spatial maps (web maps)  

Interactive maps showing nutrient losses to air, water and soils were developed, based on different data 
sources available in the project. Spatial nutrient losses were aggregated and presented at different 
spatial units (country, nuts2, river basin, catchment). The available maps and sources are listed in Table 
9. An example is shown in Figure 9. Available spatial maps:  

ƀ Losses to air 

ƀ Losses to water 

ƀ Changes in soil  

 

 

https://water.jrc.ec.europa.eu/
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Table 9. List of spatial map produced in the study, with data aggregation type and spatial resolution. 

Topic Spatial maps 
Type of 

aggregation 
by 

country 
by 

NUTS2 
by river 
basin 

catchment 
Unit of 

measure 

Losses 
to air 

EDGAR N2O MEAN ã ã ã  [kg/sqm] 

EDGAR NOx MEAN ã ã ã  [kg/sqm] 

EDGAR NH3 MEAN ã ã ã  [kg/sqm] 

Losses 
to water 

GREEN PsN SUM ã ã ã ã [t] 

GREEN SdN SUM ã ã ã ã [t] 

GREEN DeN     ã [kg/ha] 

GREEN N loads to the seas SUM ã ã ã ã [t] 

GREEN PsP SUM ã ã ã ã [t] 

GREEN SdP SUM ã ã ã ã [t] 

GREEN DeP     ã [kg/ha] 

GREEN P loads to the seas SUM ã ã ã ã [t] 

DayCent NO3 leaching (N leaching) MEAN ã ã ã  [kg/ha] 

DayCent organic N leaching (N in DOC) MEAN ã ã ã  [kg/ha] 

Inputs to 
soil 

EMEP Ndep MEAN ã ã ã  [mg/sqm] 

DayCent MinN MEAN ã ã ã  [kg/ha] 

DayCent ManN MEAN ã ã ã  [kg/ha] 

DayCent N fixation MEAN ã ã ã  [kg/ha] 

Changes 
in soil 

DayCent N surplus MEAN ã ã ã  [kg/ha] 

DayCent N gross erosion* MEAN ã ã ã  [kg/ha] 

Global P erosion MEAN ã ã ã  [kg/ha] 

LUCAS point MEAN ã ã ã  [kg/ha] 
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Figure 9. Example of interactive maps of nutrient emissions to the environment: N2O emissions to air (source 
EDGAR) original grid map (up) and aggregated values by NUTS2 (bottom). 
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2.3.2 Summary by country (dashboard)  

A dashboard representing all N and P fluxes (for which data were available in the project) per EU27 
countries was developed. The dashboard allows to compare the magnitude of different fluxes, 
considering different sources and environmental losses. See examples Figures 10 and 11.  

Figure 10. Dashboard representing the summary of nutrient flows by country for EU27. On the top panels map 
and bar chart refer to nitrogen flows, in the bottom panel map and bar chart refer to phosphorus flows. Flows are 

expressed in tons. 

 

 

Figure 11. Dashboard representing the summary of nutrient flows by country for EU27. Clicking on a country in 
the map, the bar chart is automatically updated and shows data related to that country. In case of multiple 

selection the bar chart shows data for each country separately. 
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2.3.3 Sources contribution (dashboard)  

Emissions to air of NOx, NH3, and N2O by IPCC sectors were represented per EU27 countries showing 
the contribution of different sectors. An example is shown in Figure 12.  

Figure 12. Dashboard 'NOx emissions by IPCC sector' for EU27 countries and UK. Left panel shows a bar chart 
with total emissions by country in Gg. The orange line represents the average EU emissions. Clicking on 

countries in the map, the country details and the pie chart on the right side update automatically showing data 
referred to selected country(ies). In case of multiple selection on the map, the pie chart shows the sum of 

contributions for each sector. 
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3 Distance to targets 

In the Biodiversity Strategy the Commission has set the goal of reducing nutrient losses by at least 50%. 
ñThis will be achieved by implementing and enforcing the relevant environmental and climate legislation 
in full, identifying with Member States the nutrient load reductions needed to achieve these goals, 
applying balanced fertilisation and sustainable nutrient management, and by managing nitrogen and 
phosphorus better throughout their lifecycle. To this end, the Commission will work with Member States 
to develop an Integrated Nutrient Management Action Plan in 2022ò (INMAP). Furthermore, the Farm to 
Fork Strategy indicated that the INMAP will ñaddress nutrient pollution at source and increase the 
sustainability of the livestock sectorò, and then the Zero Pollution Action Plan mentioned that the INMAP 
will address ñholistically a long-standing environmental challenge, maximising synergies between 
policies and making best use of the green architecture of the new common agricultural policy, especially 
via conditionality and eco-schemesò. The goal of reducing nutrient losses will be achieved by 
implementing the current EU legislation on nutrient and by a new holistic action plan (INMAP) for 
sustainable nutrient management. In this Chapter we illustrate the current5 EU legislation dealing with 
nutrient emissions to the environment (air, soil, water) and nutrient management and recycling in waste, 
highlighting existing environmental goals and, where possible, showing data on the distance to the policy 
targets. We conclude the Chapter summarising the indicators adopted in the EU legislation for 
monitoring the progress towards policy objectives, and we discuss the EU target of halving nutrient 
losses in the perspective of planetary boundaries. 

3.1 Nutrient emissions to air 

3.1.1 The National Emission reduction Commitments Directive (NECD) 

The National Emission reduction Commitments Directive -NECD- (2016/2284/EU) limits the maximum 
national emission of five main pollutants in the air to move towards achieving levels of air quality that do 
not give rise to significant negative impacts on and risks to human health and the environment 
(acidification, eutrophication and ground-level ozone pollution). Replacing earlier legislation (Directive 
2001/81/EC), the NECD sets emission reduction commitments for the periods 2020 ï 2029 as well as 
more ambitious ones for 2030 and beyond for five main air pollutants (NOx, NMVOCs, SO2, NH3 and 
PM2.5). It also ensures that the emission ceilings for 2010 set in the earlier directive remain applicable 
for Member States until the end of 2019.The EEA Dashboard "NECD Emission data viewer" provides 
access to the latest air pollutant emission inventory reported to EEA by EU Member States as well as 
Member States reduction commitments for 2020 and 2030. 

EU Member States were required to report a national air pollution control programme (NAPCP) in 2019 
for the first time. Updates of the NAPCP have to be provided at least every four years thereafter. The 
NAPCPs is the main governance instrument by which EU Member States must ensure that the emission 
reduction commitments for 2020-2029 and 2030 onwards are met. The NAPCPs include policies and 
measures (PaMs) that Member States selected as relevant for fulfilling their commitments to reduce 
emissions set for the periods 2020-2029 and from 2030 onwards. An overview on individual PaMs by 
sector reported by Member States is provided by the EEA dashboard "National Emission Ceiling 
Directive ï Policies and Measures (PaMs) to reduce air pollutants emissions".  

The latest assessment regarding the reduction commitments and compliance of Member States is 
presented in EEA (2021). The assessment indicates that in 2019 ñall Member States respected their 
respective national ceilings for NOxò, while for NH3 Croatia, Czechia, Ireland and Spain exceeded their 
2010 national emission ceilings. To achieve the 2030 emission reduction commitments, the EU27 will 
need to further reduce NH3 emissions by 12% and NOx emissions by 36%, (Figure 13, data source: 
EEA, 2021). 

 

 

  

                                                      

 

5 At the time of report preparation March 2022. 

https://www.eea.europa.eu/data-and-maps/dashboards/necd-directive-data-viewer-5
https://www.eea.europa.eu/data-and-maps/dashboards/overview-of-compliant-air-pollution-policies
https://www.eea.europa.eu/data-and-maps/dashboards/overview-of-compliant-air-pollution-policies


 

30  

Figure 13. Percentage emission reductions compared with 2019 levels required by EU Member States to meet 
their emission reduction commitments for 2030 onwards. Source: EEA, 2021 

(https://www.eea.europa.eu/publications/national-emission-reduction-commitments-directive-2021, data accessed 
August 2022). 

 

 

3.1.2 Industrial Emissions Directive (IED) 

The Industrial Emissions Directive -IED- (2010/75/EU) is the main EU instrument regulating pollutant 
emissions to air, water and land (including NH3, NOX, N2O, total N, total P) from industrial installations. 
The IED aims to achieve a high level of protection of human health and the environment taken as a 
whole by reducing harmful industrial emissions across the EU, in particular through better application of 
Best Available Techniques (BAT). Installations undertaking the industrial activities listed in Annex I of 
the IED are required to operate in accordance with a permit (granted by the authorities in the Member 
States). This permit should contain conditions set in accordance with the principles and provisions of 
the IED. 

The IED regulates the emissions through the establishment of sector-specific BAT REFerence 
documents - BREFs - containing information about the sector and the latest emission control techniques 
used. The key chapter of a BREF, the BAT Conclusions, are then passed as secondary legislation 
(implementing decision). BATs cover both the technology used and the way in which the installation is 
designed, built, maintained, operated and decommissioned. It aims to achieve a high level of 
environmental protection under economically and technically viable conditions6. 

Through the European Pollutant Release and Transfer Register (E-PRTR), emission data at facility level 
reported by Member States are made accessible in a public register, which is intended to provide 
environmental information on major industrial activities.  

                                                      

 

(6) https://www.fuelseurope.eu/policy-priorities/environment-air-quality/industrial-emissions-directive-ied/  

https://www.eea.europa.eu/publications/national-emission-reduction-commitments-directive-2021
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32010L0075
https://industry.eea.europa.eu/explore/explore-data-by-pollutant


 

31  

3.2 Nutrient emissions to water 

3.2.1 Water Framework Directive (WFD) 

The Water Framework Directive (WFD, 2000/60/EC) establishes a framework for protecting and 
enhancing aquatic ecosystems and ensuring the sustainable use of water resources. The Directive sets 
the environmental objective of achieving good status for all water bodies: rivers, lakes, groundwater, 
transitional and coastal waters (by 2027). Groundwater bodies achieve good status when their 
quantitative status and chemical status are at least good. Among other parameters, for being in good 
chemical status nitrates concentration in groundwater should not exceed 50 mg/L (Groundwater 
Directive 2006/118/EC, Annex 1). Surface water bodies achieve good status when both their ecological 
status and chemical status are at least good. The ecological status is an evaluation of the condition of 
water bodies as high, good, moderate, poor or bad, based on assessment methods that consider 
biological quality elements (BQEs, that are phytoplankton, flora, invertebrate fauna and fish fauna), and 
information on physico-chemical and hydromorphological conditions of the water body. óNutrient 
conditionsô contributes to the evaluation of the ecological status (i.e. óNutrient conditionsô is a key 
component of the óChemical and physico-chemical elements supporting the biological elementsô, WFD, 
Annex V).  

As per the WFD, Member States analyse the environmental impact of human activities on waters and 
develop River Basin Management Plans (RBMPs) every 6 years, including a Programme of Measures 
to achieve the environmental objective of good status. The measures include among others the 
implementation of the EU legislation for the protection of water from nutrient pollution from point sources 
(Directive 91/271/EEC concerning urban waste-water treatment; Industrial Emissions Directive 
2010/75/EU) and diffuse agricultural sources (Directive 91/676/EEC concerning the protection of waters 
against pollution caused by nitrates from agricultural sources). Measures include also the protection of 
water bodies for abstraction of drinking water, to avoid their deterioration and reduce the level of 
purification treatment. The Drinking Water Directive (Directive EU 2020/2184) prescribes a maximum 
concentration of 50 mg/L of nitrate and 0.50 mg/L of nitrite for water intended for human consumption. 

Nutrient pollution affects the condition of water ecosystems. According to the second RBMPs, diffuse 
pollution, atmospheric deposition and point sources were indicated among the major pressures 
impairing surface waters. Specifically, 26% of surface water bodies reported impact of nutrient pollution 
and 17% of ground water bodies area reported impact of nutrient pollution(7). Regarding the distance to 
the WFD environmental targets: 74% of the groundwater bodies are in good chemical status; 38% of 
surface water bodies have achieved good chemical status and 40% good ecological status or potential 
(COM(2019) 95 final(8)). Data on the groundwater bodies chemical status and surface waters ecological 
status per EU27 countries are shown if Figures 14 and 15, respectively. An estimation of the probability 
of rivers of being affected by nutrient pollution impact is also shown in Figure 16 (assessment based on 
modelling not on reported data).  

Poikane et al. (2019) analyzed nutrient criteria adopted by EU Member States to support good ecological 
status. They highlighted that different threshold nutrient concentrations are used to define the boundary 
between ñgoodò and ñmoderateò ecological status across Europe. For example good-moderate threshold 
concentrations in the range of 0.25ï4.00 mgN/l (total N) and 5ï500 ɛgP/l (total P) were reported per 
lakes, and good-moderate threshold concentrations in the range of 0.25ï35 mgN/l (total N) and 8ï660 
ɛgP/l (total P) were reported per rivers. 

 

                                                      

 

(7)  Data sources EEA, 2018. WISE Water Framework Directive (data viewer) https://www.eea.europa.eu/data-and-
maps/dashboards/wise-wfd accessed in December 2021. 

(8)  COM(2019) 95 final, Report of the Commission on the implementation of the Water Framework Directive (2000/60/EC) and 
the Floods Directive (2007/60/EC) Second River Basin Management Plans, First Flood Risk Management Plans. 

https://www.eea.europa.eu/data-and-maps/dashboards/wise-wfd
https://www.eea.europa.eu/data-and-maps/dashboards/wise-wfd
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Figure 14. Chemical status of groundwater bodies according to the 2nd River Basin Management Plans (data up 
to 2015). Data source: EEA, 2018. WISE Water Framework Directive (data viewer) 

https://www.eea.europa.eu/data-and-maps/dashboards/wise-wfd (access December 2021) 

 

 

Figure 15. Ecological status of surface water bodies according to the 2nd River Basin Management Plans (data up 
to 2015). Data source: EEA, 2018. WISE Water Framework Directive (data viewer) 

https://www.eea.europa.eu/data-and-maps/dashboards/wise-wfd (access December 2021)  
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Figure 16. Modelled probability of occurrence of nutrient pollution in European rivers. Source: Vigiak et al. 2021. 

 

 

3.2.2 Urban Waste Water Directive (UWWTD) 

The Urban Waste Water Treatment Directive (UWWTD, 91/271/EEC) aims at protecting waters from 
the adverse effect of waste water discharges from domestic and certain industrial sources. The Directive 
establishes the size of agglomerations that require waste water collection and treatment, the necessary 
level of treatment, and the deadlines to achieve the progressive implementation of the legislation. More 
stringent treatments are required for waste waters discharging in sensitive areas, which are areas where 
freshwater bodies (lakes, estuaries and coastal waters) are eutrophic or may become eutrophic in the 
near future in absence of protective actions (Annex II)(9). Nitrogen and phosphorus in waste water are 
reduced according to the level of treatment (i.e. primary, secondary, tertiary treatment, advance P 
removal). 

The UWWTD entered into force 30 years ago and has led to a progressive improvement of the collection 
and treatment of urban waste water, with a reduction of nutrient pollution discharged into surface waters. 
The compliance rates of the Directive are 95% for collection of waste waters, 88% for secondary 
treatment, and 86% for more stringent removal of phosphorus and nitrogen(10). However, the full 
compliance with UWWTD has not being attained yet and the distance to target remains significant in 
some Member States(11).  

Recent estimates of N and P emissions from wastewaters to surface waters in the current situation (year 
2016) and in the scenario of full implementation of the UWWTD indicate that overall for EU27 a reduction 
of 7% of N load and 13% of P load is needed to achieve the objective of the Directive (Pistocchi et al. in 
preparation) (Figure 17). 

At present, the UWWTD is under revision. The Commission has launched the impact assessment that 
will analyse areas of improvements of the Directive and the effects of possible measures. The effects of 

                                                      

 

(9)  In the UWWTD 'Eutrophication' means the enrichment of water by nutrients, especially compounds of nitrogen and/or 
phosphorus, causing an accelerated growth of algae and higher forms of plant life to produce an undesirable disturbance to 
the balance of organisms present in the water and to the quality of the water concernedò (Art.2). 

(10)  COM(2020) 492 final. Tenth report on the implementation status and programmes for implementation (as required by Article 
17 of Council Directive 91/271/EEC, concerning urban waste water treatment). 

(11)  COM(2020) 492 final. Tenth report on the implementation status and programmes for implementation (as 
required by Article 17 of Council Directive 91/271/EEC, concerning urban waste water treatment). 
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scenarios of measures to further reduce N and P pollution from waste waters under the UWWTD are 
presented in Section 4.6 and refer to the work of Pistocchi et al. (in preparation).  

Figure 17. Nitrogen (left) and phosphorus (right) emissions to surface waters from wastewaters (including urban 
waste water treatment plants, individual appropriate systems (IAS) and scattered dwellings) in the current 

situation (year 2016) and in case of full implementation of the UWWT Directive in EU27. Data source: Pistocchi et 
al. (in preparation). 

  

3.2.3 Nitrates Directive (ND) 

The objective of the Nitrates Directive (91/676/EEC) is to protect waters against pollution caused by 
nitrates from agricultural sources. According to the Directive, Member States designate nitrates 
vulnerable zones (NVZ) that are areas of land in their territories draining into the waters affected by 
pollution or that could be affected by pollution if action is not taken. Criteria for identifying such waters 
include, inter alia, whether surface waters (especially those intended for the abstraction of drinking 
water(12)) and groundwaters contain or could contain more than 50 mg/l nitrates if action is not taken, 
and whether natural freshwater bodies, estuaries, coastal waters, and marine waters are eutrophic or 
may become eutrophic in the near future if action is not taken (Annex I). Member States establish codes 
of Good Agricultural Practice (implemented by farmers on voluntary basis). These codes become 
mandatory in NVZs, where Action Programmes including measures to prevent and reduce nitrates 
pollution of water, such as a maximum annual application of livestock manure set at 170 kg N/ha(13) 
also apply. Member States may also decide to apply their Action Programme on their whole territory, 
without having to designate NVZ. (Member States must also revise, at least every four years, the 
designation of vulnerable zones). 

