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Abstract

Emissions of reactive nitrogen give rise to a wide range of environmental problems. In order to
develop reduction measures it is necessary to quantify sources, sinks and flows of N, and as part of the
Convention on Long-Range Transboundary Air Pollution (CLTRAP) it was agreed in the Gothenburg
Protocol to construct national nitrogen budgets. The “Guidance document on national nitrogen
budgets” of the Economic Commission for Europe forms the starting point for this task. The N, flows

» o« » o«

are determined for the following pools: “Atmosphere”, “Energy and Fuels”, “Material and products in
industry”, “Humans and settlements”, “Agriculture”, “Forest and semi-natural vegetation”, “Waste”,
and “Hydrosphere”, as well as for the “Trans-boundary N-flows” (imports and exports). The N-flows
are taken directly from statistical reports, publications, etc., or are calculated as the product of the
quantity of transported or converted substance and the mean nitrogen contents. Some 150 N-flows are
described, and the uncertainty of the results is graded in four levels from “very low” to “high”. In
Germany, approximately 6275 kt N; is introduced into the nitrogen cycle every year (mean value from
2010 to 2014), of 43 % is by ammonia synthesis. Domestic extraction of nitrogenous fossil fuels
(lignite, coal, crude oil) and imports contribute 2335 kt N a-1. Natural nitrogen fixation converts 308 kt
N a1 into organically bound nitrogen. Conversely, processes involving the combustion of fossil fuels
and regenerative fuels and the refining of crude oil to mineral oil products resultin 2711 kt N a-1 being
transformed to N». In waters, soils, and wastewater treatment plants, denitrification leads to the
release of 1107 kt N a1 as molecular nitrogen. Via the atmosphere and hydrosphere, Germany exports
745 kt N a1 to neighbouring countries and the coastal waters. The changes in N-stock in soils have to
date only been determined for forest soils, where they are 293 kt N a-1. On balance, reactive nitrogen
totalling 1627 kt N is released in Germany every year, with negative impacts on the ecosystems and
their functions. The national nitrogen budget involves considerable uncertainties, and this should be
taken into consideration when interpreting the results.

Kurzbeschreibung

Der Eintrag von Stickstoff in die Umwelt verursacht vielfaltige Probleme. Fiir die Konzeption von
Minderungsmafinahmen ist es eine wesentliche Voraussetzung, die Quellen, Senken und Fliisse
reaktiver Stickstoffverbindungen (N;) zu quantifizieren. Im Rahmen des {iberarbeiteten Goteborg-
Protokolls zur Convention on Long-Range Transboundary Air Pollution (CLTRAP) wurde 2012
vereinbart, die nationalen Stickstoff-Fliisse zu erfassen. Das ,,Guidance document on national nitrogen
budgets“ der Economic Commission for Europe bildet dafiir den Ausgangspunkt (ECE 2013). In einer
nationalen N-Bilanzierung (NNB) werden fiir acht Pools die ein- und ausgehenden N,-Fliisse
berechnet: Atmosphare, Energiewirtschaft und Verkehr, Industrielle Produktion, Erndhrung und
Konsum, Landwirtschaft, Wald und semi-natiirliche Flachen, Abfallwirtschaft und
Abwasserentsorgung, Gewdsser sowie die grenziiberschreitenden N-Fliisse (Importe und Exporte).
Die N-Fliisse werden aus statistischen Berichten, Veroffentlichungen etc. direkt entnommen oder als
Produkt aus der transportierten bzw. umgesetzten Stoffmenge und deren mittlerem N-Gehalt
berechnet. Insgesamt werden fiir Deutschland rund 150 N-Fliisse beschrieben, die Unsicherheit der
Ergebnisse wird in vier Stufen von ,sehr gering” bis ,hoch” eingestuft. In Deutschland werden jahrlich
6275 kt N, a't in Umlauf gebracht (Mittelwert 2010 bis 2014), davon 43 % iiber die Ammoniak-
Synthese. Die inldndische Forderung und der Import von N-haltigen fossilen Energietrdagern
(Braunkohle, Steinkohle, Rohol) tragen 2335 kt N a1 dazu bei. Mit der Stickstoff-Fixierung als einzigem
natiirlichen Prozess werden 308 kt N a1 in organisch gebundenen Stickstoff tiberfiihrt. Als
bedeutendste Senke von N, werden mit der Verbrennung von fossilen und regenerativen
Energietragern sowie mit der Verarbeitung von Rohdél zu Mineral6lprodukten 2711 kt N a1 wieder in
N iiberfiihrt. In Gewissern, Boden und Kliranlagen werden 1107 kt N a-! denitrifiziert. Uber die
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Atmosphdare und den Gewasserabfluss exportiert Deutschland netto 745 kt N a-! in seine
Nachbarldnder und in die Kiistenmeere. Die Anderung des N-Bodenvorrats wurde bislang nur fiir
Waldbo6den ermittelt, fiir die ein Abbau von 293 kt N a1 berechnet wird. Der NNB zufolge werden in
Deutschland jahrlich 1627 kt N, a-1 freigesetzt. Die NNB ist allerdings durch grofiere Unsicherheiten
gekennzeichnet, was bei der Interpretation der Ergebnisse bertiicksichtigt werden muss.
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Summary

Nitrogen is essential for all forms of life, and it forms an integral part of proteins and many other com-
pounds. Over the past century, humans have intervened in the nitrogen cycle more than in any other
geochemical cycle. The excessive release of reactive nitrogen into the environment causes numerous
problems, including the loss of aquatic and terrestrial biodiversity, the formation of greenhouse gases,
air pollution, and increased nitrate levels in groundwater and marine ecosystems. The planetary
boundaries for nitrogen have clearly been crossed, and the reduction of nitrogen emissions must
therefore be a key goal of environmental policies. Nitrogen occurs in a variety of forms (N-species)
such as ammonia/ammonium (NHz/NH4*), nitrogen oxides (NO, NO>), nitrous oxide (N»O), nitrate
(NO3), nitrite (NO2") as well as nitrogen in organic compounds (Norg) in soils, vegetation, animals, food
and feed, manufacturing products, etc. For the development of a reduction strategy it is necessary first
to identify the relevant sources, sinks, and flows of reactive nitrogen (N;).

In the revised Gothenburg Protocol to the Convention on Long-Range Transboundary Air Pollution
(CLTRAP) it was agreed to develop national nitrogen budgets. The “Guidance document on national
nitrogen budgets” (ECE 2013) forms the starting point for our investigation. Reactive nitrogen flows in
Germany are determined for eight pools (economic sectors or environmental media). For each pool
and the relevant sub-pools, the nitrogen inflows and outflows to and from the other pools and sub-
pools are determined, as well as trans-boundary N-flows (imports and exports). In most cases, the
values for the N-flows are either taken directly from statistical reports and other publications, or they
are calculated as the product of the transported or converted quantity of matrix multiplied by the
mean N-contents of the matrix. Transport media are air, water, biomass (e.g. agricultural produce,
foodstuffs) and industrial products (e.g. mineral fertiliser, plastics, or consumer goods). A total of some
150 nitrogen flows are described, and the results are given as the annual mean over the period 2010 to
2014. The uncertainty of the N-flows is rated in four levels from “very low” to “high”.