Within the frame of the Nitrates Directive, Member States shall monitor and report (every four years) to 
the Commission the nitrates concentration in surface and ground waters and the eutrophication of 
surface waters. In addition, they evaluate and revise the Action Programmes. An online viewer to access 
and explore data reported under the Nitrates Directive is available at this link 
https://water.jrc.ec.europa.eu (Nitrates Directive page). 

The last implementation report of the Nitrates Directive (reporting period 2016-2019)(14) indicates that 
14.1% of groundwater stations exceeded the environmental target of annual average 50 mg nitrates/L 
(Figure 18), and 81% of marine waters and at least one third of rivers, lakes, transitional and coastal 
waters are reported as eutrophic. The report concludes that, in spite of some progress, the level of 
implementation is still insufficient to reach the objectives of the Directive. 

                                                      

 

(12)  50 mg/l nitrates is also the limit of nitrates in drinking waters, Directive (EU) 2020/2184. 
(13)  Member States can ask for ñderogationsò to the limit of 170 kg N/ha of livestock manure for areas where scientific evidence 

show that higher amount of nitrogen from manure does not cause water pollution. 

(14)  COM(2021) 1000 final. Report on the implementation of Council Directive 91/676/EEC concerning the 
protection of waters against pollution caused by nitrates from agricultural sources based on Member State 
reports for the period 2016ς2019. 

https://water.jrc.ec.europa.eu/
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Figure 18. Annual average nitrate concentrations in groundwater at the NUTS2 level (reporting period 2016-
2019). Source: European Commission (2021) (15). 

 

 

3.2.4 Marine Strategy Framework Directive (MSFD) 

The Marine Strategy Framework Directive (MSFD, Directive 2008/56/EC) establishes a framework for 
achieving good environmental status (GES) in the marine environment. GES is defined as ñthe 
environmental status of marine waters where these provide ecologically diverse and dynamic oceans 
and seas which are clean, healthy and productiveò (Article 3). The GES of marine waters is characterised 
by 11 qualitative descriptors (Annex I). Most of them are influenced by nutrient pollution, including 
biodiversity, presence of non-indigenous species, fish population, reproduction, eutrophication and sea 
floor integrity (Descriptors 1-6).  

The MSFD applies an ecosystem-based approach for the management of human activities, with the aim 
to ensure sustainable use of marine goods and services. For each marine region or subregion in their 
territory Member States develop a marine strategy where they assess the environmental status of 
national marine waters, establish environmental targets with associated indicators, and set a programme 
of measures and a monitoring programme to achieve the GES. The marine strategies are reviewed 
every 6 years. To achieve the objectives of the marine strategies Member States also cooperate in 
Regional Sea Conventions: the Helsinki Convention on the Baltic Sea (HELCOM), the OSPAR 
Convention on the North-East Atlantic (OSPAR), the Barcelona Convention on the Mediterranean 
(UNEP) and the Bucharest Convention on the Black Sea (Black Sea Commission). 

The last implementation report of the MSFD indicates that eutrophication and nutrient conditions are a 
problem in large part of coastal waters in the Baltic Sea, in southern North Sea, along the north-western 
coast of France and close to river outflows in the Mediterranean Sea, and that phytoplankton conditions 
pose a problem in the Black Sea(16). Losses from agricultural sources are considered still too high 
(COM(2020) 259). In addition, the time lag between the reduction of nutrient input in the land and the 
effect on marine waters eutrophication might hamper the appreciation of improvements. An estimation 

                                                      

 

(15)  COM(2021) 1000 final. Report on the implementation of Council Directive 91/676/EEC concerning the 
protection of waters against pollution caused by nitrates from agricultural sources based on Member State 
reports for the period 2016ς2019. 

(16)  COM(2020) 259 final. Report from the Commission to the European Parliament and the Council on the implementation of 
the Marine Strategy Framework Directive (Directive 2008/56/EC). 
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of N and P discharged to European seas, including sources contribution, is shown in Figure 19 (Grizzetti 
et al. 2021). For a very recent study, see also Vigiak et al. 2023 (For scenarios analysis of nutrient 
reductions to the European Seas see Section 4.6). 

Figure 19. Total nitrogen (left) and total phosphorus (right) annual load to European seas (ton/y) for the period 
2005-2012 (estimated by the GREEN model), and relative contribution of major sources: point sources, scattered 

dwellings, agriculture and background (P) or atmospheric deposition (N). Source: Grizzetti et al. (2021)17.  

  

 

 

 

 

3.3 The new EU Common Agricultural Policy (CAP) 

In June 2018, the European Commission presented legislative proposals for a new CAP. The proposals 
outlined ña simpler and more efficient policy that will incorporate the sustainable ambitions of the 
European Green Dealò. After extensive negotiations between the European Parliament, the Council of 
the EU and the European Commission, agreement was reached on CAP reform and the new CAP was 
formally adopted on 2 December, 2021 (EU Regulation 2021/2116). The new CAP is due to be 
implemented from 1 January 202318. 

3.3.1 Assessment and target-setting against common environmental and climate 
objectives 

Three of the ten policy's specific objectives will concern the environment and climate (DG Agriculture 
and Rural Development 2019 p. 4). These objectives will be as follows: 

1. Contribute to climate change mitigation and adaptation, as well as sustainable energy.  

2. Foster sustainable development and efficient management of natural resources such as water, 
soil and air. 

3. Contribute to the protection of biodiversity, enhance ecosystem services and preserve habitats 
and landscapes. 

To address these (and other) CAP objectives, each Member State will draw up a "CAP strategic plan" 
(EU Regulation 2021/2115). In its plan, each Member State will analyse the situation on its territory in 
terms of strengths, weaknesses, opportunities and threats (SWOT) ï as well as its related needs ï in 
respect of these objectives. It will set quantified targets against the objectives and design "interventions" 
(types of action) for achieving them, on the basis of an EU-level menu. The Commission will approve 
the plan when satisfied with its quality. Year-by-year progress against the targets will be monitored and 
the plan will be adjusted as necessary.  

The focus in this process will of course be on the CAP's own objectives. However, in its plan each 
Member State will have to show how, in pursuing the CAP's objectives, it will also make a contribution 
to achieving the objectives of various items of EU environmental and climate legislation (on biodiversity, 
water and air quality, greenhouse gas emissions, energy and pesticides) and how it will contribute to 
the Green Deal Objectives, including the reduction of 50% of the nutrient losses by 2030. In addition, 
when drawing up its CAP plan each Member State will take account of analysis and recommendations 

                                                      

 

17 Vigiak et al. (2023) show timeseries 1990-2018. 
18 Source: https://ec.europa.eu/info/food-farming-fisheries/key-policies/common-agricultural-policy/cap-glance_en 
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for action already made in the framework of that legislation (for example, analysis concerning water 
quality in lakes, rivers and groundwater).  

Finally, an essential part of this framework will be an explicit obligation on Member States to clearly 
show greater ambition than at present with regard to care for the environment and climate. 

Annex XIII of the CAP Strategic Plans Regulation provides the full list of legislation to be considered in 
the Member States Strategic Plans. The legislation referred to in Annex XIII concerning nitrogen and/or 
phosphorous in the environment is given below: 

ƀ Directive 2000/60/EC of the European Parliament and of the Council of 23 October 2000 
establishing a framework for Community action in the field of water policy. 

ƀ Council Directive 91/676/EEC of 12 December 1991 concerning the protection of waters 
against pollution caused by nitrates from agricultural sources. 

ƀ Directive 2008/50/EC of the European Parliament and of the Council on ambient air quality 
and cleaner air for Europe. 

ƀ Directive (EU) 2016/2284 of the European Parliament and of the Council of 14 December 
2016 on the reduction of national emissions of certain atmospheric pollutants, amending 
Directive 2003/35/EC and repealing Directive 2001/81/EC. 

ƀ Regulation (EU) 2018/841 of the European Parliament and of the Council of 30 May 2018 
on the inclusion of greenhouse gas emissions and removals from land use, land use change 
and forestry in the 2030 climate and energy framework, and amending Regulation (EU) No 
525/2013 and Decision No 529/2013/EU. 

ƀ Regulation (EU) 2018/842 of the European Parliament and of the Council of 30 May 2018 
on binding annual greenhouse gas emission reductions by Member States from 2021 to 
2030 contributing to climate action to meet commitments under the Paris Agreement and 
amending Regulation (EU) No 525/2013. 

ƀ Directive 2009/28/EC on the promotion of the use of energy from renewable sources. 

 

3.3.2 Conditionality in the new CAP 

Conditionality is a system of linkage between area and animal-based CAP payments (in Pillar I or Pillar 
II) and a range of obligations. When recipients of these payments do not meet the obligations, the 
payments may be reduced (DIONE 2020).  

These obligations originate either in CAP legislation (in the case of "standards for good agricultural and 
environmental condition" - GAEC) or in non-CAP directives and regulations (in the case of "statutory 
management requirements" - SMRs). An example of a non-CAP directive giving rise to SMRs is the 
"Nitrates Directive", which helps safeguard water quality. Farmers have to respect SMRs in any case, 
but their inclusion in the system of conditionality creates a link with CAP payments. 

All the GAEC standards and some of the SMRs are environmental ï concerning climate change, water, 
soil, and biodiversity/landscapes. The provisional list of GAEC and SMR proposed by the Commission 
impacting the balance of nitrogen and phosphorous in agriculture (directly and indirectly) is given in 
Table 10. 
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Table 10. SMR: Statutory Management Requirements (SMRs) and Standards for good agricultural and 
environmental condition of land (GAECs) impacting the nitrogen and phosphorous balance in agriculture (EU 
Regulation 2021/2115). 

Main Issue Requirements and standards Main objective of the standard 

Climate 
change 
(mitigation of 
and 
adaptation to) 
(1) 

GAEC 1 Maintenance of permanent 
grassland based on a ratio 
of permanent grassland in 
relation to agricultural area 
at national, regional, 
subregional, group-of-
holdings or holding level in 
comparison to the reference 
year 2018 Maximum 
decrease of 5 % compared 
to the reference year 

General safeguard against conversion 
to other agricultural uses to preserve 
carbon stock 

GAEC 2 Protection of wetland and 
peatland 

Protection of carbon-rich soils 

GAEC 3 Ban on burning arable 
stubble, except for plant 
health reasons 

Maintenance of soil organic matter 

Water SMR 1 Directive 2000/60/EC of 23 
October 2000 of the 
European Parliament and of 
the Council establishing a 
framework for Community 
action in the field of water 
policy: Article 11(3)(e) and 
Article 11(3)(h) as regards 
mandatory requirements to 
control diffuse sources of 
pollution by phosphates  

SMR 2 Council Directive 
91/676/EEC of 12 December 
1991 concerning the 
protection of waters against 
pollution caused by nitrates 
from agricultural sources 
(OJ L 375, 31.12.1991, p. 1): 
Articles 4 and 5  

GAEC 4 Establishment of buffer 
strips along water courses1 

Protection of river courses against 
pollution and run-off 

Soil 
(protection 
and quality) 
(2) 

GAEC 5 Tillage management 
reducing the risk of soil 
degradation, including  
consideration of the slope 
gradient 

Minimum land management reflecting 
site specific conditions to limit erosion 

GAEC 6 Minimum soil cover to avoid 
bare soil in periods that are 
most  sensitive 

Protection of soils in periods that are 
most sensitive 

GAEC 7 Crop rotation in arable land, 
except for crops growing 
under water 

Preserve the soil potential 

(1) GAEC1: Grassland conversion to cropland bears a risk of increased nitrate (NO3ī) leaching and nitrous oxide (N2O) emission 
due to enhanced nitrogen (N) mineralization. GAEC2: N2O emissions from drained organic soils are significantly higher than 
from undrained peatlands. GAEC3: Burning of arable stubble is a source of NOX. 

(2) GAEC5 ïGAEC6: Preventing soil erosion reduces the risk of N and P loss. GAEC7: Crop rotation may impact the soil nutrient 
balance and fertilization requirements. 
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3.4 Regulatory framework on waste 

Waste is defined in the in the Waste Framework Directive (Directive 2008/98/EC) as óany substance or 
object which the holder discards or intends or is required to discardô. Animal by-products including 
manure, destined for incineration, landfilling or use in a biogas or composting plant, are also considered 
a waste material, and are subject to Directive 2008/98/EC. Albeit human faecal matter is excluded from 
the scope of Directive 2008/98/EC, it is covered under community legislation on sewage sludge 
(Directive 86/278/EEC) and on the operation of waste water treatment plants (Directive 91/271/EEC) 
and will therefore be covered in this section.  

Nutrients in waste streams are mainly present in sludges from municipal and industrial waste water 
treatment plants, animal by-products including (excess) manure, and municipal bio-waste (see section 
ñflowsò). In addition, NH3 and NOx can be trapped from N-rich off-gases from specific facilities and 
industries (e.g. livestock stables, incineration plants) and end up as residues that are disposed of. This 
section will mostly focus on relevant legislation relevant to these nutrient-rich waste streams. 

A vast set of EU policies influences nutrient flows and management of waste streams. Here, we have 
structured the most important pieces EU legislation related to nutrients in waste departing from the 
Waste Framework Directive 2008/98/EC as the framework waste legislation (Figure 20). Guided by the 
principle of the waste hierarchy, legislations that impact upon waste management operations, the use 
on land of waste derived materials, and the placing on the market of waste-derived materials will be 
reviewed (Figure 20), with a specific emphasis on quantitative targets when available.  

The waste hierarchy, pronounced in the Waste Framework Directive, is one of the foundations of EU 
waste management. It promotes the prevention of waste, and regulates the collection and management 
of food and animal waste as well as other nutrient-rich waste to promote safe nutrient re-use and 
recycling. Materials that contain nutrients can cease to be waste and for instance be used as fertilising 
materials on agricultural land if compliant with certain quality requirements and conditions laid down in 
EU legislation. The placing on the market of fertilising materials that are derived from waste 
materials is regulated through Regulation (EU) 2019/1009 on the making available on the market of EU 
fertilising products. A set of specific pieces of EU legislation deal with specific waste management 
operations (e.g. Directive 1999/31/EC on the landfill of waste; Directive 2010/75/EU on industrial 
emissions) and regulate the use on land of specific materials with a view to enhance food safety and 
reduce nutrient losses (e.g. Directive 86/278/EEC on the protection of the environment, and in particular 
of the soil, when sewage sludge is used in agriculture; Directive 91/676/EEC on the protection of waters 
against pollution caused by nitrates from agricultural sources).  
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Figure 20. Non-exhaustive list of EU legislation that impacts upon the management of nutrient-rich waste 
streams, with a particular emphasis on biowaste, sewage sludge, processed manure and industrial waste. 

 

  

 

3.4.1 Framework waste legislation 

The Waste Framework Directive 2008/98/EC sets the basic concepts and definitions related to 
waste management, including definitions of waste, recycling and recovery (Figure 21). It lays 
down some basic waste management principles, as well as the conditions for materials that cease to be 
waste. It requires that waste be managed without endangering human health and harming the 
environment without risk to water, air, soil, plants or animals and without adversely affecting the 
countryside or places of special interest. The waste hierarchy promotes the prevention of waste, and 
encourages the collection and management of waste to promote safe nutrient re-use and recycling.  

Figure 21. The EU waste management hierarchy as outlined in Article 4 of Directive.  
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The prevention of waste is an important pillar of the Directive. Article 9 indicates that Member States 
shall take measures to prevent waste generation. Particularly important minimum measures that have 
an intimate link to nutrients are: 

ð ñreduce the generation of food waste in primary production, in processing and manufacturing, in 
retail and other distribution of food, in restaurants and food services as well as in households as a 
contribution to the United Nations Sustainable Development Goal to reduce by 50 % the per capita 
global food waste at the retail and consumer levels and to reduce food losses along production and 
supply chains by 2030ò. This target also forms part of the EU Farm to Fork Strategy and is of key 
importance given the contribution of food waste to the total N and P losses within the EU (see section 
flows). 

ð ñtarget products containing critical raw materials to prevent that those materials become wasteò. 
This is important as phosphorus has been added to the EU Critical Raw Material list in the year 
2020. 

ð ñreduce waste generation in processes related to industrial production, manufacturing, [é] taking 
into account best available techniquesò. This is important as some industrial activities may give rise 
to aqueous nutrient losses (e.g. food industry) and gaseous N losses in the form of NH3 (e.g. 
intensive rearing of pig and poultry) or NOx (e.g. paper and pulp industry, chemical industries that 
apply incineration processes).  

Main legislation related to waste recycling, recovery and disposal options are operations are given in 
the subsequent sections. 

3.4.2 Legislation and targets for waste management operations 

3.4.2.1 Waste Framework Directive 2008/98/EC 

ð With relevance to nutrients, specific targets related to collection, re-use and recycling have been 
instated regarding municipal waste and bio-waste: 

ð Preparing for re-use and the recycling of municipal waste to a minimum of 55%, 60% and 65% 
by 2025, 2030 and 2035, respectively (Article 11). A Member State may reduce the targets by 5% 
and postpone the deadlines for attaining the abovementioned targets by up to five years provided 
that a Member State had an initially low degree of re-use and recycling (<20% of municipal waste 
in 2013) or high degree of landfilling (>60% municipal waste in 2013) and submits an implementation 
plan within the corresponding deadline. The rules and calculation methods for verifying compliance 
with these targets can be found in Commission Decision 2011/753/EU. Additional rules for the 
calculation, verification and reporting of data on waste in accordance with the amended Waste 
Framework Directive can be found in Commission Decision (EU) 2019/1004. 