The “Atmosphere” pool includes the emissions and depositions of NO,, N20, and NH,. Data for NOx and
N20 emissions are taken from the National Inventory Report (UBA 2016a), for NH3; emissions from the
CLRTAP Report (UBA 2017b), and figures for NH, and NOx depositions are based on a national deposi-
tion modeling approach (PINETI-3, Schaap et al. 2018). In total, 1053 kt N a'! were emitted in Germany
and 532 kt N a1 deposited from the atmosphere. Net trans-boundary N-flows of 311 kt N a1 left
federal territories via the atmosphere.

The “Energy and Fuels” pool includes the N-flows arising in the course of energy conversion and the
use of fuels in combustion processes. Data is drawn from the Energy Balance for Germany (AGEB
2017). The inflow of 2662 kt N a1 is almost exclusively contained in the imported and domestically
extracted fossil fuels (lignite, coal, crude oil). We assume that the large amounts of nitrogen in the fuels
are mostly converted to molecular nitrogen during combustion processes or the refining of crude oil,
with the exception of NOy that is formed. However, this assumption could not be tested further, so that
the balance for this pool remains very uncertain.

The “Materials and Products in Industry” pool includes the N-flows associated with the production and
(non-energetic) use of products containing nitrogen. The N-outflow of the sub-pool “Food and Feed
Processing” from the production of food for human consumption and feed for agricultural livestock
and pets totals 2684 kt N a-L. The production quantities are provided in various tables of the Annual
Statistics on Food, Agriculture and Forests (BMEL 2016). The main contributor in the “Nitrogen
Chemistry” sub-pool is the synthesis of 2695 kt N a1 of ammonia by means of the Haber-Bosch pro-
cess. This is the starting quantity of N, from which all further compounds containing nitrogen in the
chemical and consumer goods industry are produced. Nearly half of this (1274 kt N a'1) is used for the
production of mineral fertiliser. The main source of statistics on production in the manufacturing
sector in Germany is the Production Survey (DESTATIS 2017a). However, this is not very well suited to
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our purposes. One problem is that the Production Survey does not clearly distinguish between
precursor products and end products, which leads to double counting. In addition, many details are
not disclosed for reasons of data protection. This results in a considerable discrepancy in the balance.
The N-flow with chemicals and (intermediate) products from the sub-pool “Nitrogen Chemistry” into
the third sub-pool “Other Producing Industry” is 1356 kt N a1, whereas the N-flow with the resultant
consumer goods for sale to consumers according to the Production Survey is only 166 kt N a-..

The “Humans and Settlements” pool contains N-flows totalling 985 kt N a-! that are associated with
nutrition, housing, households, and domestic consumption. Imports and exports of food, feed and
consumer goods are already included in the pool “Material and Products in Industry”, and there are no
further trans-boundary N-flows into or out of the private sector. The N-outflows from this pool are
mainly contained in sewage and waste from the households.

The “Agriculture” pool is a central element of the nitrogen budget, accounting for the largest quantities
of reactive nitrogen released into the environment. The figures for N-flows in this case are mostly
taken from the National Nitrogen Budget of BMEL. The outflows from the “Agriculture” pool are set
equal to the inflows of 3320 kt N a1, with the N-outflows into the “Hydrosphere” pool taken to be the
difference between the total inflows and the other calculated outflows. Including the N-flows between
the sub-pools “Animal Husbandry”, “Soil Management”, and “Biogas Production”, the nitrogen turnover
within agriculture is ~6500 kt N a-1. As a preliminary estimate, the depletion of N-stocks in the agricul-
turally used mineral soils and organic soils could be in the order of 500 kt N a-.. However, in view of
the considerable uncertainty, this value is not considered for inclusion in the N-budget.

The “Forest and semi-natural vegetation” pool comprises the N-flows in natural and near-natural eco-
systems apart from agriculture. The N-flows associated with wood removals and wood use are based
on the report of the Thiinen Institute (2016a). The N-inflow of 310 kt N a1 is small in comparison with
the other pools. The depletion of the N-stock of 293 kt N a'! in the forest soils is not taken into
consideration.

The “Waste” pool includes the N-flows occurring with the collection, treatment, and disposal of solid
waste and wastewater. However, it is not possible to draw reliable conclusions from the statistics
regarding the material flows from the primary waste materials through the various stages of sorting
and treatment, the recycling of materials, until final disposal (waste depots, incineration). Further-
more, only rough estimates could be made of the nitrogen contents of the various types of waste. The
figures of 345 kt N a't as input and 732 kt N a1 as solid waste output are therefore only approximate
estimates. In the “Wastewater” sub-pool there is a turnover of ~500 kt N a1, although the N-inflow
with sewage can only be estimated.

The “Hydrosphere” pool includes the N inputs and transported N quantities in groundwater (including
the unsaturated zone), surface waters, and coastal seas. Key N-flows in the “Hydrosphere” are deter-
mined on the basis of the river basin management system MoRE (Modelling of Regionalized Emissions;
Fuchs et al. 2017a). Of the total N inputs into the “Hydrosphere” of 1167 kt N a-1, nitrate leaching
accounts for 857 kt N a1, with nearly 90 % of this is attributable to agriculture. The “Hydrosphere”
budget is based on the premise that the amount of NO3- in the groundwater in Germany is constant
over time, i.e. that inflow, denitrification, and outflow of nitrate are in dynamic equilibrium and there
is thus no change in the NO3- stock in the aquifer. On this basis, denitrification totalling 648 kt N a! was
calculated in the unsaturated zone (below the root zone), in groundwater and in surface waters. With
the N-contents in surface waters, 500 kt N a-1 leaves German territories and flows into the North Sea or
Baltic Sea or to downstream neighbours.

Finally, “Trans-boundary N-flows" are the N; imports and N, exports for all pools, i.e. N-flows which
originate or end outside Germany. The imports and exports are almost balanced (not including the N-
flow with fuels). With the atmospheric transport of gaseous N and the N-outflow in its waters,
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Germany “exports” 744 kt N a1 of reactive nitrogen (NO3-, NH3, NOy) to neighbouring countries or into
the sea. (As a simplification, the N-discharges into coastal waters are also classed as exports, in con-
trast to the nitrogen flow scheme). Against this export of N flows in the biosphere, there is an net
import of 745 kt N a-! with products from food and feed processing and the chemical industry (exclu-
ding fuels). Agriculture imports in feed account for 405 kt N a-1, corresponding to some 20 % of the
nitrogen (crude protein) in the total amount of animal feed. At the same time, Germany is also an
exporter of unprocessed and processed agricultural produce (cereals, meat, dairy products), so that
food and feed only accounts for a relatively small trade deficit of 269 kt N a-L.

An aim of the national balance of N-flows is to determine what amounts of reactive nitrogen are newly
created every year or are brought into circulation, and how much of this N; is reduced or oxidised to
molecular nitrogen (Nz). Of the annual total of 6275 kt “fresh” N, some 43 % is the result of ammonia
synthesis (Haber-Bosch process). Domestic extraction of fossil fuels or net import of fuels containing
nitrogen (lignite, coal, crude oil) make a similar contribution. The combustion of this fuel results in the
formation of ~192 kt N a'! of thermal NO. Nitrogen fixation in soils totalling 308 kt N a-1, accounts for
only about 5 % of the total N, increase. The most important reductions in reactive nitrogen are made
in the energy sector, where molecular nitrogen is released by flue gas denoxing plants after the con-
version of 1893 kt N, a'! from the combustion of fuels and a further 818 kt N, a'! from the refining of
crude oil. Denitrification in waters, soils, and wastewater treatment plants totalling 1107 kt N a1
accounts as a natural process for some 24 % of the conversion of N, into molecular N2. With chemical
products and food and feed, 744 kt N a1 (net) are imported, while 745 kt N a1 (net) are exported to
neighbouring states or coastal seas via hydrosphere and atmosphere, so that the import-export budget
in total is balanced.

Between the production (including extraction and net imports) of 6275 kt N a1 of reactive nitrogen
annually and the reduction of 4648 kt N a'!, there is a difference of 1627 kt N a-1. This difference of
26 % (related to the N; production) can be interpreted in two ways:

(i) The difference corresponds to the surplus in Germany’s National N budget, i.e. the amount of reac-
tive N in the environment is increased annually by this amount (“accelerating the N-cascade”).

(ii) The difference can be attributed to the uncertainties in determining N-flows as the result of inad-
equate statistics about goods flows and the N-contents of commodities, and the lack of knowledge
about factors influencing the biochemical processes with which nitrogen is bound and denitrified.

When interpreting the results, these uncertainties should be taken into consideration. In order to
obtain more reliable and updated values in future, the statistical data for N-flows must be improved,
which will require the support of specialists from the relevant institutions.

However, despite these limitations, it can be concluded that the annual net release of reactive nitrogen
in Germany is currently in the order of 1600 kt N a-1. There is a consensus that effective measures
should be adopted as a matter of urgency in order to significantly reduce the amounts of reactive
nitrogen emitted into the environment.
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1 Introduction

The development of the Haber-Bosch process for industrial ammonia synthesis more than a century
ago led to massive changes in the natural nitrogen cycle. As a result of growing agricultural produc-
tion, the generation of energy from combustion processes, and transport, twice or three-times as much
reactive nitrogen (N;) is now emitted into the environment as by natural processes, according to the
estimates Galloway et al. (2008). Humans have had more impact on the nitrogen cycle than on any
other geochemical cycle. The planetary boundaries for reactive nitrogen have clearly been exceeded
(Steffen et al. 2015).

The inputs of reactive nitrogen into the environment lead to numerous problems which call for urgent
solutions. These include the loss of aquatic and terrestrial biodiversity, harm to human health as a
result of air pollution, the increased release of greenhouse gases with the known consequences for
global climate warming, the loss of biodiversity due to increased N-depositions from the atmosphere,
and also the pollution of groundwater and coastal ecosystems with nitrate. In Germany, there have
been few or no signs of positive developments with regard to most of these environmental problems
(UBA 2017a).

Nitrogen therefore represents a central issue for environmental policies, alongside climate change.
Reviews of the situation and descriptions of the problems were provided by the background paper of
the German Environment Agency on a multimedia nitrogen emissions reduction strategy (UBA
2009Db), the European Nitrogen Assessment (Sutton et al. 2011), the special report of the German
Advisory Council on the Environment on “Nitrogen: Strategies for resolving an urgent environmental
problem” (SRU, 2015), the strategy paper “Reactive nitrogen in Germany” (UBA 2015), and the first
nitrogen report of the German Federal Government (BMUB 2017). Salomon et al. (2016) also empha-
sise the need for an integrated nitrogen strategy for Germany.

A key precondition for such a strategy is knowledge of the relevant sources, sinks and flows of reactive
nitrogen for the period under consideration. This is the remit of the investigation presented here,
which aims to register the flows of the various N,-species (NHs/NHa4*, NO3-, N20, NO, NOz, Norg) that are
emitted annually in Germany by the production and use of goods and by natural processes. Inflows
and outflows of reactive nitrogen are determined for eight pools.

The calculation of nitrogen budgets was agreed internationally under the Gothenburg Protocol to the
Convention on Long-Range Transboundary Air Pollution (CLTRAP). With the “Guidance document on
national nitrogen budgets” (ECE 2013) the Expert Panel on Nitrogen Budgets (EPNB) of the Task Force
on Reactive Nitrogen presented guidelines on formulating National Nitrogen Budgets (NNBs). First
approaches for Germany were presented by UBA (2009a, 2009b, 2015).

A national budget for N-flows describes the eco-systemic nitrogen cascade (cf. Galloway et al. 2003;
Leip et al. 2011) not only for agriculture, but also for the other sectors of the economy. Determining
the N-flows between the sectors and the exchanges with the atmosphere and hydrosphere serves to
address various questions, such as:

How much reactive nitrogen is newly emitted every year?

What quantities of emissions of the various N; species are to be expected every year?

What are the sources of this N, and how is it generated?

vV v. vy

What happens to the N,? How much is converted back to molecular nitrogen (Nz) by combu-
stion processes or denitrification, how much is stored in sinks as organically bound nitrogen
(e.g. in soils, waste landfill, or standing wood), and how much N, remains in circulation in the
biosphere, hydrosphere, and atmosphere where it can (potentially) cause environmental
pollution?
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» How reliable are the data used for estimating the quantities and flows? Are the N; flows for
Germany more or less in balance, or are there gaps in the data concerning the origins and/or
fate of N, either overall or for individual N-species?
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2 Flows of reactive nitrogen in Germany — An overview

2.1 Nitrogen pools, sub-pools and nitrogen flows

The approach used to determine nitrogen-flows for Germany are based on the “Guidance document on
national nitrogen budgets” (ECE 2013). The following terms are adopted:

» Reactive nitrogen (Ny) is nitrogen in any form that is relatively easily available for organisms,
e.g. ammonia/ammonium (NH3z/NH4*), nitrogen oxides (NO, NO, referred to jointly as NOy),
nitrous oxide (N20), nitrate (NO3), and organically bound nitrogen (Norg) in soil, plants, and
animals, as well as in food, animal feed, industrial products, etc.

» Pools are elements in the nitrogen budget which serve to store relevant quantities of reactive
nitrogen and exchange this via nitrogen flows with other pools. Pools can be environmental
media (atmosphere, hydrosphere), economic sectors (industry, agriculture) or forms of land
use (forests and areas of semi-natural vegetation).

» Sub-pools Pools can be sub-divided if sufficient data are available, so that internal N-flows
between sub-units of the pool can be quantified. Sub-pools are the smallest units for which
incoming and outgoing N-flows can be registered (as well as any changes in stocks).