ð Addressing municipal bio-waste is crucial for moving towards the targets on municipal waste. By 31 
December 2023, bio-waste shall be either separated and recycled at source, or is collected 
separately and is not mixed with other types of waste of different biodegradability and compostability 
properties (subject to the text referenced above). Member States shall take measures in accordance 
with to: (a) encourage the recycling, including composting and digestion, of bio-waste in a way that 
fulfils a high level of environment protection and results in output which meets relevant high-quality 
standards; (b) encourage home composting; and (c) promote the use of materials produced from 
bio-waste.  

3.4.2.2 Regulation (EC) No 1069/2009 on animal by-products 

Process conditions apply to the processing of animal by-products in e.g. composting and digestion 
plants as well as to ensure the appropriate hygienisation of any animal by-product or derived material 
that will be placed on the market (Animal by-product regulation (EC 1069/2009) implemented by the 
142/2011/EU regulation). The processing of animal by-products into compost or digestate is optional 
and unprocessed manure can be applied on agricultural land without treatment when no third party is 
involved. No targets are in place for use routes leaving the material holder the possibility to either re-
use or discard animal by-products. 
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3.4.2.3 Directive 1999/31/EC on the landfill of waste 

According to the EUôs waste hierarchy, landfilling is the least preferable option and should be limited to 
the necessary minimum. Waste, and particularly organic waste, that is landfilled can have dangerous 
effects on the environment and on human health. The generation of leachate can contaminate 
groundwater and methane is produced, which is a potent greenhouse gas. In addition, where recyclable 
waste is landfilled, materials are unnecessarily lost from Europeôs economy. The Landfill Directive sets 
out strict operational requirements for landfill sites with the objective to protect both human health and 
the environment. 

Landfilling of bio-waste is addressed in the Landfill Directive which requires the diversion of 
biodegradable municipal waste from landfills. To support the EUôs transition to the circular economy, 
the amending Directive (EU) 2018/850 also introduces restrictions on landfilling of all waste that is 
suitable for recycling or other material or energy recovery from 2030. The Landfill Directive obliged 
Member States to reduce landfilling of municipal biodegradable waste to a maximum of 75 % by 2006, 
50 % by 2009 and 35 % by 2016, compared to a 1995 baseline. The revised Directive limits the share 
of municipal waste landfilled to 10% by 2035, and introduces rules on calculating the attainment of 
municipal waste targets. EU countries must implement national strategies to progressively reduce the 
amount of biodegradable waste sent to landfills. Finally, the Directive sets specific operational 
requirements such as permitting, waste acceptance, technical requirements in the operational and after-
care phases and reporting. 

3.4.2.4 Directive 91/271/EEC on waste water treatment 

The urban waste water treatment directive is a óbasic measureô under the Water Framework Directive. 
Given the significant amounts of nutrients contained in waste waters from households and industries 
that discharge waters to municipal plants, it plays a significant role in improving the status of bodies of 
water in the EU. In view of the significant challenge to ensure good status for the EUôs bodies of water 
by latest 2027, effective collection and treatment of urban waste water is very important.  

The directive indicates that sludge arising from waste water treatment shall be re-used whenever 
appropriate (Article 14). Disposal routes shall minimize the adverse effects on the environment. 
Environmental targets are set for nitrogen and phosphorus discharges in effluents (Annex I of the 
Directive), for which reason increased implementation of the current targets and/or stricter targets for 
nutrient discharges in a possibly revised Regulation may impact upon the nutrient contained in the 
sludge waste materials. 

3.4.2.5 Directive 2010/75/EU on industrial emissions 

The Industrial Emissions Directive (IED) aims to achieve a high level of protection of human health and 
the environment taken as a whole by reducing harmful industrial emissions across the EU, in 
particular through better application of Best Available Techniques (BAT). Also the conditions for the 
incineration of waste are laid down in the Industrial Emissions Directive. In order to define BAT and 
the BAT-associated environmental performance at EU level, the Commission organises an exchange of 
information with experts from Member States, industry and environmental organisations. This process 
results in BAT Reference Documents (BREFs); the BAT conclusions contained are adopted by the 
Commission as Implementing Decisions. The IED requires that these BAT conclusions are the reference 
for setting permit conditions. 

Around 50,000 installations undertaking the industrial activities listed in Annex I of the IED are required 
to operate in accordance with a permit (granted by the authorities in the Member States). This permit 
should contain conditions set in accordance with the principles and provisions of the IED. For certain 
activities, i.e. large combustion plants, waste incineration and co-incineration plants, the IED sets EU 
wide emission limit values for selected pollutants (e.g. NOx) that are emitted to the atmosphere. For 
other industries, e.g. intensive rearing of pigs and poultry, food and drink industries), good management 
practices (for instance to avoid N2O losses from manure storage) should be applied. The Directive aims 
on gradually reducing emissions based on the application and enforcement of techniques that reduce 
pollution. No long-term quantitative targets are present in the Directive. A recent study linked to the 
revision of the IED directive has analysed the options of including intensive cattle farms (in addition to 
large poultry and pigs farms), and of lowering the thresholds above which permits are required for poultry 
and pig farms (Hekman et al. 2021). 
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3.4.3 Legislation and targets for the use of land on waste and waste-derived 

materials 

3.4.3.1 Directive 91/676/EC on nitrates 

Directive 91/676/EEC concerning the protection of waters against pollution caused by nitrates from 
agricultural sources aims to protect water quality across Europe by preventing nitrates from agricultural 
sources polluting ground and surface waters and by promoting the use of good farming practices. The 
Directive prescribes the establishment of action programmes to be implemented by farmers within so-
called nitrate vulnerable zones or equivalent areas defined by Member States on a compulsory basis. 
These programmes must include measures already included in Codes of Good Agricultural Practice, 
and other measures, such as limitation of fertiliser application (across the spectrum of mineral and 
inorganic fertilising materials; taking into account crop needs, all nitrogen inputs and soil nitrogen 
supply), and maximum amounts of livestock manure to be applied (corresponding to 170 kg 
nitrogen/hectare/year; unless a derogation has been granted that allows the application of higher 
maximum limits of nitrogen from manure in specific areas and under particular conditions). The manure 
application limits correspond to the sum of the total manure applied, regardless of its legal status (solely 
manure destined for use in a biogas or composting plant is considered a waste material, in contrast to 
e.g. manure applied at the same entity of its production in livestock or mixed farming systems). 

3.4.3.2 Directive 86/278/EEC on sewage sludge 

The Regulation was adopted to encourage the correct use of sewage sludge in agriculture and to 
regulate its use in order to prevent harmful effects on soil, vegetation, animals and humans. The principal 
value of the Directive is its role in the protection of human health and the environment against the harmful 
effects of contaminated sludge, and particularly metal therein, in agriculture. In more qualitative terms, 
Article 8 of the Directive indicates that sludge ñshall be used in such a way that account is taken of the 
nutrient needs of the plants and that the quality of the soil and of the surface and ground water is not 
impairedò. The Directive does not set targets related to use routes and fate of sewage sludge, but a 
reference in made in the Urban Waste Water Treatment Directive to promote sludge application on 
agricultural land ñwhen appropriateò. 

3.4.4 Placing on the market 

Waste management systems can help to achieve a circular economy and ensure that waste materials 
containing nutrients that can safely re-enter the biosphere, returning as such embedded nutrients to the 
environment. In line with Article 6 of Directive 2008/98/EC, materials having undergone a recycling or 
other recovery operation can cease to be waste (End-of-Waste materials), amongst others on condition 
that a market/demand exists for such a substance, and the use of the substance or object does not lead 
to overall adverse environmental or human health impacts.  

The Fertilisers Regulation revision ((EU) 2019/1009) aims at addressing barriers to free movement 
on the internal market. The main barrier has the form of diverging national regulatory frameworks for 
those fertilisers currently not covered by harmonisation legislation. In addition, the Regulation revision 
aims at establishing a regulatory framework enabling production of fertilisers from recovered bio-wastes 
and other secondary raw materials. The Regulation lays down criteria in accordance with which material 
that constitutes waste can cease to be waste, if it is contained in a compliant EU fertilising product. 
Presently, waste materials such as biowaste and different types of compost and digestate that were 
derived from waste materials can as such become EU Fertilising Products and traded as goods on the 
internal market. In addition, additional conditions are being developed to enable to placement on the 
internal market of waste derived materials (e.g. from sewage sludge, biowaste) that have undergone 
precipitation, thermal oxidation, pyrolysis and gasification as a processing step. 

In view of the local nature of certain product markets, the EU Fertilising Products Regulation ((EU) 
2019/1009) maintains the possibility that non-harmonised fertilisers can be made available on the 
market in accordance with national law, and the principles of mutual recognition of the European Union. 
Hence, EU Member States can still rely on the principle of optional harmonisation to make available 
non-harmonised fertilisers on the market in accordance with national law when compliant with End-of-
Waste requirements at national level (in line with Article 6 of the Waste Framework Directive). 

Finally, it is remarked that Article 31 and 32 of Regulation (EC) No 1069/2009 enable animal by-
products of category 2 (as organic fertilisers and soil improvers) and category 3 (as feed and organic 
fertilisers and soil improvers) to be placed on the market, provided that certain conditions are met. When 
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animal by-products are used as organic fertilisers and soil improvers they must, amongst others, have 
undergone a hygienisation treatment (e.g. pressure sterilisation) and originate from approved or 
registered establishments or plants. Member States may adopt or maintain national rules imposing 
additional conditions for or restricting the use of organic fertilisers and soil improvers, provided that such 
rules are justified on grounds of the protection of public and animal health. The re-use and recovery of 
category 1 animal by-products is not allowed within the legislation due to health concerns (e.g. prions). 

3.4.5 Distance to targets for waste 

The review of existing EU legislation mostly indicates qualitative objectives, rather than future 
quantitative targets for waste materials. Food waste and by extension municipal biodegradable waste is 
the sole waste stream that is subject to the following quantitative targets: 

ð The EU Farm to Fork Strategy states a target of halving per capita food waste at retail and consumer 
levels by 2030, in line with the Sustainable Development Goals Target 12.3. Using the new 
methodology for measuring food waste(19) and the data expected from Member States in 2022, it 
will set a baseline and propose legally binding targets to reduce food waste across the EU. The 
distance to target will thus be dependent on the 2022 baseline; 

ð The Waste Framework Directive 2008/98/EC indicates that Member States shall prepare for re-use 
and the recycling of municipal waste to a minimum of 55%, 60% and 65% by 2025, 2030 and 2035, 
respectively. Addressing municipal bio-waste is crucial for moving towards the targets on municipal 
waste. By 31 December 2023, bio-waste shall be either separated and recycled at source, or is 
collected separately and is not mixed with other types of waste of different biodegradability and 
compostability properties; 

ð Directive 1999/31/EC on the landfill of waste introduces restrictions on landfilling of all waste that is 
suitable for recycling or other material or energy recovery from 2030. The amended Directive ((EU) 
2018/850) limits the share of municipal waste landfilled to 10% by 2035. 

ð In 2018, the European Commission published the latest implementation reports of the Waste 
Framework Directive(20), giving an overview of progress and implementation challenges for several 
waste streams, including municipal waste. The latest Eurostat data for the year 2019 indicate an EU 
average recycling rate of 47.7% for municipal waste, an increase of more than 10% compared to a 
decade ago(21). The latest implementations report indicated that 14 Member States were at risk of 
missing the (previously installed) 2020 target of 50% on separate collection. These are: Bulgaria, 
Estonia, Croatia, Greece, Spain, Cyprus, Latvia, Hungary, Malta, Poland, Portugal, Romania, 
Slovakia and Finland (Figure 22). 

                                                      

 

(19)  Commission Delegated Decision (EU) 2019/1597 of 3 May 2019 supplementing Directive 2008/98/EC of the European 
Parliament and of the Council as regards a common methodology and minimum quality requirements for the uniform 
measurement of levels of food waste (OJ L 248, 27.9.2019, p. 77). 

(20)  Report from the Commission to the European Parliament, the Council, the European Economic and Social Committee and 
the committee of the regions on implementation of EU waste legislation, including the early warning report for Member States 
at risk of missing the 2020 preparation for re-use/recycling target on municipal waste COM/2018/656 final. 

(21)  Eurostat; dataset (emv_wasmun). 
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Figure 22. Recycling rate of municipal waste (Member States at risk of missing the 2020 target of 50% on 
separate collection). 

 

While amounts of landfilled municipal waste have steadily fallen in the EU as a whole (dropping by 18% 
during the 2013-2016 period(22), the average landfilling rate for municipal waste in the EU still stood at 
24 % in 2016. Large differences across the EU persist: in 2016 10 Member States still landfilled over 50 
% of municipal waste, while five reported rates above 70 %. According to the reported data, in 2015, 
half of Member States had already met the 35 % target for 2016. Croatia missed its 75 % target which 
was due in 2013. Cyprus, the Czech Republic, Greece, Latvia and Slovakia missed the 50 % target, 
also due in 2013. Malta, which has a high overall municipal waste landfill rate, has not reported recent 
data. A recent study carried out for the Commission(23) found that 15 Member States were not fully 
meeting the obligation laid down in the Directive to treat waste before landfilling. 

 

3.5 Monitoring progress 

The EU legislation addressing nutrient losses to the environment or their impacts on ecosystems has 
established indicators to monitor progress towards the policy objectives (Table 11). Data on these 
indicators are collected by Member States with spatial and temporal resolutions that depend on the 
respective policy reporting cycle. Under the Nitrates Directive Member States monitor and report to the 
Commission the nitrates concentration in surface and ground waters and the eutrophication of surface 
waters every four years. In the past, there were issues related to changes in methodologies over time 
and discrepancies in method used by the countries (ENV pers.comm.). Information on the ecological 
status and chemical status of the WFD, as well as data on the descriptor eutrophication of the MSFD 
are reported every 6 years. The methodology for establishing the ecological status depends on the 
country. However, the biological classification methods were inter-calibrated across EU Member States 
(Birk et al. 2012; Poikane et al. 2015; 2016). Similarly, the descriptor of eutrophication of marine waters 
is based on different national methodological assessments (Araujo et al. 2018; Araujo and Boschetti, 
2021). Recently, the new CAP has established a series of impacts indicators (Annex I) that will be 
monitored through annual performance reports. These indicators include soil erosion (P erosion); NH3 
emissions (agriculture); gross nutrient balance (water pollution); and the share of ground water stations 
with NO3 concentrations higher than 50 mg/l (as per the Nitrates Directive data). However, the ñdata 

                                                      

 

(22)  Eurostat; dataset (emv_wasmun). 
(23)  Milieu (2017), óStudy to assess the implementation by the EU Member States of certain provisions of Directive 1999/31/EC 

on the landfill of wasteô. 
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collection frequency is not always annual and there might be 2/3 years delayò (COM(2018) 392 final, 
Annex I). 

The Gross Nutrient Balance has been considered a good proxy for nutrient pollution to air and water. 
However, it presents some limitations (discussion with MS, ENV report, pers.comm.). Nutrient balances 
estimate a risk of nutrient loss, not the nutrient losses. For example, denitrification is not be taken into 
consideration. Similarly, the land set aside or the presence of riparian areas are not reflected by the 
balance. 

In the context of the UNECE Convention on Long-Range Transboundary Air Pollution (CLRTAP), the 
Expert Panel on Nitrogen Budgets, as part of the Task Force on Reactive Nitrogen, developed an 
integrated harmonized approach for estimating National Nitrogen Budget (NNB), including all sectors 
(Annex A3). The methodology is harmonised and has been applied in some European countries. 
However, its application requires data and expertise, and addresses only nitrogen, not phosphorus.  

 

Table 11. Indicators in EU legislation addressing nutrient losses to the environment. 

EU policy Indicators 

NECD Emissions NOx, NH3 

CAP Impacts indicators (Annex I): 

¶ Soil erosion (P erosion);  

¶ NH3 emissions (agriculture);  

¶ Gross nutrient balance for N and P  (water 
pollution);  

¶ Share ground water stations NO3>50mg/l (as per 
Nitrates Directive data) 

WFD Ecological status; Chemical status 

ND NO3 concentrations (in surface water and groundwater), 
eutrophication data  

MSFD Descriptor eutrophication 

 

3.6 EU27 targets and planetary boundaries 

The concept of planetary boundaries has been introduced by Rockstorm et al. (2009) to illustrate the 
impact of human activities on the Earth System functioning. Anthropogenic activities are destabilising 
the Earth Systems with severe and unpredictable consequences for the development of human society. 
The planetary boundaries framework proposes levels of anthropogenic perturbations below which the 
risk of destabilisation remains low (Steffen et al. 2015). Planetary boundaries for four out of eight key 
processes/features of the Earth Systems have been exceeded, including safe levels for climate change, 
biosphere integrity, biogeochemical flows (nitrogen and phosphorus) and land system changes (Steffen 
et al. 2015).  

Planetary boundaries of N and P input as fertilisers have been proposed at the global scale, considering 
the harmful effects of nutrients for the eutrophication of aquatic ecosystems (Steffen et al. 2015). These 
boundaries have been downscaled considering pro-capita consumption boundaries (OôNeill et al. 2018) 
and regional boundaries (EEA, 2020a) (Table 12).  

European boundaries for nitrogen and phosphorus were estimated using different allocation criteria 
(EEA, 2020a). The European losses of nitrogen and phosphorus exceed the estimated regional 
boundaries, by a factor of 3 for nitrogen and a factor of 2 for phosphorus (EEA, 2020a). 
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Recently, De Vries et al. (2021) proposed nitrogen regional boundaries for EU considering contemporary 
the impacts of nitrogen on biodiversity loss (critical limit: N deposition in natural areas), aquatic 
eutrophication (critical limit: N concentration in runoff) and drinking water pollution (critical limit: nitrates 
concentrations in leaching in agricultural soils). Their study highlighted that to respect all the 
environmental targets (critical limits), N input to the agricultural systems should be reduced up to 43% 
(aquatic eutrophication, being the more stringent requirement). 

Planetary and regional boundaries are useful concepts to understand whether the current N and P flows 
in EU are within the ósafe operating spaceô (which is not the case) and how much possible intervention 
measures to reduce nutrient losses (analysed in the next Section 4) can help achieving this goal.  

Rescaling the global planetary boundary of Steffen et al. (2015) for EU (based on cropland data from 
FAOSTAT) indicates a boundary of 4.4 TgN/y of N mineral fertiliser and intentional fixation and 0.4 TgP/y 
of P fertiliser input. Similar values are obtained when upscaling the nutrient per capita planetary 
boundary of OôNeill et al. (2018) for EU (based on EUROSTAT data on EU population in 2020): 4.0 
TgN/y and 0.4 TgP/y. According to these boundaries and the values of new input of N and P estimated 
in this study (Section 2.1), the EU should reduce its annual mineral fertiliser input of N and P of about 
60%.  

 

Table 12. Planetary boundaries for nutrients proposed in the literature. 

Biogeochemical 
indicator 

Boundary Description/Protection 
goal 

Reference 

Phosphorus 11 Tg P yearï1 from 
freshwater systems 
into the ocean 

prevention of a large-
scale ocean anoxic 
event 

Steffen et al. 2015 

Phosphorus 6.2 Tg P per year from 
fertilizers (mined P) to 
erodible soils 

avert widespread 
eutrophication of 
freshwater systems 

Steffen et al. 2015 

Phosphorus 0.06 Tg P per year 
(average for Europe) 

Loss of P from fertilisers 
and waste 

EEA (2020a) 

Phosphorus 0.89 kg P per year (per 
capita boundary) 

Consumption-based 
allocation of phosphorus 
from applied fertilizer 

OôNeill et al. 2018 

Phosphorus 0.11 kg P per year (per 
capita boundary for 
Europe) 

Loss of P from fertilisers 
and waste 

EEA (2020a) 

Nitrogen 62 Tg N per year from 
industrial and 
intentional biological N 
fixation 

Preventing 
eutrophication of 
aquatic ecosystems 

Steffen et al. 2015 

Nitrogen 2.1 Tg N per year 
(average for Europe) 

Loss of N from fertilisers 
and waste 

EEA (2020a) 

Nitrogen 8.9 kg N per year (per 
capita boundary) 

Consumption-based 
allocation of nitrogen 
from applied fertilizer 

OôNeill et al. 2018 

Nitrogen 3.5 kg N per year (per 
capita boundary for 
Europe) 

Loss of N from fertilisers 
and waste 

EEA (2020a) 
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4 Measures 

Measures to reduce nutrient losses to the environment can be adopted at different intervention point of 
the N and P cycles. They range from technical measures for recovering and recycling nutrients in waste 
streams and improving nutrient use efficiency in agriculture, to policy measures at the EU level and 
broad societal changes, such as changes in human diet and agricultural system (food production-
consumption system). This Chapter presents a (non-comprehensive) analysis of possible measures, 
considering both evidence from the literature and results of new modelling assessments (Figures 23 
and 24). The latter were carried out adopting different modelling approaches, with an ensemble 
modelling perspective rather than a full integration, i.e. gathering evidence from different modelling 
assessments based on independent assumptions. In specific, we show: 

ƀ Nutrient recovery from manure, sewage sludge and bio-waste (Section 4.1) 

ƀ Effectiveness of measures to reduce nutrient losses in agriculture (Section 4.2) 

ƀ Scenario of reduction of atmospheric nitrogen deposition (EMEP model) (Section 4.3) 

ƀ Scenarios of reduction of nitrogen fertilisers in agriculture (DayCent model) (Section 4.4) 

ƀ Phosphorus erosion (P statistical model) (Section 4.5) 

ƀ Scenarios of reduction of nutrient losses to waters (GREEN model) (Section 4.6) 

ƀ Scenarios of changes in the agricultural system and diet (GRAFS model) (Section 4.7) 

 

Figure 23. Modelling tools/approaches adopted in the analysis. 

 

 

Figure 24. Overview of the scenarios of measures considered in the study. 
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4.1 Nutrient recovery from manure, sewage sludge, and bio-waste 

Box 1. Abbreviations used in this section 

AD: Anaerobic digestion; HTC: Hydrothermal carbonisation; WWTP: Wastewater treatment plant; PE: 
Population equivalent; MBT: Mechanical-biological treatment plant; PO4: Orthophosphate; NH3: 
Ammonia; NH4: Ammonium; SS: Sewage sludge; SSA: Sewage sludge ash; CaP: Calcium-Phosphate; 
MAP: Magnesium-Ammonium-Phosphate; DAP: Diammoniumphosphate; SSP: Single-
Superphosphate; TSP: Triple-Superphosphate; UAA: utilised agriculture area. 

The growing leakage of nutrients into the environment is affecting the air and water quality, and at the 
same time, nutrients in waste streams as well as nutrient emissions to air are irreversible lost due to 
unsuitable collection, use, treatment and disposal. The three streams animal manure, municipal sewage 
sludge, and municipal bio-waste can offer an important contribution to improve the efficiency of nutrient 
management and support the EU in its transformation to a more circular economy (Buckwell and Nadeu, 
2016).  

To unlock this nutrient potential on the one hand improved separate collection schemes are crucial for 
e.g. bio-waste and on the other hand the implementation of recovery techniques.  

Recovery technologies are capable of transforming biogenic waste streams into agronomical valuable 
organic and mineral fertilising products, and possibly remove containments at the same time. This 
technical overview focuses on recovery techniques of high TRL and on those currently already operating 
in the EU (Figure 25). 

Figure 25. Overview on technologies to recover N + P from manure, sewage sludge, and bio-waste (Sommer et 
al., 2013, modified). 

 

4.1.1 Processing techniques 

4.1.1.1 Anaerobic digestion and liquid-solid separation 

Organic fractions of a low dry matter content from waste water treatment facilities (sewage sludge), 
livestock housing systems (manure) and other processing and collected systems (e.g. bio-waste) are 
often subject to anaerobic digestion (AD) to gain biogas (CH4) and/or liquid-solid separation. During AD 
of organic substances, the biologically and chemically bound nutrients are partly transformed into 
dissolved nutrients (e.g. ammonium (NH4) or orthophosphate (PO4). After a mechanical liquid-solid 
separation of the digestate, the dissolved nutrients are available for recovery from the liquid phase. 
Especially for manure, liquid-solid separation is also applied without prior AD. 
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4.1.1.2 Liquid phase 

4.1.1.2.1 Technologies to recovery N from liquid phase 

Different technologies and/or technology combinations focus on recovering nitrogen in a plant-available 
form from this ammonium rich stream: gas-liquid stripping, chemical precipitation (e.g. struvite 
precipitation), ion exchange, absorption, reverse osmosis, electrodialysis, hollow fibre membrane 
contactor, and membrane distillation (Chen et al., 2021; Palakodeti et al, 2021; Beckinghausen et al., 
2020). An excellent and detailed overview of production processes of ammonium-based fertilisers via 
reverse osmosis, liquid/gas separation and other techniques of lower technological readiness levels is 
given in Zarebska et al. 2015. The market research study within the EU funded ñSystemicò projects gives 
a very good overview with 35 European biogas plants using different approaches to recover nutrients 
from liquid and solid manure streams with a high TRL level (Verbeke et al., 2021). Boehler (2018) 
highlights five wastewater treatment plants (WWTP) in Germany, two in Austria and four in Switzerland 
which recover N from the liquid phase through stripping and scrubbing technologies. Those 
technological approaches with noticeable high TRL level are described in detail in the following sections. 

ð Recovery of scrubbing salts 

Full-scale application at wastewater treatment plants, manure- and bio-waste ADs in Europe mainly 
focus on the recovery of scrubbing salts(24) via air- or membrane stripping and a subsequent capturing 
(acid scrubbing). These technologies achieve N-recovery efficiency of 80-90 % (Sigurnjak et al., 2019). 
The recovery technologies are energy (electricity, see Table 13) and chemical (NaOH, H2SO4) 
intensive. Compared to the Haber-Bosch process, which is the main industrial scale process to gain 
ammonia from the air, the energy demand is in the same range for air stripping, but it can be significantly 
higher for membrane stripping. Other approaches with a lower TRL (pilot scale) have the goal to adsorb 
ammonium on materials with high exchange capacity (e.g. zeolite) and could reduce the energy demand 
for stripping (EU Project ReNOx 2.0; Ellersdorfer et. al., 2019). In most cases, the primary objective of 
the implementation of nutrient recovery techniques at a WWTP is not the production of a fertiliser. The 
removal of N from the back flow water after the sludge digestion process has the benefit of a reduced 
energy demand for aeration and thus increases the overall treatment capacity. 

 

Table 13. Energy demand for the recovery and production of 1 kg N (Boehler, 2018). 

Ammonia recovery approach Energy demand (kWh/kg)  
(primary energy and electricity) 

Air-Stripping 8-13 

Membrane stripping 10-27 

Haber-Bosch (based on CH4) 8 

 

ð Recovery of mineral concentrate 

Filtration (micro, ultra and nano) can be used to remove suspended solids, bacteria and macromolecules 
from the liquid phase. Subsequently, reverse osmosis can be used to concentrate ammonium and other 
small compounds. The resulting concentrate is called mineral concentrate and is an ammonium 
containing fertiliser with a high pH (~pH 8) (Velthof, 2015; Ehlert et al., 2019). This approach is mainly 
applied during manure processing. 

                                                      

 

(24)  Defined throughout this report as a recovered N substance through the partial conversion of N into volatile NH3 (ñstrippingò) 
followed by recapturing (ñscrubbingò) the extracted ammonia into soluble ammonium using a low pH solution (sulphuric acid, 
nitric acid or phosphoric acid to produce ammonium sulphate, ammonium nitrate, and (di-)ammonium phosphate, 
respectively). 



 

51  

ð Recovery of precipitated salts 

Besides scrubbing, it is also possible to precipitate N into a water insoluble form. However, precipitation 
processes mainly target the recovery of P as e.g. struvite (see also section 1.1.2). The potential to 
recover N is low because of the extent of the precipitation reaction is limited by the orthophosphate 
content of the liquid fraction, which is usually less that an ammonium. 

ð Cost 

The cost to recover N are in the range of 1-10 ú/kg N (Huygens et al., 2019; Fernandez and Hatzell, 
2020; SYSTEMIC, 2020), being more cost efficient when the feedstock is characterised by a higher 
ammonium concentration (sewage sludge supernatant: up to 900 mg NH4/L; manure supernatant: 400-
4,300 mg NH4/L pig manure and 300-3,200 mg NH4/L cattle manure: Van Eckert et al., 2012; Menkveld 
& Broeders, 2018; Risberg et al., 2017). Often, this observation limits N recovery to N-rich waste streams 
that have been subject to anaerobic digestion (i.e. digested sewage sludge and manure). These costs 
are greater than current costs to purchase mineral N fertilisers produced via the Haber-Bosch process 
(0.5-3.0 ú/kg N).  

4.1.1.2.2 Technologies to recovery P from liquid phase 

ð Recovery of precipitated salts 

Mainly precipitation technologies at WWTPs are applied to recover P from the liquid phase, with typically 
struvite(25) being the phosphate salt that is obtained. Ghosh et al., 2019 and Kabbe (2021) give a good 
overview on the operating struvite unites on WWTP worldwide, highlighting that more than 50 full-scale 
struvite recovery units operate in the EU by 2021. Struvite precipitation can be combined with a 
subsequent ammonia recovery unit. This combination is already implemented full-scale (AV 
Braunschweig, 2019).  

Precondition to recover P from the liquid phase is a mainly biological P-removal at the WWTP (Bio-P: 
surplus uptake by specific biomass). Under these preconditions, a certain percentage of P dissolves 
during AD due to the biological degradation processes, resulting in high PO4-concentrations of 100-900 
mg/L.  

Certain side stream adaption focus on the surplus release of P to increase the yield of precipitated salts 
(biological approach: WASSTRIP (Gysin et al., 2018); thermal hydrolysis: CAMBI (Abu-Orf, M., & Goss, 
T. (2014)). 

Dissolved P then can be recovered in reaction tanks (fluidized bed or stirred reactors, Ghosh et al., 
2019) by adding precipitants (e.g. magnesium or calcium salts) and pH-adjustment (pH > 8.5). Under 
alkaline conditions, dissolved PO4 precipitates with NH4 and/or magnesium and calcium to a water 
insoluble struvite and\or different forms of calcium phosphates (CaP).  

More than 90 % of the dissolved P present in the liquid fraction can be recovered. However, related to 
the WWTP influent, the recovery rate is around 10-15 %. With optimised side stream processes (e.g. 

thermal hydrolysis), the recovery rate can be increased to up to 50 % (Kabbe, 2021). The recovered 

phosphate salts are non-water soluble, but have a proven long-term plant availability (Muys et. al. 2021). 

ð Cost 

The operational cost to recover P from the liquid phase is in the range of 2-10 ú/kg P (not taking account 
possible revenues; P-REX, 2016, Egle et al., 2016; Tonini et al., 2019) and thus similar (for technologies 
within the lower end of the cost spectrum) to substantially higher compared to raw phosphate rock (0.9-
1.5 ú/kg P) or already marketable mineral fertilisers (e.g. Diammoniumphosphate: 1-2 ú/kg P; Triple 
superphosphate: ~2-3 ú/kg P; Huygens et al., 2019, World Bank, 2022). However, the removal of P from 
the liquid phase has certain (economic) benefits for the WWTP (e.g. avoidance of clogging in pipes due 
to unpredictable struvite precipitation, reduction of P and N backflow to the WWTP, better dewatering 
properties of the sludge due to the reduced content of dissolved P; Ghosh et al., 2019). 

                                                      

 

(25)  Struvite: Magnesium-Ammonium-Phosphate (MAP: MgNH4PO4 6H2O, molar ration Mg:N:P = 1:1:1). 
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4.1.1.3 Solid phase 

4.1.1.3.1 Direct land use 

Direct use of manure and sewage sludge is the most direct way to recycle the contained nutrients. 
However, matching plant nutrient supply to nutrient demand is not always possible, particularly in 
regions of high population and livestock density. Especially during winter periods of low plant activity, 
there are risks with regard to the leaching of nutrients into the groundwater and surface water. In 
addition, concerns regarding the containing inorganic and organic contaminants (e.g. metals, 
pharmaceutical, hormones, and micro plastics) exist. The latter mainly exist for sewage sludge. Within 
the last years, the focus of attention regarding contaminants have changed from metals and pathogens 
to (micro-) plastics and organic pollutants (e.g. pharmaceuticals, hormones). With a direct land use, all 
contaminants present in the sewage sludge will enter into the soil matrix. 

Bio-waste fraction can be obtained from separate collection systems or from mixed household waste by 
mechanical-biological treatment plants (MBT). Saveyn and Eder (2014) note, that the output of MBT is 
characterised with higher content of metals and visually noticeable physical impurities, for which reason 
EU legislation imposes separate collection of bio-waste. Typical treatment processes for the bio-waste 
fraction are anaerobic digestion and/or composting before soil application. The quality of the digestate 
or compost depends on the purity of the bio-waste but also the cleaning performance of the digestion 
and composting facility (e.g. sieves, sink-float processes). 

4.1.1.3.2 Drying 

The aim of drying processes is the reduction of mass and volume but also a certain stabilisation. This 
facilitates the long-term distant transport, at the expense of a somewhat lower nutrient availability. While 
P is chemically bound in the solid phase, during a drying process, NH3 and consequently total N-
concentrations can decrease significantly (Battista et al., 2021). Exhaust air condensates and 
ammonium rich vapour is produced, which could require further treatment to reduce adverse effects. 
The lower the share of ammonium in a fertilising material, the lower is the efficiency when used as a N-
based fertiliser as ammonium is immediately available to plants. 

With a subsequent pelleting, a further reduction of volume is achievable after drying and composting, 
reducing the cost for further handling and transporting. 

4.1.1.3.3 Composting 

Composting involves the mineralisation and partial humification of organic matter, leading to a stabilised 
final product with humic properties. Pathogen are reduced due to the high temperature in composting 
piles (up to 60-80 ºC) and also toxic organic substances including antibiotics can be partially degraded 
(Massé et al., 2014). Other unwanted substances as e.g. micro-plastics (especially present in sewages 
sludge) or metals are not removed. Composting helps to reduce volume and moisture content, making 
the material easier to handle, pelletise and to transport. 

Depending on the input material and the process condition during composting (e.g. C:N ratio, water 
content), NH3 can be formed and lost to the atmosphere. It is even possible to recover N from this NH3 
rich air, which occurs e.g. in aerated tunnels for sewage sludge composting (Shen et al., 2020). One 
full-scale applied approach recovers the NH3 via scrubbing technologies (see also Section 4.1.1.4.1). 
The primary goal of these techniques is the abatement of ammonia pollution, but also the reduction of 
odour (GMB BioEnergie, 2021). 