» N-flows describe the transport over time of the reactive N-species between the pools or sub-
pools (in our case for the territories of the Federal Republic of Germany including coastal
waters), as well as trans-boundary imports and exports, as well as the sources, sinks, and
changes in stocks of N.. The transformation of molecular nitrogen (N:) to reactive nitrogen (by
ammonia synthesis, biological N-fixing, or by combustion processes) and the reverse process
(denitrification) are also included as nitrogen flows.

The pools and sub-pools are oriented mainly on the structure of the sectors used by I[PCC and UNFCCC
for the national greenhouse gas emissions inventory (IPCC 2006; EEA 2013). Pools are given a two-
letter Pool-ID, with a further two-letter ID for the sub-pools (Tab. 2-1). The NNB for Germany uses the
IDs of the NNB Annex 0 (ECE 2013). Sub-sub-pools, as proposed in ECE (2013), are not used here for
reasons of clarity.

The N-flows between pools or sub-pools are coded in the form: AB.CD-EF.GH-matrix, with

AB.CD Pool.Sub-pool is the source of the N-flow (Pool(ex))
EF.GH Pool.Sub-pool to which the N-flow goes (Pool(in))
matrix Transport matrix, medium, flow of goods.

The ending “-matrix” is explained in Tab. 2-2.
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Table 2-1: Pools and sub-pools of the National Nitrogen Balance for Germany (after ECE 2013, with
adaptations).
Pool / Term in the NNB Annexes (ECE 2013) Chapter
Sub-pool ID
AT Atmosphere
EF Energy and Fuels ® 4
EF.EC Energy and Fuels - Energy Conversion 41
EF.IC Energy and Fuels - Manufacturing Industries and Construction 4.2
EF.TR Energy and Fuels - Transport 4.3
EF.OE Energy and Fuels - Other Energy and fuels 4.4
MpP Materials and Products in Industry 5
MP.FP Materials and Products in Industry — Food and feed Processing 5.1
MP.NC? Materials and Products in Industry - Nitrogen Chemistry ° 5.2
MP.OP Materials and Products in Industry - Other Producing industry 5.3
HS Humans and Settlements 6
HS.HBP Humans and Settlements — Human Body ¢ 6.1
HS.MW Humans and Settlements — Material World 6.2
AG Agriculture 7
AG.AH Agriculture — Animal Husbandry ¢ 7.1
AG.SM Agriculture — Soil Management 7.2
AG.BGP Agriculture — Biogas Production 7.3
(no equivalent sub-pool is defined in NNB Annex 6)

FS Forest and Semi-natural vegetation 8
FS.FO Forest and Semi-natural vegetation - Forest 8.1
FS.OL Forest and Semi-natural vegetation — Other land 8.2
FS.WL Forest and Semi-natural vegetation — Wetland 8.3
WS Waste 9
WS.SW Waste — Solid Waste 9.1
WS.WW Waste — Wastewater 9.2
HY Hydrosphere 10
HY.GW Hydrosphere - Groundwater 10.1
HY.SW Hydrosphere — Surface Water 10.2
HY.CW Hydrosphere — Coastal Water 10.3
RW Rest of the World ¢, trans-boundary nitrogen flows 11

@ At the time of writing, the final versions of the NNB annexes for “Energy and Fuels” (Annex 1) and “Waste” (Annex 5)
were not yet available.

b ECE (2013) Annex 2 uses MP.Cl as “Materials and Products - Chemical Industry”.
¢ Also includes “Organic world” and “Non-agricultural animals (pets)” of ECE (2013).

4 Also includes “Manure management and storage” of ECE (2013).

¢ “Trans-boundary nitrogen flows” are not a pool in their own right in ECE (2013).
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In Chapters 3 to 11, the results are presented for the eight pools and the trans-boundary nitrogen

flows.
Table 2-2: Flow code suffixes for matrices or transport processes.
Flow code  Matrix Description
-abstr Water Groundwater abstraction for drinking water supply
-animProd | Animal products | Products from holding agricultural livestock (milk, meat, eggs, wool,
leather)
-atmDep Air Atmospheric N-deposition (NOy, NH,)
-compost Compost Compost (from settlement waste)
-cosub Biomass Co-substrate of non-agricultural origins for biogas plants
-crop Vegetable Harvested agricultural crops
biomass
-digest Digestate Digestate from anaerobic digesters
-discharge |Water Water flows into surface waters and groundwater; discharges of (treated)
wastewater from treatment plants
-feed Feed Feed for agricultural livestock and pets
-fish Fish Fish products (from fishing and aquaculture)
-food Food Food for human consumption
-fuel Crude oil; fuel Crude oil, coal, lignite, and other fuel
-gaskm Air Emissions of gaseous N-compounds (NHs, NOy, N2O) into the atmosphere
-gasN Air Gaseous Ni-compounds in the atmosphere (NH3, NOy, N2O)
-irrig Water Irrigation (groundwater and surface water)
-leach Water Nitrate leachate
-manure Manure Manure from animal husbandry (including slurry, liqguid manure and dry
faeces)
-minFert Mineral fertiliser | Nitrogenous mineral fertiliser
-N2 Air Denitrification and release of N,
-Nfix Biomass Symbiotic nitrogen fixing in soils
-orgFert Organic Nitrogenous organic fertiliser
fertiliser
-prod Industrial and Industrial products containing nitrogen (interim products) and consumer
consumer goods | goods (non-food)
-runoff Water Lateral water run-off, including soil erosion and outflow from drainage
systems
-seed Plants Seed and planting material in agriculture
-sewage Wastewater Wastewater (sewage and stormwater) from households and industry
-sludge Sludge Sludge from wastewater treatment
-waste Waste Industrial and settlement waste
-wood Wood Removals (from forests) and use of wood
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Each chapter begins with an overview of the N-flows for the pool. In these tables (Tab. 3-1, 4-1, etc.) all
nitrogen inflows are given for the pool or sub-pool, followed by the nitrogen outflows, in each case in
the order in Tab. 2-1. Column 5 of the table gives the N, species that is transported with the matrix in
question. Column 6 shows the chapter or section in which the calculation of the N-flow is discussed.

2.2 Determining nitrogen flows

The N-flows are either taken from published statistics or are calculated as follows:

N-flow (kt N a1) =
Transported/converted matrix (t al) x mean N-content (kg N t1) x 10-6.

Transport media (matrices) are air, water, biomass (e.g. vegetable or animal farm produce) and indu-
strial products (e.g. mineral fertiliser, plastics, or consumer goods). The reference period is usually the
calendar years from 2010 to 2014, for which the N-flows are determined. The chapter or section in
which the data sources or the calculations are discussed is given in Column 6 of the introductory table
for each pool.

As far as possible, the nitrogen flows or the amounts of materials that are transported/transformed
together with their nitrogen contents are taken from official statistics and reports. This applies in
particular for documents which use established and well-documented calculation methodologies or
models, and where the results provide reference values in the environmental policy debate at the
national or international level. Relevant sources cover:

» Emissions of climate-relevant N-compounds and air pollutants: German reports on
atmospheric emissions (UBA 2016a, 2017b)

» Gaseous emissions from agriculture: Thiinen Report 46 (R6semann et al. 2017)

» Atmospheric depositions (NHy, NOy): Model LOTOS-EUROS (UBA-Project PINETI-3; Schaap et
al. 2018)

» Nitrogen budget for agriculture in Germany (BMEL 2018)

» N discharges into surface waters and groundwater: MoRE model (Fuchs et al. 2017a).

The nitrogen flows considered, and the allocation of statistical data is oriented as a rule on the struc-
ture and the contents of the statistics in question. For each pool, an overview table at the end of the
chapter lists all the N-flows that have been taken into account. The threshold for inclusion is as a rule a
N-flow of 1 kt N per year (although for reasons of completeness, smaller N-flows are occasionally
included).

Ideally the nitrogen budget for each pool and for the national budget as a whole should be balanced:
2 N(Inflows) - X N(Outflows) + AStock = 0.
However, this is not always the case. There can be various reasons for this:

» Gaps, errors, or inconsistencies in the statistical data on N-flows (natural quantities of the
matrix), or on changes in stocks

» N-flows that have not been included

» Uncertainties in the data or natural fluctuations in the (mean) N-contents in the transported
matrix

» Gaps in our knowledge about specific N-transformation processes.

Larger discrepancies for a pool are an indication that the results should be interpreted with caution,
and that there is a need to improve the basis on which the calculations were made.
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2.3 Range of uncertainty

When interpreting and evaluating the results for N-flows, then in addition to the absolute values it is
also important to consider the quality or the uncertainty of the data used in the calculations. Figures
for material flows (quantity structure) are based as a rule on statistical sources and the methodologies
that have been used will introduce inaccuracies into the calculations, and differences regarding the
allocations to the various material flows (matrices) auf. For the N-contents in the matrices, values
frequently differ from source to source. For some N-flows, no reliable data is available, and in such
cases values had to be estimated.

In the NNB Annex 0, Table 5 (ECE 2013), four levels of uncertainty are proposed (Tab. 2-3). Each level
is also given a quantitative uncertainty factor. However it is not clear how this is to be interpreted, i.e.
whether it is a minimum-maximum range, a confidence interval, a relative standard error, or some
other measure of error for the (unknown) true value of the relevant N-flow.

Table 2-3: Uncertainty ranges of N-flows (adapted from NNB Annex 0, Table 5).
Level Uncertainty Level Description; sources
range ? ca.
1 09..1.1 Very low Current official statistics; measurements; details in the literature

(referenced); values only differ slightly between sources

2 0.67..1.5 Low Non-official statistics; Industry reports; Expert estimates; values
show more differences between sources

3 05..2.0 Medium Internet (online) values; non-referenced data in the literature,
values differ considerably between sources

4 <05..>2 High Based on assumptions, rough estimates; values in some cases
are placeholders

@ Semi-quantitative estimate of the range in which the actual value probably lies (not a statistical confidence interval).

The uncertainty levels for N-flows are rated as shown in Tab. 2-3. In most cases these are our sub-
jective assessments, and only a few assessments of uncertainty could be taken from the literature.

Note that for uniformity of presentation, the values for the N-flows are expressed to one decimal place,
irrespective of the order of magnitude of the flow and the level of uncertainty involved. However,
results with “medium” or “high” levels of uncertainty will at best be accurate to two significant digits.
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3 Atmosphere (AT)

The “Atmosphere” pool (Pool 7 in ECE 2016) includes the exchanges (emissions and depositions) of
nitrogen compounds in gaseous form between the atmosphere and the other pools (see Tab. 3-1). The

atmosphere serves primarily as transport medium and is not divided into sub-pools. Nitrogen is

present in the atmosphere to a very large extent in its inert molecular form (Nz), but only the flows of
reactive N-forms are quantified. Conversions between the various forms of nitrogen are not conside-
red, with the exceptions of the biological fixation of molecular nitrogen to form organic N-compounds
in soils, and the formation of NOx by lightning, for which the “Atmosphere” pool represents the source.
Conversely, there are nitrogen inflows into the atmosphere with denitrification in soils and waters to

release Na.

Table 3-1:

Inflows (Pool(in)) and outflows (Pool(ex)) of N;in the “Atmosphere” pool.

Pool(ex) Pool(in) Flow code

Emissions in the atmosphere

Description

N-species Chapter

EF.EC AT EF.EC-AT-gasEm NOy, N2O emissions from Energy Conversion  [NOx, N20 | 3.2.1

EF.EC AT EF.EC-AT-gasEm NH3 emissions from Energy Conversion NH3 3.3

EF.IC AT EF.IC-AT-gasEm NO;, N2O emissions from Manufacturingand |NOx, N20 | 3.2.1
Construction

EF.IC AT EF.IC-AT-gasEm NH3; emission from Manufacturing and NH3 33
Construction

EF.TR AT EF.TR-AT-gasEm NOj, N2O emissions from Transport NOx, N20 | 3.2.1

EF.TR AT EF.TR-AT-gasEm NH3 emissions from Transport NH3 3.3

EF.OE |AT EF.OE-AT-gasEm NOyx and N0 emissions from Other Energy and [NOx, N20 | 3.2.1
Fuels

EF.OE AT EF.OE-AT-gaskEm NH3 emissions from Other Energy and Fuels NH3 33

MP.NC |AT MP.NC-AT-gasEm  |NO,, N,O emissions from Nitrogen Chemistry |NOx, N20 | 3.2.1

MP.OP |AT MP.OP-AT-gasEm |[NOy, N;O emissions from Other producing NOx, N20 | 3.2.1
industry

HS.MW |AT HS.MW-AT-gasEm |NO,, N,O emissions from urban areas (LULCC)® [NOx, N20 | 3.2.1

HS.HB |AT HS.HB-AT-gasEm  |NHs emitted by humans NH3 6.1

AG.AH AT AG.AH-AT-gasEm  |NOy, N,O emissions from Animal husbandry NOx, N20 | 3.2.1
(including manure management)

AG.AH |AT AG.AH-AT-gasEm  |NH3 emission from housing and storage of NH3 3.3
manure

AG.SM (AT AG.SM-AT-gasEm  |NOy, N,O emissions from Soil Management NOx, N20 | 3.2.1

AG.SM |AT AG.SM-AT-gasEm |NH3 emissions from the application of mineral |NH3 33
and organic fertiliser

AG.SM |AT AG.SM-AT-N2 Denitrification of utilised agricultural mineral |N2 7.2.3
soils and organic soils

AG.BG |AT AG.BG-AT-gasEm  |NOy, N,O emissions from biogas production NOx, N20 | 3.2.1

AG.BG AT AG.BG-AT-gasEm  |NH3 emissions from biogas production NH3 33

FS.FO AT FS.FO-AT-gasEm NOy, N2O emissions from forest areas (LULCC) [NOx, N20 | 3.2.1

FS.FO AT FS.FO-AT-N2 Denitrification in forest soils N2 8.1.3

FS.OL AT FS.OL-AT-N2 Denitrification in semi-natural areas N2 8.2.2

FS.WL |AT FS.WL-AT-gasEm NOy, N2O emissions from wetlands (LULCC) NOx, N20 | 3.2.1
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Pool(ex) Pool(in) Flow code Description N-species Chapter