4.1.1.3.4 Thermal transformation under reducing conditions 

ð Hydrothermal Carbonisation (HTC) 

HTC reduces waste volume and transforms feedstock into carbonised materials. The HTC process acts 
as an acceleration of the natural coal formation process, working with feedstock with high water content, 
at moderate pressure (20-30 bar), and temperatures (200-230 ºC). Outputs are a coal slurry (hydrochar) 

which can be further treated (filter, dryer, pelletizing) and a water with nutrients, which in turn can be 
further processed by e.g. osmosis to gain a nutrient concentrate (liquid bio fertiliser). Studies show that 
approximately 50% of N and most of K are dissolved in the liquid product (Reza et al., 2016). However, 
the transfer of N into the hydrochar or the liquid phase depends on the process parameters (temperature, 
pressure, time) and can vary significantly (Djandja et al., 2021). Metals remain mainly in the ash fraction 
of the hydrochar. That is also the case for P, which can be extracted by acid leaching techniques (Tasca 
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et al., 2019). With regard to metals, the quality of the hydrochar depends on the feedstock material 
(Leng et al., 2021). Several HTC industrial plants operate in Europe (e.g. Spain, UK, Italy, and Belgium). 

ð Pyrolysis 

After pyrolysis, less than half of the original N is preserved in the char (Agar et al., 2018; Saud et al., 
2021). N that is not transferred into the gaseous phase, is transformed into aromatic and heterocyclic N 
compounds or of low bio-availability. Phosphorus is retained in the solid material fraction, but its 
fertilising value is uncertain and dependent on the feedstock applied (Enders et al., 2012; Lehmann and 
Joseph, 2015; Huygens and Saveyn, 2018). The thermochemical conversion process produces a char-
like material that is often referred to as "biochar". As with HTC, the quality of the biochar depends on 
the feedstock material, the process parameters and thus the further use. 

4.1.1.3.5 P recovery from ashes 

With thermal oxidation processes (>850 ºC, >2sec in the flue gas) a destruction of the organic substance 

and thus destruction of micro plastics, pathogens, and most organic pollutants can be reached. While N 
is lost into the flue gas, P and other nutrients (e.g. K, Mg, and Ca) end up in the ash. To avoid dilution 
of nutrients or contamination, a mono-incineration is preferred. P reacts with different elements from the 
feedstock material, mainly calcium, forming chemical compounds with poor solubility and low 
phosphorus use efficiency (except poultry litter ash: Huygens and Saveyn, 2018). With regard to metals, 
removal is possible for some metals with a low evaporating temperature (e.g. 95 % removal for Hg). 

ð Recovery from mono-incinerated sewage sludge ashes (SSA) 

To recover P from incineration residues, the incineration should take place without other substances to 
produce ashes with a high P contents as well as to avoid ash contamination from other feedstocks 
applied. 

A direct application as a fertiliser without pre-treatment is in many cases not possible due to high metals 
concentration and low P availability for plants. In the recent years, several technologies from existing 
industrial processes were adopted and further developed to recover P from SSA. The technological 
approaches can be grouped as follows: 

ð Acidic wet chemical mixing: Transformation of the P into a plant available form by mixing the ash 
with mineral acids as e.g. sulphuric or phosphoric acid. All the other compounds of the ash are fully 
incorporated into the fertiliser, so no removal of contaminants takes places (Full-scale 
implementation in Haldensleben (Germany) producing 60 kt fertiliser out of 35 kt of SSA; 
SERAPLANT, 2021). The fertiliser industry follows this approach to produce single-or triple-
superphosphate from raw phosphate rock and could use a limited percentage of SSA to substitute 
raw phosphate rock (ICL Amsterdam, 2019). 

ð Acidic wet chemical leaching: Aim is the transformation of P in different uniformly usable and 
marketable forms (e.g. phosphoric acid, calcium phosphates). P is leached with mineral acids (e.g. 
hypochloric, sulphuric or phosphoric acid) and as such separated from the ash. Depending on the 
technological approach, metals are removed by e.g. ion-exchange, liquid-liquid separation or 
precipitation. Certain technologies also aim for the recovery of iron- and aluminium as iron- and 
aluminium salts, which can be used as by-products (e.g. as coagulants at WWTP). Due to the 
specific removal processes, the P-rich output materials contain less contaminants. A recycling plant 
for 20 kt of SSA is already installed in Hamburg (TetraPhos®, Remondis, Rak, 2018), and further 
full-scale implementations are expected within the next 5 years (e.g. Ash2Phos (Easymining, 2021), 
Phos4Life, City of Zurich (Schlumberger, 2017). 

ð Thermo-electric: Certain technologies focus on the production of phosphoric acid of even white 
phosphorus (P4) with technologies operating at temperatures above the ash melding point (> 
1.500 ºC). Under this condition, P enters into the gaseous phase and can be recovered (Rapf and 

Raupenstrauch, 2021). Recovery of P in industrial scale was done by Thermphos (Schipper, 2001), 
but the plant ceased its activities for unknown reasons.  

ð Thermo-chemical: Aim of this approach is the partial removal of metals and the transformation of 
the P into a better plant available form. This can be achieved by adding Cl and a treatment 
temperature of 750 ºC to 1,000 ºC (below ash melting temperatures: Adam et al., 2009). Latest 

developments of this technology focus on the further improvement of the plant availability of SSA 
by adding Na instead of Cl, with the trade-off of significantly lower metal removal (Herzel et. al., 
2021).  
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ð Bioleaching and bioaccumulation of P: The process to recover P via bioleaching consists of three 
main steps; 1) Bioleaching of P and metals by specific microorganisms creating an acid environment 
(leaching); 2) Accumulation of the dissolved P by microorganisms; 3) Microbial induced P 
precipitation (Zimmermann and Dott, 2009). This approach is state-of-the-art to recover e.g. Cu from 
ore, however is not applied on SSA so far. 

ð The cost to recover P from SSA is in the range of 1-5 ú/kg P. By taking into account possible 

revenues for the products, the cost to recover P is thus close to or higher than the cost of producing 
a mineral fertiliser produced from raw phosphate rock. 

ð The P recovery efficiency of these technologies is in the range of 85 % (wet chemical leaching with 

targeted removal of contaminants) to even 100 % for approaches with the goal to only improve P 

plant availability but no removal of contaminants. 

ð Recovery from manure ashes 

In principle, the incineration of different forms of manure is possible, but so far, mainly incineration of 
poultry manure is observed. The higher dry matter content poultry manure compared to swine or cattle 
manure enables a net positive energy recovery from this material. The ash of poultry manure contains 
valuable minerals such as P (12-13 %) and K and is homogeneous since the feedstock is of consistent 
quality (Ehlert, 2020; Adamczyk et. al., 2021). In 2010, 3 countries incinerated poultry manure (4 % of 

total poultry manure incinerated in Ireland, 30 % in the Netherlands and 36 % in the UK; AMEC 2014).  

4.1.1.3.6 P recovery from raw and dewatered sewage sludge 

In the recent years, several technologies were developed with the specific objective to recover P from 
sewage sludge, either before or after sludge dewatering. Literature shows complex technological 
approaches to recover P directly from sewage sludge (e.g. acidic wet chemical leaching, wet oxidation, 
super critical water oxidation, metallurgic melt-gassing; Kabbe, 2021) however, none of these 
technologies has reached full-scale application.  

The cost to recover P from sewage sludge is significantly higher (> 10 ú/kg P; P-REX, 2016, Egle et al., 

2016) than other approaches addressing (e.g. from SSA, or through precipitation). The high cost is the 
result of complex technological processes but even more the need for great amount of chemicals and 
energy. Possible revenues from the produced P materials can by far not cover the operational cost. The 
P recovery efficiency of these technologies is in the range of 60 % related to the sewage sludge input. 

4.1.1.4 Gaseous phase  

4.1.1.4.1 N recovery from off-gases from stables and manure storage/processing facilities 

Emissions from manure are responsible for a large share of the total ammonia emissions to air in the 
EU (3.5 Mt N yr-1), with housing and storage being the main stages of emissions. Scrubbing technologies 
enable to recover 85 % of the ammonia present in exhaust gases. Ammonia scrubbers remove 

pollutants via a chemical reaction using strong acids (typically sulphuric acid, but also phosphoric- and 
nitric acid can be used) to neutralize the ammonia. Depending on the technology applied, the resulting 
material contains nutrients in plant-available form (e.g. following forced oxidation techniques). This 
byproduct from the gas cleaning system, a pure salt, is then collected and subsequently used as a 
fertiliser. The application of an air cleaning system is listed as one of the Best Available Techniques 
(BAT) that applies to the intensive rearing of poultry or pigs (Giner et al., 2017). Nonetheless, it is 
indicated that this technique may not be generally applicable to existing plants due to technical and 
economic considerations. Costs of 5-15 ú/ kg N recovered have been indicated (ECE, 2014).  

4.1.1.4.2 Non-recoverable nitrogen losses 

Off-gas emission and pollution control systems 

Nitrogen oxides (NOx consists mainly of NO, NO2) are formed in the combustion process of fossil fuels, 
biomass or waste. Modern power plants reduce NOx emission by injecting ammonia or urea at 
temperature of 760 and 1,090 ºC (SNCR - Selective Noncatalytic Reduction Process or SRC ï Selective 
catalytic reaction). This results in a chemical transformation of NOx into N2, CO2 and H2O and the 
nitrogen is irretrievable lost into the air (Vehlow, 2013). SNCR has demonstrated NOx reductions of 
about 40-70 %, whereas SCR performs significantly better with removal efficiencies Ó 80 % (Rogoff and 
Screve, 2012; Sarkar, 2015). 
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The BAT reference document for waste incineration (Neuwahl et al., 2019) lists techniques to decrease 
NOX emissions:  

ð For SCR: Use of a larger catalyst surface, installed as one or more layers. 'In-duct' or 'slip' SCR 
combines SNCR with downstream SCR, which reduces the ammonia slip from SNCR; 

ð For SNCR: The performance of the SNCR system can be increased by controlling the injection of 
the reagent from multiple lances with the support of a (fast-reacting) acoustic or infrared temperature 
measurement system so as to ensure that the reagent is injected in the optimum temperature zone 
at all times; 

ð Flue gas recirculation: Recirculation of a part of the flue-gas to the furnace to replace a part of the 
fresh combustion air, with the dual effect of cooling the temperature and limiting the O2 content for 
nitrogen oxidation, thus limiting the NOX generation.  

N recovery from flue gas 

Certain patents describe technological approaches to recover N as pure N2 or as NH3 from the flue 
gas. 

Å Process and system for the recovery of ammonia when separating nitrogen oxides from flue gases 
(EP 0 264 041 A2; Frey, 1986) 

Å Adsorptive process for recovering nitrogen from flue gas (US 4988490; Nicholas et al., 1991) 
Å Separation of carbon dioxide and nitrogen from combustion exhaust gas with nitrogen and argon 

by-product recovery (EP 0 469 781 A2; Krishnamurthy and Andrecovich, 1992) 

However, no full-scale implemented technology can be found in literature. 

N recovery from condensate treatment 

In cases where a wet scrubber is used for acid gas abatement, and in particular with SNCR, unreacted 
ammonia can be absorbed by the scrubbing liquor and, once stripped, the ammonia rich stream could 
be recycled as SNCR or SCR reagent (Neuwahl et al., 2019). 

Biomass power plants with dry and a subsequent wet separation could recover ammonium salts through 
a five-step treatment cascade. First, the flue gas condensate passes two filtration steps (micro- and 
ultrafiltration), reverse osmosis, ion exchange and finally a transmembrane chemisorption to produce 
ammonium salts. The gained salts can be used again to reduce CO and NOx emissions (Liqui CelTM; 
3M, 2016). 

For techniques, which address the condensate of flue gas treatment, the entrapped N is not present in 
a plant available form and therefore cannot be recovered on agricultural land, even not after further 
processing. Therefore, the following section on impacts of measures does not focus on the recovery of 
N following combustion and incineration processes.  

4.1.1.5 Potential to remove contaminants 

The agricultural use of waste streams is closely linked to discussion(s) about the potential harmful 
substances that has gained force in view of the recent Commission Zero Pollution Action Programme. 
The challenge for technologies is to align the efficient recovery of nutrients from complex and 
inhomogeneous waste stream with the demand for clean products. This section offers a qualitative 
assessment on the recovery and removal performances of the different technological approaches. 

The transformation of wastewater burden streams but also manure into chemically new materials as 
e.g. ammonium salts (Huygens et al., 2020), phosphate salts (Foletto, 2013; EC, 2016; Huygens et al. 
2019) and phosphoric acid or P salts from sewage sludge ashes (Amann et al, 2018) guarantees clean 
products with a significant removal of contaminants and unwanted substances as e.g. iron and 
aluminium (Figure 26). 

In principle, the incineration of organic material guarantees the destruction of the overall share of organic 
contaminants. Combined with selective recovery technologies also metals can be removed. Some 
technologies allow even the recovery of e.g. iron and aluminium salts from materials generated at waste 
water treatment plants (Kabbe, 2021). Other technologies (e.g. direct land application of sludge, direct 
substitution of rock phosphate with sewage sludge ashes in present-day P-fertiliser production 
processes), do not result in the removal of metals and other compounds, thus finally involving their return 
to agricultural soils. 
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For technologies, operating under limited oxygen level (HTC, pyrolysis) the fate of nutrients varies 
depending on the process parameters (temperature, pressure, time: Meesuk et al., 2013, Djandja et al., 
2017). Regarding the transformation and/or removal of the organic pollutants and POPs, further 
investigations are necessary. 

 

Figure 26. Recovery potential and removal of contaminants (SSA: sewage sludge ashes). 

 

Legend: 

 

 

4.1.2 Description of scenarios 

4.1.2.1 Limitations and uncertainties on scenario analysis 

The main objective is to assess the potential impact of the implementation of state-of-the-art nutrient 
recovery technologies from currently dissipated nutrients originating from sewage sludge, manure and 
bio-waste. Different scenarios were developed for each stream that altogether provide a first estimate 
to budget the potential of nutrient recovery from sewage sludge, manure and bio-waste to close nutrient 
cycles. The scenarios take into account (i) the state and limitations of technologies (e.g. recovery 
efficiencies), (ii) the estimated future available feedstock for recovery processes, and (iii) the estimated 
implementation potential in the EU settings (e.g. limit ammonia scrubbing to large stables).    

The number provided are best estimates, associated to significant uncertainties, and should by no 
means be interpreted as a final outlook on the potential of these technologies. The reasons therefore 
relate to (i) the impossibility to forecast technological and the legal framework e.g. on pollution 
prevention and waste management, and (ii) uncertainties to the techno scientific information base that 
is applied in this exercise. Rather, they should be interpreted as a proxy to estimate the overall 
contribution of recovery and recycling technologies to contribute to the overall objective to reduce 
nutrient losses and mineral fertiliser applications. 

In order to be able to determine the impact of the different scenarios and get the dimension right, the 
recoverable nutrients from each scenario are compared with the annual mineral fertiliser consumption. 
According to EUROSTAT (2020) and Fertilisers Europe (2019), the annual fertiliser consumption in the 
EU consumption is 10.2 Mt N and 1.1 Mt P, respectively. 

4.1.2.2 Nutrient contents in feedstocks 

The annual sewage sludge production is 7.2 Mt of dry solid per year (data from 2016) (EUROSTAT, 
2017). Assuming an average content of 3.15% N and 1.8% P, sewage sludge contains about 226 kt N 
and about 129 kt P. These contents may slightly (e.g. by 10-15%) increase in case of more stringent 
quality measures for waste water treatment effluents, for instance for smaller waste water treatment 
plants. In 2018, around 35% of sewage sludge was applied in agriculture and 12% was composted or 
applied differently. 17% was classified as óother useó, mostly used outside of agriculture (e.g. backfilling, 
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in forestry). Consequently, 40% of N and P from sewage sludge is irretrievable lost (landfill: 10%, co-
incineration without P-recovery: 30% (EUROSTAT, 2021b). 

Foged at al. (2011) highlight that in the EU-28 (UK included) annually about 1.4 billion tonnes of livestock 
manure is produced. The 1.4 billion livestock manure correspond to 7.2 Mt of N and 1.8 Mt of P per year 
(Foged et al., 2011), of which approximately 67% is collected for possible manure processing (Asman 
et al., 2011; De Vries et al. 2021). For the reference year 2010, less than 8% of the total manure 
produced underwent processing as e.g. liquid-solid separation, AD, treatment of the liquid or solid 
fraction. The application of technologies which produce ammonium salts or P-rich salts struvite are 
limited to a very few plants.  

Calculating with an average municipal waste generation of 487 kg/inh/y (EUROSTAT, 2021a), 447 Mio. 
inhabitants, and a current average share of 37% bio-waste in the total municipal waste generation, the 
total mass of bio-waste is estimated at around 80 million tonnes per year. In addition, about 40-45 million 
tonnes per year of bio-waste is produced by the food industry (Buckwell and Nadeu, 2016). Assuming 
a dry matter content of 35%, an N content of 2.5% and P content of 0.5%, about 0.95 Mt N and 0.19 Mt 
P would be present in bio-waste.  

4.1.2.3 Selection of scenarios 

This analysis focusses on following promising technologies for nutrient recovery, which can be broadly 
classified into four groups: 

ƀ Mineral N and P fertilisers recovered from liquid digestates though stripping/scrubbing and 
precipitation; 

ƀ Mineral P fertilisers recovered from biomass ashes; 

ƀ Mineral N fertilisers recovered via scrubbing exhaust air from stables, storage facilities and 
composting plants;  

ƀ Organic fertilisers obtained following composting and/or anaerobic digestion. 

It is noted that three out of four scenarios involve the recovery of mineral fertilisers, whereas only a 
single scenario focuses on the recovery of organic nutrients and organic matter. As outlined in the 
section on flows, nutrient losses and excesses in soils occur in some (mostly Western) EU regions (e.g. 
the Netherlands, Germany), mainly because of the significant livestock manure generated and applied 
locally. Other EU regions are characterised by a lower livestock density and thus more neutral gross 
nutrient balances. Therefore, nutrient-dense mineral fertilisers are more suitable to transfer excess 
nutrients from specific EU region to another one without excessive transport cost burdens. Organic 
fertilisers of a lower nutrient-density and dry matter content are more suitable to be applied locally close 
to their place of generation, and therefore have a lower potential to address nutrient excesses at regional 
EU level. 