FS.WL |AT FS.WL-AT-N2 Denitrification in wetlands N2 8.3.3

WS.SW (AT WS.SW-AT-gasEM |NOj, N2O emissions from waste incineration NOx, N20 | 3.2.1
plants and waste disposal sites

WS.WW |AT WS.WW-AT-gasEM |NOy and N,O emissions from wastewater NOx, N20 | 3.2.1
treatment plants

WS.WW |AT WS.WW-AT-N2 Denitrification in Wastewater treatment plants|N2 9.2.4

HY.GW |AT HY.GW-AT-N2 Denitrification in the unsaturated zone and in  [N2 10.1.2
groundwater

HY.SW |AT HY.SW-AT-N2 Denitrification in surface waters N2 10.2.2

RW AT RW-AT-gasN Transboundary imports of gaseous N- NHy, NOx,| 3.5
compounds N20

N-depositions from the atmosphere and N-fixing

AT HS.MW |AT-HS.MW-atmDep |Atmospheric N-deposition on settlement areas |[NHy, NOx 3.4

AT AG.SM |AT-AG.SM-atmDep |Atmospheric N-deposition on agricultural NHy, NOx 3.4
areas

AT AG.SM |AT-AG.SM-Nfix Biological nitrogen fixing in utilised agricultural |N(org) 7.2.1
areas

AT FS.FO |AT-FS.FO-atmDep |Atmospheric N-deposition on forest areas NHy, NOx 3.4

AT FS.FO  |AT-FS.FO-Nfix Biological nitrogen fixing in forest soils N(org) 8.1.2

AT FS.OL |AT-FS.OL-atmDep |Atmospheric N-deposition on semi-natural NHy, NOx 3.4
areas

AT FS.OL  |AT-FS.OL-Nfix Biological nitrogen fixing in semi-natural areas |N(org) 8.2.1

AT FS.WL |AT-FS.WL-atmDep |Atmospheric N-deposition on Wetland NHy, NOx 3.4

AT FS.WL |AT-FS.WL-Nfix Biological nitrogen fixing in Wetland N(org) 8.3.1

AT HY.SW |AT-HY.SW-atmDep |Atmospheric N-deposition on surface waters |NHy, NOx 3.4

AT HY.CW |AT-HY.CW-atmDep |Atmospheric N-deposition on coastal waters |[NHy, NOx 3.4

AT RW AT-RW-gasN Transboundary exports of gaseous N- NHy, NOx,| 3.5
compounds N20

LULCC: Land Use and Land Cover Change; N20 emissions as a result of land cover changes and humus depletion

Note: In contrast to biological nitrogen fixing, the transformation of N; to reactive nitrogen compounds
in the form of mineral nitrogen fertiliser and other nitrogenous chemical products by means of
ammonia synthesis (Haber-Bosch process) is not treated as a N-flow from the atmosphere, but as N,
input from sub-pool “Nitrogen Chemistry” (MP.NC).

3.1 Land use in Germany

Atmospheric N emissions and ambient pollution levels depends among other things on the land use or
the land cover (vegetation types, constructions, etc.). For Germany, various data sources are available
on land use, but these differ in terms of the land use definitions and land cover categories they use, the
way in which they collect data, the reference periods, and the scale and the spatial resolution (cf.
Arnold 2015). Relevant sources here are the Basis DLM, the LBM-DE2012, the CLC2012 map (for
details, cf. NIR, UBA 2016a) and the area statistics (DESTATIS, various years).

The Basis Digital Landscape Model (Basis-DLM) forms the basis for Germany’s Topographic-Carto-
graphic Information System (ATKIS®) of the Working Committee of the Surveying Authorities of the
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Laender of the Federal Republic of Germany (AdV). ATKIS® describes the surface of Germany by
means of digital landscape and topographic models.

In the Digital Land Cover Model for Germany (LBM-DE2012), the land cover and land use information
on the Basis DLM is converted into a classification system which makes it possible to directly derive
the land cover and land use classes in accordance with the nomenclature of the pan-European CORINE
Land Cover (CLC) data-set. The land cover is updated on the basis of satellite data; the CLC-class is
then determined from the combination of land cover/land use information. The minimum carto-
graphic unit is 1 ha and the minimum mapping width of the LBM-DE objects is 15 m (cf.
www.bkg.bund.de/ SharedDocs/Downloads/BKG/EN/Downloads-EN-Flyer/BKG-Remote-Sensing-
EN.pdf?__blob= publicationFile&v=2).

In CLC2012 (10 ha), objects of LBM-DE2012 are aggregated to sizes greater than 10 ha (with a
minimum mapping width for an object of 15 m).

The Land Survey of types of land use of the Federal Statistical Agency evaluates the information for
each calendar year from the Official Cadastral Information System (ALKIS®) and until 2015 from the
Automated Land Register (ALK).

Surveys are also carried out for specific land uses. The Federal and Laender Statistical Agencies
regularly conduct a questionnaire-based census of the utilised agricultural areas of all registered
agricultural businesses (above a minimum size). Forest areas are evaluated on the basis of remote
sensing data as part of the GSE Forest Monitoring project (Oehmichen et al. 2011).

Land use and land cover information from the various sources is based on different data and classi-
fication systems. For the evaluation of reports for the greenhouse gas emissions inventory (NIR; UBA
2016a; corresponding to the IPCC categories in Tab. 3-2) or for the calculation of atmospheric depo-
sition in Germany (PINETI-3, Schaap et al. 2018) it is also necessary to merge land use or land cover
classes, leading to further differences between the areas reported.

For the calculation of the area-related N-flows in Germany, use is made of the land use classes and
areas according to CLC2012 (10 ha) (see Tab. 3-2). The CLC land cover classifications are preferred
because: (i) These areas are also used for the greenhouse gas emissions inventory; (ii) The classifi-
cation is based on satellite images, i.e. on the actual cover/use; (iii) The receptor types of the N-depo-
sition modelling (PINETI-3, Schaap et al. 2018) refer to these use classes; and (iv) The land cover
classification is more differentiated than in the ATKIS system or the land use statistics of the Federal
Statistical Agency (e.g. with a distinction between deciduous, pine and mixed forests; arable land and
grassland).

Tables 3-2 and 3-3 show that the classes and categories of the various classification systems are only
comparable to a limited extent, and that even where there is broad consensus about the definitions of
types of use (e.g. for “forest” or “agricultural area”) there can still be appreciable differences in the
data on areas.
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Table 3-2:

CORINE Land Cover classes, grouped under IPCC-Land use categories (NIR, UBA 20163;

Tab. 321) with corresponding receptor types of deposition modeling project PINETI-3

(Schaap et al. 2018).

IPCC-Categories Area® Receptor
CORINE Land Cover classes % type®
Settlements 3,376,347 9.32%
Urban fabric 111,112 2,485,819 6.86 % urb
Industry, commerce, infrastructure 121-124 565,287 1.56 % urb
Mines, dumps, spoil heaps 131-133 90312 0.25% urb
Green urban areas, Sport and leisure facilities 141, 142 234,929 0.65 % grs
Arable land 13,926,559 38.43 %
Non-irrigated arable land 211 13,586,776 37.49% ara
Vineyards 221 123,680 0.34% crp
Orchards and berry plantations 222 151,420 0.42% crp
Complex cultivation patterns 242 64,683 0.18% ara
Grassland 6,855,430 18.92 %
Pastures 231 6,453,952 17.81 % grs
Land used mainly for agriculture with significant 243 88,638 0.24% ara/crp¢
areas of natural vegetation
Natural grasslands 321 152,012 0.42% grs
Moors and heathland 322 97,070 0.27 % sem
Inland marshes 411 37,877 0.10% dec/wat?
Salt marches 421 25,881 0.07 % wat/oth?
Forests 11,077,730 30.57 %
Broad-leaved forests 311 3,476,917 9.59 % dec
Coniferous forests 312 5,922,839 16.34 % cnf
Mixed forests 313 1,453,477 4.01% mix
Transitional woodland/scrub 324 224,497 0.62 % sem
Other land 110,765 0.31%
Beaches, dunes, sands 331 16,231 0.04 % oth
Rocky areas without vegetation 332 11,059 0.03% oth
Areas with sparse vegetation 333 8,680 0.02% oth
Glaciers/perpetual snow 335 34 0.00 % wat
Peat bogs 412 74,761 0.21% grs/wat®
Wetlands 584,438 246 %
Intertidal flats © 423 (307,628) 0.85% Wat
Water courses 511 75,518 0.21% wat
Water bodies 512 346,459 0.96 % wat
Lagoons 521 116,658 0.32% wat
Estuaries 522 45,803 0.13% wat
Sea and ocean © 523 (2,007,973) --
Total 36,238,897¢ 100 %

@ Vegetation classes (Receptor type) of the LOTOS-EUROS-Modelling of atmospheric N-depositions (Schaap et

al. 2018), cf. Tab. 3-6.
b Areas according to CLC 2012 (10 ha MCU).

¢ Area not taken into consideration when determining N-flows.

4 Mean deposition for both receptor types.
€ Total including CLC-Class 423, without Class 523.
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Table 3-3: A comparison of area data and types of use
CORINE Land Cover (10 ha) DESTATIS Land Survey Agricultural  National
(2012) (31.12.2012) Census Forest
(2010) Inventory
(2012)
Land cover class ® Type of use Area Area Area
(km?) (km?) (km?)
Urban fabric, transport, 33,763 |Buildings and open 50,479
dump sites spaces, industrial or

transport units, other
uses (without wasteland)

Agricultural areas 203,805 |Agricultural area 183,532 167,040°
(excluding moor, heath)
Peat bogs 748 |Moor 844
Moors and heathland 971 |Heath 607
Forest 110,777 |Forest areas 108,909 114,190°¢
Water bodies (without 5,844 |Surface waters 8,420

peat bogs) ¢

Natural grassland, salt 3,404 |Infertile land 4,379
marshes, wetlands,

woodland, other land
Totals 359,312 357,169

@ Vegetation classes (Receptor type) of the LOTOS-EUROS-Modelling of atmospheric N-deposition (Schaap et al. 2018).
b Utilised agricultural area (UAA) according to Agricultural Census, 2010.

¢ According to the 3rd National Forest Inventory (Thiinen Institute, 2016c); cf. Section 8.1.1.

4 Not including areas in the intertidal flats, for better comparability with the Destatis figures.
3.2 N0 and NOx emissions into the atmosphere

3.2.1 N,O and NOyx emissions

Data for N>O and NOy emissions are provided in the tables of the German National Inventory Report
(NIR; UBA 2016a) in the Common Reporting Format (CRF; download: unfccc.int/national_reports/
annex_i_ghg_inventories/national_inventories_submissions/ items/9492.php; Status 14. Oct. 2016).
The methodology and the data sources are outlined in the NIR report (UBA 2016a). For the presen-
tation of the N-flows (Tab. 3-4), the CRF Tables 1 to 5 were evaluated; the CRF categories are mostly
adopted for the N-flows. For better comparison, all the emissions in the CRF Tables 1 to 5 are included,
even if they are below our threshold of 1 kt N a-L. For reasons of clarity, the N,O and NOx emissions
from “Product Use” are allocated to “Materials and Products in Industry” pool rather than “Humans
and Settlements” pool. No emissions are included in the CRF-Tables for the sub-pools “Food and Feed
Processing” and “Other Land” or for the “Hydrosphere” pool.
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Table 3-4: N,0 and NOx emissions in Germany according to sectors, annual mean for 2010 - 2014
(Source: NIR, UBA 2016a, CRF-Tables 1 to 5; UNFCCC 2016).
Flow code Sector of N,O and NO, emissions CRF category N.O NOy
ktNa* ktN a*
EF.EC-AT-gasEm Energy Conversion 1.A.1 5.9 94.3
EF.IC-AT-gasEm Manufacturing Industries and Construction |[1.A.2 1.7 29.4
EF.TR-AT-gasEm Transport 1.A3 3.0 159.6
EF.OE-AT-gasEm | Other energy and fuels 1.A4,1A5, 1.1 44.0
1B
MP.NC-AT-gasEm | Nitrogen chemistry 2.B 2.0 8.7
MP.OP-AT-gasEm | Other producing industry 2.A,2.C-2.H 0.9 7.7
HS.MW-AT-gasEm |Material world (LULCC) ® 4.E, 4 H° 0.4 n.r
AG.AH-AT-gasEm | Animal husbandry (including manure 3.A,3.B 8.3 n.r
management)
AG.SM-AT-gasEm |Soil Management ¢ 3.D0,4.B,4.C, 56.6 35.3
4. He
AG.BG-AT-gasEm |Biogas production 3. 0.6 0.7
FS.FO-AT-gasEm Forest areas (LULCC) 4.A 0.3 n.r
FS.OL-AT-gasEm Wetlands (LULCC) 4.D 0.0 n.r
WS.SW-AT-gasEM | Waste incineration plants and waste 5.B,5.C 0.6 0.1
disposal sites
WS.WW-AT-gasEM | Wastewater treatment plants 5.D,5.E 1.1 n.r
Total NOx and N,O emissions 82.6 379.9

n.r.: not relevant
@ NOx calculated as NO2.

b

c

d

e

f

3.2.2

LULCC: Land Use and Land Cover Change; N20 emissions as a result of land use changes and humus depletion.

Position "Settlements”.

Including LULCC for cropland and grassland.

Position “Grassland”.

Not including NOx formation by lightning (see Section 3.2.2).

NO,-formation by lightning

According to the Siemens Lightning Information Service (BLIDS) there were an annual average of
some 550,000 lightning flashes to ground in Germany 2013-2015 (www.industry.siemens.com/
services/global/de/portfolio/plant-data-services/blids/seiten/default.aspx), corresponding to a mean
flash density of 1.5 km-2 a-1. With an emissions factor of NOy-formation of 0.7 kg NOy (from ground to
1 km altitude) per lightning flash according to Friedrich et al. (2018) or EEA (2016; Part B: Sectoral
guidance chapters - 11.C Other natural sources) this results in some 117 t NO,-N a'l in Germany

(Thomas Gauger, Institute of Navigation, INS, University of Stuttgart, written comm., 9.5.2018).