4.1.3 Results 

4.1.3.1 Nutrient recovery potential 

4.1.3.1.1 Mineral N and P fertilisers recovered from liquid digestates through stripping/scrubbing and 
precipitation 

Anaerobic digestion is the door-opener for separation processes and nutrient recovery from manure and 
other biogenic materials (Foged at al., 2011). Importantly, it transforms an important share of the 
nutrients into directly plant-available mineral N, and can thus increase the fertilising value of the 
feedstock. As part of the recent Joint European action for more affordable, secure and sustainable 
energy (REPowerEU), it is aimed to double anaerobic digestion from biogenic waste materials. 
Therefore, it is assumed that significant shares of manure, bio-waste and sewage sludge will be 
digested: 

¶ For manure we assumed that up to 20% of the total manure, equalling about 1.45 Mt N yr-1, 
0.46 Mt P yr-1, will be digested. The nutrient amounts for manure correspond to approx. 40% of 
only a few selected MS (Germany, the Netherlands, Denmark, Belgium) characterised by higher 
nutrient excess, and seem therefore plausible; 
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¶ Given the high methane production potential of bio-waste and legislative requirement on the 
separate collection of bio-waste, it is assumed that up to 75% of the available bio-waste can be 
digested. Hence, 0.71 Mt N and 0.14 Mt P would be digested annually in such scenario; 

¶ For sewage sludge, it is assumed that 70% of the sewage sludge produced (0.15 Mt N yr-1, 0.10 
Mt P yr-1; corresponding to sewage sludge produced at WWTP with a treatment capacity Ó 
50,000 PE (OEWAV, 2016)) will be digested.  

Subsequently, it is assumed that N stripping/scrubbing processes are applied at plants that process 
50% of these feedstocks, and that 30% of the N in the manure/waste stream is ammonium-N that can 
be scrubbed from the digestate at an efficiency of 85%. Alternatively, reverse osmosis could be applied 
to obtain a mineral concentrate. 

Incorporating this technology would produce 0.34 Mt N yr-1. Costs for these technologies have been 
estimated at 2.5 - 10 billion ú/Mt N recovered [11]. In addition, about 20% of the P can be precipitated 
from these streams, e.g. as calcium phosphates or K-struvite. This enables recovering 0.14 Mt P yr-1 
under this scenario, at an estimated cost of 2-3 billion ú/Mt P recovered [12].  

It is noted, that without a process in place to recover nutrients in mineral form, some of these nutrients 
may also end up on agricultural land as organic fertilisers (digestate). Still, the transformation of nutrients 
into mineral fertilisers may increase fertiliser efficiency, and facilitate enhanced management and long-
distance transport to areas characterised by a higher nutrient demand, likely resulting in an overall 
higher nutrient use efficiency. On top, new feedstocks for organic fertiliser (e.g. from separately collected 
bio-waste) are now becoming available (see scenario 4 that may compensate the loss of nutrients that 
are stripped and precipitated as described above).      

We also refer to the RENURE project report (Huygens et al, 2020) that evaluated the potential of the 
scrubbing salts (as well as other materials with a high mineral:N or low TOC:N ratio) to be considered 
as manure-derived nitrogen (N) fertilisers that can be used in areas subject to the ceiling of 170 kg 
N/ha/yr prescribed in Annex III of the Nitrates Directive (91/676/EEC). Based on agronomic efficiency 
data and considering supplementary measures (e.g. to avoid NH3 losses upon RENURE application on 
agricultural land, appropriate storage conditions), it was confirmed that scrubbing salts and materials of 
a similar chemical composition show a N use efficiency similar to mineral fertilisers. This demonstrates 
the potential of this measure to effectively reduce N losses through manure processing, and to substitute 
Haber-Bosch derived mineral N fertilisers by manure-derived materials. 

4.1.3.1.2 Mineral P fertilisers recovered from biomass ashes 

Increasing amounts of sewage sludges, poultry litters, and pulp are being incinerated and combusted. 
Phosphorus is currently already being recovered from P-rich sewage sludge mono-incineration ashes 
and poultry litter ash. This scenario assumes that mono-incineration followed by the transformation of 
the ashes into a mineral P fertiliser will become the default route for sludge that is currently disposed 
and used in agriculture (75 % of the generated sewage sludge). This scenario is aligned to e.g. future 

legislative requirements in Germany and Austria that would prohibit sludge use on agricultural land due 
to (i) concerns on contaminants that may cause a risk for human health and the environment, and (ii) 
the relatively low P bioavailability in sludge, especially when strongly bound to Al/Fe complexes. In 
addition, significant amounts of poultry litter are currently already being incinerated, mainly for energy 
production in MS characterised by a high P surplus (e.g. the Netherlands). In 2015, a total amount of 
0.15-0.20 Mt of poultry litter ash was produced, with an estimated P content of 0.02 Mt P. In view of an 
expected increase in renewable energy production from solid biomass, Huygens et al. (2019) projected 
a further increase in the amounts of solid manures and poultry litters that will be incinerated with energy 
recovery. Innovative techniques now enable to recovery P in mineral form such ashes. 

This scenario assumes that 75% of the sewage sludge (0.10 Mt P) and increasing amounts of poultry 
litter (0.04 Mt P) will be incinerated, generating biomass ashes with a total P content of 0.14 Mt P. 
Nitrogen is lost during the incineration process, but the P present in the ashes can then be recovered 
(technology efficiency with regard to input material: 90%), with possibilities for the removal of 
contaminants. In total, these processes have a potential to recover about 0.13 Mt P yr-1. The recovery 
of mineral P salts can be performed at a cost of about 1.5-2.5 billion ú/Mt P recovered (Egle et al., 2016; 
Tonini et al., 2019).  
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4.1.3.1.3 Mineral N fertilisers recovered via scrubbing exhaust air from stables, storage facilities and 
composting plants 

Manure from livestock farming is responsible for more than 70% of the total ammonia emissions in the 
EU (3.5 Mt N yr-1). Housing and storage are the main stages in the manure chain that cause ammonia 
emissions (50% of all manure-derived emissions). Exhaust gas scrubbing technologies enable to 
recover 85% of the ammonia present in exhaust gases. In case such technologies were to be 
additionally implemented in 50% of the stables and storage facilities, 0.52 Mt N yr-1 could be recovered. 
In addition, ammonia can also be scrubbed at housed composting facilities that process separately bio-
waste and other solid digestate fractions (estimated supplementary recovery potential of 0.15 Mt N yr-

1). Costs of 5-15 billion ú/Mt avoided N loss (displaced mineral N import) have been indicated (ECE, 
1014). 

4.1.3.1.4 Organic fertilisers obtained following composting and/or anaerobic digestion 

ð Based on manure processing date for the year 2010, it can be estimated that maximum about 0.58 
Mt N and 0.14 Mt P ended up as composted and/or digested manure on agricultural land. Presently, 
it is estimated that, through the production of digestate and compost from 47.5 Mt (40-50%) of 
separately collected bio-waste, over 0.13 Mt N and 0.04 Mt P and 3.5 Mt of organic carbon were 
recycled in the 18 European countries (ECN, 2019). In addition, composted and sewage sludge are 
also applied on agricultural land, although these numbers are likely much smaller (<0.10 Mt N; < 0.4 
Mt P).  

ð Increasing separate collected of municipal solid bio-waste and the ban of landfilling for 
biodegradable materials could further increase the amounts of organic materials that can be 
composted and/or digested for the production of organic fertilisers. At the same time, nutrient losses 
may occur, especially during the compositing process that causes a loss of ~30-40% of N, including 
ammonia (Wong et al., 2017; Yang et al., 2019; Witter & Lopez-Real, 2013). Note that particularly 
at larger plants, emission control systems may be in place that can capture these losses and turn 
them into a fertilising material (see section 4.1.3.3). Nutrient losses are minimal during anaerobic 
digestion, a process that transforms part of the organic N into more plant-available mineral N. Both 
processes also remove a substantial part of the organic carbon (40-70%) present in the feedstock 
material  

ð For manure it is assumed that manure processing will increase from 8% to 20% of the total manure, 
leading to additional possibilities to recover about 0.84 Mt N yr-1 and 0.28 Mt P yr-1, e.g. as a 
digestate or compost material. It is noted that presently manure is anyway returned to agricultural 
land, and therefore double-counting of nutrient streams is to be avoided. Nonetheless, turning 
excess manure fractions into a drier and hygienised material may improve the handling and efficient 
use of the material. 

ð At present about 10% of the generated sewage sludge is landfilled, causing a loss of 0.02 Mt N yr-1 
and 0.01 Mt P yr-1. 

To unlock the nutrient potential of bio-waste, source segregation is necessary to gain a clean bio-waste 
fraction and to avoid the incineration or landfilling of the bio-waste fraction with the municipal solid waste. 
According to an EEA survey (EEA, 2020) the separate collection rate of bio-waste is 50% (ranging from 
10% to 85%). To reach the ambitious 65% recycling rates in 2035 for municipal waste according to the 
Waste Framework Directive (2018/851), the separate collection of organic waste is a key element to 
reach this goal. It is assumed, that separate collection of bio-waste increases from the current 50% to 
65% by 2035 mainly due to improved collection infrastructure (e.g. additional collection opportunities, 
door-to-door collection) and implementation of additional economic instruments on e.g. incineration or 
landfill tax to promote recycling. An increase in separate collection of bio-waste from 50% to 65% results 
annually in an additional 12 million tonnes of organic waste (containing 0.09 MT N yr-1; 0.02 Mt P yr-1) 
that is available for anaerobic digestion and/or composting.  

If organic materials were re-allocated to biological treatments plants (e.g. anaerobic digestion followed 
by composting; with an assumed loss of 35% of the incoming N), 0.67 Mt N yr-1 and 0.31 Mt P yr-1 could 
be returned to agricultural land as a value-added organic fertiliser.  
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4.1.3.2 Opportunity costs 

Three pathways have been identified that transform nutrients in waste and other dissipated nutrient 
streams (e.g. emissions to air) into mineral N and P fertilisers. In total, about 1.02 Mt N yr-1 and 0.27 Mt 
P yr-1 can be recovered as mineral N and P fertilisers, respectively (Figure 27). According to EUROSTAT 
(2020) and Fertilisers Europe (2019), the annual fertiliser consumption in the EU consumption is 10.2 
Mt N and 1.1 Mt P, respectively. Hence, the proposed measures, may enable to substitute up to 10% 
and 25% of the N and P annually used in mineral fertilisers, respectively.  

Actual mineral fertiliser acquisition costs are in the range of 1.5-3 billion ú/Mt N and 1-3 billion ú/Mt P 
(World Bank, 2022). At current fertiliser prices, some measures are cost-effective as they not only 
reduce fertiliser imports, but also production costs for farmers or waste managers. These measures may 
already reduce mineral N and P demands by 0.34 Mt N yr-1 and 0.14 Mt P yr-1, respectively (Figure 1). 

Importantly is that the measures will also proportionally reduce N and P losses of 1.02 Mt N yr-1 and 
0.27 Mt P yr-1. Avoided emissions include losses of ammonia (0.67 Mt N yr-1), and N and P losses in 
case of material disposal and suboptimal use of digestates on agricultural land (i.e. not aligned to plant 
nutrient demands in application rates or timing). Hence, some of the measures not only produce new 
fertilisers, but may also abate pollution. This is particularly relevant as, for instance, emissions of 1 Mt 
ammonia-N to air cause societal damages that are equivalent to 2-20 billion ú (Brink et al., 2011). To be 
cost-beneficial to society, the cost of the measure should be lower than the sum of its economic 
implementation costs and external costs in the absence of its application (Figure 27). Ammonia 
emissions to air (average 11, range 2ï20 billion ú/Mt N) and supplementary nitrate losses to water 
bodies from digestates relative to variable rate fertilisation with mineral N fertilisers (average 0.3; range 
0.1ï0.6 billion ú/Mt N; assuming on average of 30% additional losses to waters in case of inaction) are 
considered. For phosphorus, external costs involve supplementary phosphate losses to water bodies 
from digestate relative to variable rate fertilisation with mineral P fertilisers (average 0.7; range 0.2 ï 1.2 
billion ú/Mt P; assuming on average of 30% additional losses to waters in case of inaction) (Brink et al., 
2011; CE Delft, 2017). All measures proposed here are thus cost-beneficial to society.  
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Figure 27. Marginal mineral fertiliser recovery cost curve. Histogram of recovered nitrogen N (a) and phosphorus 
P (b) fertiliser and net marginal costs associated with each of these measures. Stepping up on emerging circular 

economy actions, the graphs rank the future potential of the measures to recover mineral fertilisers from most 
cost-effective measures (left-hand side) to most cost-prohibitive measures (right-hand side) on the X-axis. The 

bar width indicates the estimated recovery potential of the individual measures. The estimated (average) cost of 
the measures, expressed as billion ú per Mt N and P displaced, is indicated on the Y-axis. Cost-effective 

measures cost less than the mineral fertiliser cost (solid horizontal black line). However, when the cost-benefit 
analysis also considers the benefits of the measure to reduce external costs (e.g. from ammonia emissions to air), 

measures that are cost-beneficial from a societal perspective are positioned below the dotted black horizontal 
line. 

 

 

The fourth measure, focused on diverting organic-rich biogenic waste streams from disposal options by 
returning them agricultural land, may also have an effect on nutrient recycling and recovery (0.67 Mt N 
yr-1 and 0.31 Mt P yr-1). These numbers are small relative to the current return of organic nutrients, e.g. 
present in manure, bio-waste and sewage sludge (Figure 28). In addition to nutrients, these materials 
also contain organic matter, a key component of soil. Organic fertiliser as e.g. compost deliver stable 
organic matter to soils, which is linked to soil health and as a further consequence results in less soil 
erosion, less leaching of nutrients as well as improved plant yield (Celik et al., 2004; Diacono and 
Montemurro, 2009). Repeated applications of good-quality organic fertilisers can improve the soil's 
ability to retain water and nutrients and to store carbon, as well as raising its fertility, particularly in soils 
of low organic carbon content in the EU. However, the improvements are strongly linked to the local 
situation (Hijbeek et al., 2017). In addition, organic fertilisers and soil improvers (e.g. compost, digestate) 
are less suitable for long-distance transport, and therefore have a reduced potential to address nutrient-
excess at regional level. As a result, nutrients in certain organic-rich materials (e.g. sewage sludge, 
poultry litter) are being ñdestroyedò in some nutrient-rich EU regions as a waste management strategy.  
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Figure 28. Estimated amounts of nutrients presently contained in raw and digested manure, sewage sludge and 
bio-waste. The supplementary nutrients amounts that be returned to agricultural land in this scenario are indicated 
in green at the top of the bars. The diagonally striped blocks on top refer to the future share of processed manure, 
considered to involve a transformation of materials that are currently applied on agricultural land as raw manure. 

 

 

4.1.4 Conclusions 

Novel recycling techniques capture and transform N and P from organic waste into nutrient-dense 
concentrated and safe (mineral) fertilisers, and may enable to transfer nutrients from nutrient-excess to 
nutrient-demanding EU regions. Such actions are able to substitute about 10% and 25% of the N and P 
mineral fertilisers, respectively. In addition, increased efforts to collect and re-use current discarded 
biogenic materials may contribute marginally to make available supplementary amounts of organic 
fertilisers. The proposed measures to increase nutrient circularity will involve additional private costs to 
operators involved, estimated at about 6 billion ú yr-1 because manufacturing fertilisers from secondary 
raw materials is generally more expensive compared to production process from primary sources. 
However, their application is rationalised and cost-beneficial to society because of (i) the additional cost 
savings incurred by third parties (e.g. citizens that experience better air and water quality due to reduced 
nutrient losses; leading to estimated total savings in external costs of more than 7 billion ú yr-1), and (ii) 
the reduced need to deplete fine raw materials, more particularly rock phosphate. This also explains 
why these measures are already applied in specific local contexts. The challenge is now to scale up the 
implementation of the measures to reach their full-scale potential as simulated in this document, as well 
as to ensure an equitable distribution of costs between parties. 
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4.2 Impacts of agricultural farming practices on environment & climate - 
systematic literature review 

Under the IMAP4Agri26  Administrative Arrangement the Joint Research Centre provides scientific 
support and tools to DG Agriculture and Rural Development for implementation, monitoring and 
evaluation of the post 2020 CAP 

In this context the JRC Food Security Unit is conducting an extensive systematic literature review of 
farming practices in order to better understand the impacts of these farming practices on the 
environment and climate change. This initiative will support Member States to better program their 
interventions, quantify their results and link them to the CAP objectives. 

To understand the implications of different farming practices in a scientifically robust manner, a large 
amount of data is synthesized to assess whether farming practices have positive or negative effects on 
the environment, climate and productivity. Starting point is the relatively large number of meta-analyses 
(MAs) published in agricultural science. A meta-analysis is the systematic statistical synthesis of the 
results of many independent individual experiments. Therefore, MAs allow to explore general trends 
beyond the context-dependence of large numbers of experimental studies and identify key moderating 
factors. (Makowski et al., 2021). More details regarding the methodology and the results of the meta-
analysis are available on the public WIKI webpage (27).  

 

Currently (status 12.08.2022) the WIKI provides information on the effect of 15 main farming practices, 
which are: 

ƀ Sustainable fertilisation practices 

ƀ Agroforestry 

ƀ Organic farming systems 

ƀ Soil amendment practices 

ƀ Pesticide reduction strategies 

ƀ Landscape features 

ƀ Fallowing 

ƀ Manure management techniques 

ƀ Livestock housing techniques 

ƀ Livestock dietary manipulation techniques 

ƀ Intercropping 

ƀ Crop rotation 

ƀ Grassland 

ƀ Cover and catch crops 

ƀ No tillage and reduced tillage 

In some cases, the farming practices may be further sub-divided into more specific practices e.g. 
ñSustainable fertilization practicesò comprises the specific practices:  

ƀ Nitrification Inhibitors, Enhanced-efficiency fertilisers 

ƀ Green manure 

ƀ Organic Fertilisation 

ƀ Low-ammonia emission techniques for mineral fertilisation 

                                                      

 

(26) IMAP = Integrated Modelling platform for Agro-economic resource Policy analysis 
(27)   https://wikis.ec.europa.eu/display/IMAP/IMAP+Home+page  
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For each of the practices (or sub-practices) so-called ñfichesò, which are documents providing the results 
of the meta-analysis, are available at three levels: 

1. General fiches summarise all environmental and climate impacts of a single farming practice. 
As example, the fiche reporting on the impacts of Nitrogen inhibitors is presented in Annex A4 
(Figure A4.1)   

2. Single impact fiches provide a deeper insight into each individual environmental and climate 
impact of a farming practice. As example, we have selected a fiche reporting on the specific 
impact of Nitrogen inhibitors on Nitrogen leaching and run-offò (Figure A4.2 in Annex A4). 

3. Summary fiches (Figure A4.3 in Annex A4) are individual reports that provide fuller information 
about the results reported in each reviewed meta-analysis, in particular about the modulation of 
effects by factors related to soil, climate and management practices. As example, we have 
selected a Summary fiche about the impact of Nitrogen inhibitors on Nitrogen leaching and run-
off, extracted from the meta study Li et al. 2017. 

While the general and single impact fiches provide a qualitative evaluation of the impact of the farming 
practices, the summary fiches may include also quantitative data extracted from the reviewed meta-
analyses. 
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4.3 Scenario of reduction of atmospheric nitrogen deposition (EMEP model) 

Within the JRC C5 unit, the EMEP Air Chemistry Transport Model is used for different projects related 
to air quality, together with different anthropogenic emission inventories, such as the EDGAR V5 2015 
inventory. 

For this project we provide nitrogen (N) deposition values over Europe, that serve as input to the GREEN 
model. The GREEN model needs total nitrogen input from atmospheric deposition (ton N per year). The 
N deposition varies according to land cover type (land covers available in EMEP are Conif, Crops, Decid, 
Grid, Seminat, Water). In the past this was not considered in GREEN and an average value was used. 
Data were downloaded from the EMEP model Norwegian website. The total atmospheric nitrogen 
deposition values should correspond to the sum of the EMEP output variables:  

ð Wet Depositions: 

ð WDEP_OXN ((Oxidised Nitrogen [mg(N)/m2])) +  

ð WDEP_RDN ((Reduced Nitrogen [mg(N)/m2])) +  

ð Dry Depositions: 

ð DDEP_OXN_m2grid (Oxidised Nitrogen [mg(N)/m2]) +  

ð DDEP_RDN_m2grid (Reduced Nitrogen [mg(N)/m2]). 

 

We performed two simulations for the year 2015:  

1. Base Case scenario where the latest state-of-the-art EDGAR anthropogenic emissions were 
used and 

2. a Scenario that includes anthropogenic emission reductions over Europe as described in the Fit 
For 55 package for the year 2030, also known as EU Reference Scenario (integrated with the 
National Emission Ceiling Directive reductions, for the pollutants not covered by the Fit For 55; 
see below for more details). 

This EU Reference Scenario (Fit for 55) is one of the European Commission's key analysis tools in the 
areas of energy, transport and climate action. It allows policy-makers to analyse the long-term economic, 
energy, climate and transport outlook based on the policy framework in place in late 2020. This scenario 
can provide policy-makers with a comprehensive analytical basis against which they can assess new 
policy proposals. National experts from all EU countries contributed to the Reference Scenario 2020 
through a consultation process, and stakeholders have also contributed on technology assumptions. 
More information about EU Reference Scenarios can be found here: https://ec.europa.eu/energy/data-
analysis/energy-modelling/eu-reference-scenario-2020.  

The EMEP model is run on the JRC in-house JEODPP computing platform. 

4.3.1 EDGAR emissions 

In this study we used the emissions for aerosol and aerosol precursor gases from the EDGAR version 
5.0 inventory (available at https://edgar.jrc.ec.europa.eu/dataset_ap50; Janssens-Maenhout et al., 
2019, Oreggioni et al., 2021, Crippa et al., 2020, Oreggioni et al., submitted to Energy Policy (2021). 
The Emissions Database for Global Atmospheric Research (EDGAR) is a global inventory providing 
greenhouse gas and air pollutant emissions estimates for all countries over the time period 1970 to the 
recent present, covering all IPCC reporting categories, with the exception of Land Use, Land Use 
Change and Forestry (LULUCF). More detailed information about the emission inventory is given in 
Thunis et al., 2021 and references therein. 

4.3.2 Model description and set-up 

In this study we use the off-line regional transport chemistry EMEP model version rv_34 (Simpson et 
al., 2012; https://github.com/metno/emep-ctm), to calculate atmospheric deposition (wet and dry) values 
of nitrogen (N) over Europe for the year 2015. The domain stretches from -15.05° W to 36.95° E 
longitude and 30.05° N to 71.45° N latitude with a horizontal resolution of 0.1° x 0.1° and 20 vertical 
levels, with the first level around 45 m. The EMEP model uses meteorological initial conditions and 
lateral boundary conditions from the European Centre for Medium Range Weather Forecasting 

https://ec.europa.eu/energy/data-analysis/energy-modelling/eu-reference-scenario-2020
https://ec.europa.eu/energy/data-analysis/energy-modelling/eu-reference-scenario-2020
https://edgar.jrc.ec.europa.eu/dataset_ap50
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(ECMWF-IFS) for the meteorological year 2015. The temporal resolution of the meteorological input 
data is daily, with 3-hour timestep. The meteorological fields for EMEP are retrieved on 0.1° × 0.1° 
longitude latitude coordinate projection. Vertically, the fields on 60 eta (–) levels from the IFS model are 

interpolated onto the 20 EMEP sigma („) levels. The MARS equilibrium module is used calculate the 
partitioning between gas and fine-mode aerosol phase in the system of SO4=, HNO3, NO3-, NH3-, 
NH4+ (Binkowski and Shankar, 1995). More information on the gas and aerosol portioning is given in 
Simpson et al. (2012), section 7.6. Detailed information on the meteorological driver, land cover, model 
physics and chemistry are described in Simpson et al. (2012) and in the EMEP Status Report 2017 
(https://emep.int/publ/reports/2017/EMEP_Status_Report_1_2017.pdf). 

4.3.3 Description scenario REF 2030 

The EU Reference Scenario 2020 is the baseline scenario on which specific policy scenarios and 
variants used to assess options informing the policy initiatives in the European Green Deal package 
adopted by the European Commission in July 2021 have been developed (source: 
https://ec.europa.eu/energy/data-analysis/energy-modelling/eu-reference-scenario-2020). The EU 
Reference Scenario (REF) is available at 2015 and 2030, with values at country level. 

In particular, the following emission values are available for: 

ð Air quality 

ð PM2.5. 

ð SO2. 

ð NOx. 

ð Non CO2 GHG 

ð CH4. 

ð N20. 

ð Fgases. 

Fit For 55 package doesnôt provide projections for NH3 and NMVOCs. Therefore, we use 2030 
projections from the óNational Emission Ceiling Directiveô (NEC) projections (https://eur-
lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32016L2284&from=EN#d1e32-19-1). 

The EDGAR emissions are multiplied by a reduction factor, to project the emission changes between 
2015 and 2030 based on REF 2030 (PM2.5, SO2 and NOx) and NEC (NH3 and NMVOC) for EU27 
(UK+NO+CH are not included). We consider EU27, because the model results will be used to show the 
expected effects on Nitrogen deposition in the EU from the implementation across the EU27 of the 
policies in the Fit For 55 package. 

In Table 14 the emission reductions for PM2.5, SO2 and NOx are shown, which are obtained from the 
Fit For 55 package for each single EU country. The ratio indicates how much the emissions in each 
country is projected to change from the 2015 base, by 2030. 

  

https://emep.int/publ/reports/2017/EMEP_Status_Report_1_2017.pdf
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Table 14. Emission totals (2015) and projections (2030) for PM25, SO2 and NOx (in kt) based on Fit For 55 
package. Together with the ratio in the emissions between the two years.  

Country 

  PM25 (kt) SO2 (kt) NOx (kt) 

  REF 
2015 

REF 
2030 ratio 

REF 
2015 

REF 
2030 ratio 

REF 
2015 

REF 
2030 ratio 

  EU 1361.2 813 0.60 2473.2 1045.1 0.42 7215.9 3283.9 0.46 

Austria AT 17.4 11.9 0.68 13.3 9.2 0.69 160.1 65.3 0.41 

Belgium BE 26.1 15 0.57 39.7 35.1 0.88 201.9 95.3 0.47 

Bulgaria BG 34 21.5 0.63 140.8 56.3 0.40 138.6 80.7 0.58 

Cyprus CY 1.4 0.9 0.64 13.8 2.2 0.16 14.5 7 0.48 

Czech Republic CZ 43.2 19.5 0.45 124.8 38.2 0.31 195.7 104.7 0.54 

Germany DE 95.2 82 0.86 342.3 174.7 0.51 1200 525.7 0.44 

Denmark DK 21.9 13.7 0.63 9.8 10 1.02 117.4 67.3 0.57 

Estonia EE 10.2 2.9 0.28 36.7 7.9 0.22 30.1 15.5 0.51 

Greece EL 30.8 19.2 0.62 86.4 26.4 0.31 249.3 92.5 0.37 

Spain ES 115.3 77.6 0.67 251 87.9 0.35 829.7 337.1 0.41 

Finland FI 21.5 19.1 0.89 41.2 23 0.56 143.9 83.7 0.58 

France FR 179.4 123.4 0.69 158.3 88.5 0.56 1025 418.2 0.41 

Croatia HR 22.2 11.6 0.52 15.1 7 0.46 57.2 27 0.47 

Hungary HU 53.4 34.5 0.65 25.4 8.6 0.34 118 71.6 0.61 

Ireland IE 15 8.4 0.56 15.8 8.5 0.54 105.4 59.4 0.56 

Italy IT 158.9 85.5 0.54 129 70.4 0.55 831.4 342.2 0.41 

Lithuania LT 16.5 7.1 0.43 14.3 10.5 0.73 48 29.7 0.62 

Luxembourg LU 1.7 1 0.59 1.4 1.2 0.86 31.8 7.9 0.25 

Latvia LV 17.2 7.4 0.43 3.7 2.9 0.78 38.6 25.2 0.65 

Malta MT 0.3 0.2 0.67 2.2 0.7 0.32 4.7 2.2 0.47 

Netherlands NL 15.2 13.8 0.91 31.9 16.4 0.51 267.2 123 0.46 

Poland PL 246.9 120.7 0.49 691.1 258.1 0.37 748.1 369.9 0.49 

Portugal PT 48 30.1 0.63 46.2 21.7 0.47 176.9 84.2 0.48 

Romania RO 117.4 47.3 0.40 147.9 48.5 0.33 232.7 130.9 0.56 

Sweden SE 22.2 17.7 0.80 17.8 14.6 0.82 139.1 59.2 0.43 

Slovakia SK 18.6 11.9 0.64 67.6 13.1 0.19 74.8 40.7 0.54 

Slovenia SI 11.4 9.2 0.81 5.8 3.5 0.60 35.7 17.8 0.50 

 

Emission reduction commitments for NMVOCs and NH3 are as indicated in the NEC Directives. The 
reduction commitments have the year 2005 as base year. We have recalculated the reductions relative 
to the year 2015 as shown in Table 15, by considering a linear implementation of the NECD over the 
entire period 2005-2030.  
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Table 15. Emission ratios between the base year 2005 and projected year 2030 for NMVOC and NH3 based on 
NEC Directive. Together with the ratios between 2015 and 2030 for NMVOC and NH3.   

    
NEC directive Reduction 

compared with 2005 
Reduction compared with 

2015 

Country   2005 to 2030 2015 to 2030 

    NMVOC NH3 NMVOC NH3 

Austria AT 0.36 0.12 0.216 0.072 

Belgium BE 0.35 0.13 0.210 0.078 

Bulgaria BG 0.42 0.12 0.252 0.072 

Cyprus CY 0.48 0.25 0.288 0.150 

Czech Republic CZ 0.5 0.2 0.300 0.120 

Germany DE 0.5 0.22 0.300 0.132 

Denmark DK 0.37 0.24 0.222 0.144 

Estonia EE 0.28 0.01 0.168 0.006 

Greece EL 0.48 0.2 0.288 0.120 

Spain ES 0.52 0.13 0.312 0.078 

Finland FI 0.28 0.29 0.168 0.174 

France FR 0.62 0.1 0.372 0.060 

Croatia HR 0.58 0.32 0.348 0.192 

Hungary HU 0.32 0.05 0.192 0.030 

Ireland IE 0.46 0.16 0.276 0.096 

Italy IT 0.38 0.01 0.228 0.006 

Lithuania LT 0.47 0.1 0.282 0.060 

Luxembourg LU 0.42 0.22 0.252 0.132 

Latvia LV 0.27 0.24 0.162 0.144 

Malta MT 0.15 0.21 0.090 0.126 

Netherlands NL 0.26 0.17 0.156 0.102 

Poland PL 0.38 0.15 0.228 0.090 

Portugal PT 0.45 0.25 0.270 0.150 

Romania RO 0.32 0.3 0.192 0.180 

Sweden SE 0.53 0.15 0.318 0.090 

Slovakia SK 0.39 0.16 0.234 0.096 

Slovenia SI 0.36 0.17 0.216 0.102 
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4.3.4 Results 

The results of the EMEP model are presented in Figure 29 and 30. Figure 29 shows the dry deposition 
quantities of Oxidised and Reduced Nitrogen, and the wet deposition values of Oxidised and Reduced 
Nitrogen for the Base Case 2015 simulation for EU27 countries. Figure 30 shows the difference between 
the Base Case (2015) and EU Reference Scenario (2030) in dry deposition quantities of Oxidised and 
Reduced Nitrogen, and in the wet deposition values of Oxidised and Reduced Nitrogen. 

 

Figure 29. Dry deposition quantities for (a) Oxidised Nitrogen and (b) Reduced Nitrogen, together with the wet 
deposition values of Oxidised Nitrogen (c) and Reduced Nitrogen (d) for the Base Case 2015 simulation for EU27 

countries (in mgN/m2). 

(a) (b)

(c) (d) 

  



 

70  

Figure 30. Difference in dry deposition quantities between the Base Case (2015) and EU Reference Scenario 
(2030) for (a) Oxidised Nitrogen and (b) Reduced Nitrogen, together with the differences in wet deposition values 
of Oxidised Nitrogen (c) and Reduced Nitrogen (d) between the Base Case and EU Reference 2030 simulation 

for EU27 countries (in mgN/m2). 

(a) (b)

(c) (d) 
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4.4 Scenarios of reduction of nitrogen fertilisers in agriculture (DayCent model) 

4.4.1 Modelling framework: biogeochemical soil model 

The JRC has developed a state-of-the-art process-based European biogeochemical modelling platform 
that simulates carbon (C) and nitrogen (N) flows within soil and between soil, the atmosphere and 
vegetation.  

Key sub-models include decomposition of organic input and soil organic matter, mineralisation of 
nutrients, N gas emissions from nitrification and denitrification, soil water content and temperature by 
layer, plant production and allocation of net primary production (NPP) and CH4 oxidation in non-
saturated soils and CH4 production in flooded soils. Flows of C and N between the different soil organic 
matter pools are controlled by the size of the pools, C/N ratio and lignin content of material, and abiotic 
water/temperature factors. Plant production is a function of genetic potential, phenology, nutrient 
availability, water/temperature stress and solar radiation. NPP is allocated to plant components (e.g., 
roots vs. shoots) based on vegetation type, phenology, and water/nutrient stress. Nutrient 
concentrations of plant components vary within specified limits, depending on vegetation type, and 
nutrient availability relative to plant demand. Decomposition of litter and soil organic matter and nutrient 
mineralization are functions of substrate availability, substrate quality (lignin %, C/N ratio), and 
water/temperature stress. N gas fluxes from nitrification and denitrification are driven by soil NH4 and 
NO3 concentrations, water content, temperature, texture, and labile C availability (Parton et al., 2001). 

In this project, DayCent is run on a 1 km2 grid using the following data (Figure 31): 

ð soil properties available for ESDAC and derived from spatial interpolation of LUCAS soils 
(https://esdac.jrc.ec.europa.eu/); 

ð land cover from the CORINE LAND COVER 1990, 2000, 2006, 2012; 

ð official statistics (EUROSTAT, FAO, Farm Structure Survey) and spatial datasets, which were used 
to describe the current management (i.e. crop rotation, mineral and organic N fertilization, tillage, 
irrigation, cover crop, etc.); 

ð meteorological data from the E-OBS gridded dataset (http://www.ecad.eu). The dataset provided 
daily data of maximum and minimum temperature and precipitation on a grid of 0.1° resolution (v22). 
For the climatic projection, we used the general circulation model CNRM-CM541 run with a RCP4.5 
(Thomson et al. 2011) and downscaled with the RCM CCLM4-8-17, available at the WCR-CORDEX 
portal (WCR-CORDEX, 2019); 

ð average wet and dry deposition N depositions from the EMEP model (rv 4.5)  
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Figure 31. Flow chart showing the datasets utilized and their spatial resolution, the inputs derived and the model 
integration. 

 

 

As inputs, the amount and timing of nutrient amendments is required. The current (baseline) N 
fertilization was characterised as follow:  

ð Mineral N fertiliser: it was partitioned in two applications at planting (30%) and standing crops (70%). 
In each fertilization the proportion of NH4 and NO3 was assumed to be equal to 75 and 25%, 
respectively; 

ð Organic: applied generally after harvest or during standing crop in highly demanding crops such as 
maize. The territorial rates calculated was limited to the maximum rate of 170 kg/ha of N per year.  

Model outputs include: daily N fluxes (N2O, NOx, N2, NO3- leaching), CO2 flux from heterotrophic soil 
respiration, soil organic C, NPP (partitioned into residues, grains and harvested root crops). The model 
takes into account land management and cropping practices. Since it is driven by a range of climate 
scenarios, as simulated by Global Climate Models, the model can provide long-term policy perspectives.  

The ability of DAYCENT to simulate NPP, soil organic carbon, N2O emissions, and NO3- leaching has 
been tested with data from various native and managed systems (e.g. Del Grosso et al., 2001, 2006). 
The DAYCENT model is currently being used by the United States Environmental Protection Agency, 
United States Department of Agriculture and Colorado State University to develop a national inventory 
of N2O emissions from U.S. agricultural soils. This inventory is compared and contrasted with the 
existing Intergovernmental Panel on Climate Change (IPCC) agricultural N2O emissions inventory for 
the USA. 

The JRC Units D3 and D5 has developed and continuously improved the modelling framework in the 
EU in the last decade, initially using CENTURY (the monthly version model) and then DayCent (the daily 
version model), running it both at LUCAS point and gridded 1 km level (Lugato et al., 2014a,b, 2015, 
2016, 2017, 2018a,b, 2020; Monforti et al., 2015; Scarlat et al., 2019; Quemada et al., 2020a). This 
framework was used for many scientific studies and policy scenarios, receiving a scientific recognition. 
For more information on the general architecture, model performances and different scenarios and 
agricultural management simulated, we refer to the reference section. 
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4.4.2 Modelling scenarios 

One of aim of the Farm to Fork (F2F) and Biodiversity strategies is acting to reduce nutrient losses by 
at least 50%, while ensuring that there is no deterioration in soil fertility. This will reduce the use of 
fertilisers by at least 20% by 2030  

However, in the agricultural land, complex interactions between biogeochemical cycles, environmental 
and management conditions make very difficult to estimate this cause-effect relationship in a quantitative 
way. Nitrogen losses originate and flow from different environmental compartments (air, water, soil) and 
are interlinked, therefore, is not possible to constrain ña prioryò complex models to get targeted losses 
reductions. Conversely, we can use the DayCent modelling framework to run a scenario involving a 
reduction of N fertilization in arable and grassland soils of the EU (+UK), in order to assess the overall 
effect in term of losses and cause-effect relationships. 

The first step involved the identification of the N operative space (Figure 32) as illustrated by Quemada 
et al., 2020b. Plotting total N input vs N outputs (from crop harvest including grassland), we can define 
a spatially explicit operative space at the EU level. The concept relies on the fact that some 
environmental impacts may arise from both: 

ð Excessive surplus on N, leading to detrimental losses to air and water,  

ð Very high N use efficiency (NUE) that can mine soil fertility and reduce the productivity. 

According to Quemada et al., 2020b and expert opinions, we define an operative N safe space having 
NUE<0.9 or surplus <50 kg/ha/y. The areas (pixels) under those conditions are identified using N flows 
from the DayCent modelling framework (Figure 33) and reported in Figures 34 and 35. We did not 
consider a minimum N removal level.  

The second step consists in simulating a change of N mineral fertilization in agricultural soils as 
following: 

ð Decrease of 20% of mineral N in surplus areas, 

ð Increase of 20% of mineral N in potential mining areas. 

The objective of the BDS and F2F is the reduction of nutrient losses, which goes with increased nutrient 
efficiency that can be achieved by different strategies, including a reduction of fertilisers in excess. The 
scenario cannot test ña prioriò the 50% reduction of losses, which is a result of many interacting 
ecosystem components, but the effect of possible management like the reduction of mineral fertilisers. 
The 20% change is selected according to one of the foreseen effect of the F2F strategy of ñreducing 
fertilizer use at least 20% by 2030ò. This represents also a cost-effective scenario, which has likely a 
prompt effect on N losses reduction. 

Organic fertilization was not included in any scenario since it requires more deep analysis on potential 
leakage, indirect land use change and/or dietary habits. 
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Figure 32. Nitrogen operative space. Within the safe operative space the agroecosystems guarantee food 
security minimizing environmental impacts and reduced soil fertility.  

 

Source: Quemada at al. (2020b). 
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Figure 33. Nitrogen surplus and NUE at 1km2 spatial resolution from DayCent modelling framework. The surplus 
is defined as total N input ï N exported by crop harvest. The NUE is the ratio between the latter and former flows. 
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Figure 34. Spatial distribution of N safe operative space, potential N mining and N surplus. Bars indicate the 
relative proportion of areas under different condition at Country level. 
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Figure 35. Cumulative areas of N safe operative space, potential N mining and N surplus. The inlet is the 
cumulative values at EU+UK.  
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4.4.3 Results 

The results of the scenario analysis showed that: 

¶ a more balanced mineral N fertilization may allow a consistent saving of mineral N, especially 
in some countries (DE, FR and UK) (Figure 36). Cumulative, the N fertilizer redistribution could 
reach up to 7% saving of current total application (Figure 40 and Table 16).  

¶ nitrogen leaching decreased to a lower extent (compared to change in fertilization) to about 6% 
of the current NO3 losses (Figure 37 and Table 16). Central Europe plus IE and UK showed 
higher benefit, while very marginal effects were predicted in Eastern countries. 

¶ The N2O emissions patterns followed those of change in mineral N fertilization (Figure 38). The 
cumulative change was about -4% of the current direct soil emissions (Table 16). 

¶ SOC slightly increased in areas current affected by N mining, and the opposite in surplus area 
due to feedbacks in primary productivity (Figure 39). However, the total SOC change (-14 Mt C) 
represents only 0.1% of the current topsoil SOC stock (Table 16), which can be easily recovered 
by appropriate best practices (cover crop, residue management, agroforestry etc.). 

Further analyses should be worth in the future to assess more targeted reduction-increase fertilization 
levels at regional scale and run additional scenarios. 
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Figure 36. Spatial explicit change in N mineral fertilization (kg ha-1 yr-1) and cumulative values at National level. 
The scenario involves the decrease and increase of 20% of mineral N in surplus and in potential mining areas, 

respectively, as calculated in Figure 34.  
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Figure 37. Spatial explicit change in NO3 leaching (kg NO3-N ha-1 yr-1) and cumulative values at National level. 
The scenario involves the decrease and increase of 20% of mineral N in surplus and in potential mining areas, 

respectively, as calculated in Figure 34.  
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Figure 38. Spatial explicit change in N2O emissions (kg N2O-N ha-1 yr-1) and cumulative values at National level. 
The scenario involves the decrease and increase of 20% of mineral N in surplus and in potential mining areas, 

respectively, as calculated in Figure 34.  
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Figure 39. Spatial explicit change in SOC (t ha-1  in the topsoil 0-30 cm layer) at equilibrium and cumulative 
values at National level. The scenario involves the decrease and increase of 20% of mineral N in surplus and in 

potential mining areas, respectively, as calculated in Figure 34. 

 

 

  



 

83  

Figure 40. Cumulative changes in N flows and SOC at Member State and EU+UK level. 
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Table 16. Cumulative change in N and C flow at EU+UK level and their relative variation with current estimates. 

Flow-stock current change % 

Mineral N fertilization (kt) 9075 -612 -6.7 

NO3-N leaching (kt) 4179 -241 -5.8 

N2O-N emissions (kt) 283 -11 -3.9 

SOC (Mt) 12300 -14 -0.1 
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4.5 Phosphorus budget in European agricultural soils with an empirical model 

JRC D3 and D5 Units have developed a research study to a) investigate the main inputs and outputs of 
phosphorus in European agricultural topsoils; b) assess the phosphorus budget and c) develop an 
empirical model which can simulate the phosphorus budget at regional level. Finally, we make some 
considerations on limiting excess of nutrients relevant to recent policy developments in the EU legislation 
such as the Farm to Fork strategy (F2F). 

4.5.1 Methods and data inputs 

4.5.1.1 Study area 

The study area includes all agricultural lands of the European Union (EU) plus the United Kingdom (UK). 
These cover about 41.5 % of the total land area in EU and UK and we will focus on about 180 million 
ha. The fraction of the total area occupied by agricultural land is not equally distributed amongst 
European countries. For example, this value exceeds more than ¾ in Ireland, the Netherlands, and 
Denmark while this share is less than ¼ in Malta, Finland and Sweden, showing substantial variations 
between countries (Panagos et al., 2021). 

4.5.1.2 Empirical model for phosphorus balance 

We develop an improved Empirical Model Phosphorus Balance (EMPBa) framework, which is based on 
the equation (1): 

Phosphorus budget = P_Fert + P_Man + P_Atm + P_Che ï P_Grain ï P_Res ï P_Eros   (eq. 1) 

With four phosphorus (P) inputs to topsoils:  

ƀ P_Fert is the P fertilizer input; 

ƀ P_Man the P manure application input; 

ƀ P_Atm the P atmospheric deposition; 

ƀ P_Che the P deposition due chemical weathering. 

 

The three outputs of the phosphorus balance are: 

ƀ P_Grain the output from crop harvesting; 

ƀ P_Res the output with crop residues removal; 

ƀ P_Eros the phosphorus losses with water erosion; 

The units applied in equation (1) are tonnes. The EMPBa is applied at different scales starting from a 
regional to country level and finally at continental (European).  

4.5.1.3 Phosphorus inputs 

The fertilizers inputs are based on European Union (EU) agri-environmental indicator mineral fertiliser 
consumption (EUROSTAT, 2020).  According to this indicator, Eurostat publishes the data on Nitrogen 
and Phosphorus consumption per Member State (MS) for the period 2011-2019. We used the mean 
value of this indicator per MS. The agro-environmental indicators, such as the ones provided by 
Eurostat, are widely used for policy analysis, communication to farmers, research purposes and 
monitoring/evaluating progress (Langeveld et al., 2007). 

Over the past few decades, manure application in EU agricultural soils replaces the inorganic fertilizer 
inputs (Pagliari and Laboski, 2012). In European Union and UK, livestock production generates about 
1400 million tons of manure annually (Köninger et al., 2021).  We took into account the livestock 
distribution per region and then we apply Excretion coefficient rates per animal type. Six large countries 
(DE, ES, FR, IT, PL, UK) produce ca. 68% of the total manure while than 75% of the produced manure 
derives from cattle. 

Anthropogenic activities have changed the global atmospheric chemistry and this has also an impact in 
global mobility of nutrients (Brahney et al., 2015). Therefore, we have noticed developments in compiling 
global datasets of atmospheric phosphorus deposition (Mahowald et al., 2008). 
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4.5.1.4 Phosphorus outputs 

Removal of phosphorus with harvesting of crops is the major output of P from soils. To estimate this 
removal we developed a module which takes into account: 

ð Crop type 

ð Crop production (t ha-1 as fresh matter)  (Cpr)  

ð Agricultural utilized area (ha) (AUA)   

ð Humidity rate (%) (Hum) 

ð P concentration (%) in plant tissue as dry production  (Pc) 

 

P_CropUptake (tonnes) = Cpr x AUA x (1-Hum) x Pc   (eq. 2) 

P_Grain =×_(n=1)^37Ʋ(P_CropUptake)    (eq. 3) 

 

The mean crop production rates (Cpr) originate from the Common Agricultural Policy Regional Impact 
Analysis (CAPRI) model with the reference year 2016 (Himics, 2018; Panagos et al., 2021). However, 
the crop production rates were also compared with those from Eurostat and data from the Crop Growth 
Monitoring System (CGMS) used in Monitoring Agricultural Resources (MARS) (Biavetti et al., 2014). In 
addition, we used the Agricultural utilized area (AUA) per crop and region from CAPRI.  

The humidity rates are used to extract the dry production and the data source were Eurostat statistics. 
The phosphorus uptake rates by different crops (P_Uptake) are existing coefficients in the literature. 
They vary from high ones as oilseeds (c.a 0.58-0.70%) to lower ones as in fruits (0.07%) or fodder crops 
(0.21%).  

Crop residues include straw, head leaves and stems and other crop residuals which are removed from 
the field. The removal of plant residues contributes to phosphorus uptake from soils (Erinle et al., 2018). 
The crop residues removal takes into account: 

ð Crop type 

ð Crop production (t ha-1)  (CropProd)  

ð Agricultural utilized area (ha) (AUA)   

ð Humidity rate (%) (Hum) 

ð Ratio of residue production per tonne of crop production (RatioResidue) 

ð Ratio of residues removal from the field (ResidueRemoval) 

ð P uptake from removed dry residues (P_ResiduesDry)  

 

P_Residues (Tonnes) = RatioResidue * (CropProd * AUA) * (1- Hum) * ResidueRemoval * 
P_ResiduesDry 

The ratio of residue production per tonne of crop production is used from experimental sites and works 
(GarcíaȤCondado et al., 2019; Scarlat et al., 2010). Ratio of residues removal is stable at 50% while the 
P uptake show variation between crops. The mean phosphorus uptake from plant residues is around 
0.10% on the dry residues content. 

4.5.1.5 Phosphorus losses due to soil erosion 

The Phosphorus content in topsoils was recently mapped at high resolution (Ballabio et al., 2019) 
highlighting the main drivers of phosphorus distribution as well as the influence of fertilization in 
agricultural areas. This is the latest state of the art in Phosphorus concentration in soils at European 
scale and has advanced both in the number of input samples compared to past assessments and in the 
machine learning techniques. 

We estimated the loss in soil stock of the upper 20cm by using the Bulk Density (BD) of the LUCAS 
physical properties (Ballabio et al., 2016). The bulk density (range: 1ï1.4 Mg m-3; mean: 1.22 Mg m-3), 
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the total weight of 1 ha topsoil has a range of 2000 2800 Mg. Therefore, the P stock depends on both 

the P content and the bulk density of the topsoils.  The soil loss stock (%)  is based on the erosion (rill 
and interill erosion) divided by the total Soil stock of the topsoils.  

The P stock is calculated based on P concentration of LUCAS (Ballabio et al., 2019) and the Bulk 
Density. However, the P concentration in LUCAS is the Olsen (labile fraction).  In order to estimate the 
total phosphorus, we used the ration of P Total / P Labile found in Ringeval et al., (2017). This ratio is 
between 16 for arable crops and 32 for pastures.  

In the next step, we combined spatially explicit estimates of hillslope riverine system sediment fluxes 
(Borrelli et al., 2018) with the P stocks to compute the amount of P potentially displaced together with 
soil particles; therefore drained into the nearest river. 

4.5.2 Results 

4.5.2.1 Phosphorus budget 

At global scale, the P input from inorganic fertilizers are estimated to about 14.2 million tonnes per year, 
the P input from manure is about 9.6 million tonnes while the P removal from harvested crops is about 
12.3 million tonnes  per year (MacDonald et al., 2011).  

The annual consumption of phosphorus with inorganic fertilization inputs are on average c.a 1,310,000 
tonnes for EU-27 and UK for the period 2011-2019. This is about 7.2 kg of P ha-1 yr-1 with Netherland, 
Estonia and Sweden showing lower than 4 kg of P ha-1 yr-1 and Slovenia, Ireland and Poland more 
than 8 kg of P ha-1 yr-1.  

The annual organic P inputs with manure are estimated to about 1,300,000 tonnes in EU and UK. The 
mean P organic input in EU and UK is about 6.7 kg ha-1 yr-1. Netherlands, Belgium, Denmark and 
Ireland have the highest P inputs (> 10 P Kg ha-1 yr-1 ). The lowest P organic application rates are 
noticed in Baltic States, Scandinavia and Bulgaria (< 2.5 P Kg ha-1 yr-1).   

Summing up the inputs from inorganic fertilizers, the manure input and atmospheric deposition, we 
estimate the annual P input to agricultural soils in EU and UK around 2,720,000 tonnes with an 
uncertainty of ± 9%. This is about a mean input of 15 kg P ha-1 yr-1. In most of the North-western 
European regions, the rates of P removal are higher than 20 kg haī1 yearī1, while rates are lower than 
10 kg haī1 in Mediterranean regions and South-East EU countries (Panagos et al., 2022; Figure .41). 

The main output in the plant uptake with almost 2.4 million P tonnes removal from soils (Panagos et al., 
2022). Also, a small portion of P output are the plant residues which can reach almost 150,000 P tonnes. 
The P lost to river-basins from agricultural lands due to soil erosion is about 60,000 tonnes.  

Therefore, we conclude that the P budget is still a surplus for the whole EU and UK area with about 0.7 
kg ha-1 yr-1. Further analysis is available in Panagos et al. (2022b). 
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Figure 41. Total phosphorus removal per country and region. Green bars aggregate P crop removal per country 
and brown ones are the aggregated P removal with residues 
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4.5.2.2 Phosphorus losses due to soil erosion 

Coupling soil erosion with P stock allows to have the total P displacement due to water erosion in EU 
Agricultural lands (Figure 42). However, just a small part of this displaced phosphorus ends to the river 
basins and furthermore to the sea outlets. The phosphorus which ends to the sea outlets is estimated if 
we use the deposition/displacement WATEM/SeDEM model. The total P losses to river basins and sea 
outlets is about 60,000 tonnes P (without taking into account the P enrichment with sediment process) 
which is about 15-20% of the total P displacement (Figure 43). 

Figure 42. Phosphorus displacement (kg P haī1 yrī1) due to water erosion in agricultural lands of the EU and UK. 
The vertical bars show the annual gross P losses (blue), and P deposited (green) per country (tonnes). 

 

  










































































































































