3.3

NH:s emissions into the atmosphere

The data on ammonia emissions are taken from the CLRTAP Reports (national emissions reported to

the Convention on Long-range Transboundary Air Pollution, LRTAP Convention, download

www.eea.europa.eu/data-and-maps/data/national-emissions-reported-to-the-convention-on-long-

30


http://www.industry.siemens.com/
http://www.eea.europa.eu/data-and-maps/data/national-emissions-reported-to-the-convention-on-long-range-transboundary-air-pollution-lrtap-convention-11

UBA Texts Reactive nitrogen flows in Germany 2010 — 2014

range-transboundary-air-pollution-Irtap-convention-11)(Tab. 3-5). For the agricultural sector, the
values were calculated for the National Emissions Inventory. However, the NIR only considers the NH3
emissions as a precursor for the formation of greenhouse gases. In R6semann et al. (2017), only Tab.
2.4 provides an overview of the total NHz emissions from agriculture (in all detailed tables concerning
the NIR, ammonia emissions from housing and storage are not included).

Table 3-5: NH3 emissions in Germany, annual mean for 2010 - 2014 (Sources: UNFCCC 2017; for
Agriculture see also Résemann et al. 2017, Tab. 2.4). Allocation of CRF-categories to
sectors see Tab. 3-4.
Flow code Sector of NH3; emissions N-species NH;
ktNa?
EF.EC-AT-gasEm NH3 emissions from Energy Conversion NH3 2.2
EF.IC-AT-gasEm NH3 emissions from Manufacturing and Construction NH3 0.8
EF.TR-AT-gasEm NH3 emissions from Transport NH3 11.5
EF.OE-AT-gasEm |NH3 emissions from Other Producing Industry NH3 1.9
MP.NC-AT-gasEm |NH3 emissions from Nitrogen Chemistry NH3 7.5
MP.OP- AT-gasEm |NH3 emissions from Other Producing Industry NH3 4.3
AG.AH-AT-gasEm | NH3 emissions from housing and storage of animal NH3 219.4
excretions
AG.SM-AT-gasEm | NH3 emissions from the application of organic and mineral | NH3 336.1
fertilisers (including grazing)
AG.AH-AT-gasEm | NH3 emissions from the storage of digestates NH3 2.5
WS.SW- AT-gasEm | Waste incineration plants and waste disposal sites NH3 2.9
WS.WW- AT-gasEm | Wastewater treatment plants NH3 0.0
Total NH; emissions 589.0

34

The data on atmospheric deposition of nitrogen in reduced (NHy) and oxidised forms (NOy) in

Atmospheric NHy and NOy depositions

Germany are determined using the results of the UBA-Project PINETI-3 (Schaap et al. 2018). On the
basis of emissions data, chemical transport models, interpolated data on wet depositions, and high-
resolution land use data, the LOTOS-EUROS Model shows the annual total deposition of NH, (NH3,
NH4*) and NOx (HNO3, NOs-, NO2,, NO, N20s) for various receptor surfaces (Schaap et al. 2018). The

results are available as grid maps (1 km x 1 km) of the annual total depositions (wet, moist and dry) of
NO3-N and NH4-N from 2000 to 2015 for ten receptor types. The receptor types were allocated to the
corresponding land cover classes of the CLC 2012 map (see Tab. 3-2).

To determine the N-depositions in Germany, the PINETI-3 grid maps (1 km x 1 km) of annual N-depo-
sitions for the individual receptor types were superimposed in ArcGIS on the CLC2012 Land Cover
map (10 ha minimum cartographic unit). Each grid cell was analysed for each receptor type, and on
this basis weighted mean deposition rates of NH,, NO, and N.(total) were calculated for the vegetation
classes in Germany (Tab. 3-6).
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Table 3-6: Specific deposition rates of reactive nitrogen per hectare calculated on the basis of the
real land use distribution (receptor types in PINETI-3 deposition modeling), annual mean

for 2010 — 2014 (Schaap et al. 2018; our evaluation).

Receptor type ? Deposition rate
(Land use category) NH, NOy N total
kg N ha'a? kg N ha'a? kg N ha'a?

Arable land ara 9.3 4.4 13.7
Grass land grs 8.7 4.4 13.1
Permanent crops crp 7.0 5.7 12.8
Semi-natural vegetation sem 8.4 4.8 13.3
Coniferous forest cnf 11.5 5.9 17.5
Broad-leaved forest dec 9.6 5.0 14.7
Mixed forest mix 10.6 5.8 16.4
Water bodies wat 7.7 3.6 11.3
Urban fabric urb 12.1 5.9 18.0
Other uses oth 6.6 49 11.5

@ Vegetation classes (receptor type) of LOTOS-EUROS modelling of atmospheric N-depositions (Schaap et al. 2018).

b The deposition rates correspond largely to the values for real land use distribution in Table 10 of Schaap et al.

(2018), with slight differences due to different reference periods.

Using the land cover areas (Tab. 3-2) and the receptor-specific N-deposition rates (Tab. 3-6), it is
possible to calculate the atmospheric NOx- and NHy-depositions (Tab. 3-7).

Table 3-7:

N-flows with atmospheric N-deposition, annual mean for 2010 — 2014.

Flow code

Description

N-species

N-deposition

kg N ha'al

AT-AG.SM- Atmospheric N-deposition 20,469,149 | NHy 9.0 185.2
atmDep on agricultural areas NOx 4.4 90.9
N(tot) 13.5 276.1
AT-HS.MW- | Atmospheric N-deposition 3,376,347 | NHy 11.8 40.0
atmDep on urban fabric NOx 5.8 19.5
N(tot) 17.6 59.5
AT-FS.FO- Atmospheric N-deposition 11,077,730 | NHy 10.7 118.9
atmDep on forest areas NOx 5.6 62.2
N(tot) 16.4 181.1
AT-FS.OL- Atmospheric N-deposition 656,472 | NHy 8.0 5.3
atmDep on semi-natural areas NOx 4.1 2.7
N(tot) 12.1 8.0
AT-FS.WL- Atmospheric N-deposition 74,761 | NHy 8.2 0.6
atmDep on wetland NOx 4.0 0.3
N(tot) 12.2 0.9
AT-HY.SW- Atmospheric N-deposition 421,977 | NHy 7.7 33
atmDep on surface waters NOx 3.6 1.5
N(tot) 11.3 4.8
AT-HY.CW- Atmospheric N-deposition 162,461 | NHy 7.7 13
atmDep on coastal waters NOx 3.6 0.6
N(tot) 11.3 1.8
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Flow code Description N-species = N-deposition

kg N ha'a?

Total, Germany 36,238,897 | NHy 9.8 354.4
NOXx 4.9 177.7
N(tot) 532.2

3.5 Imports and exports of NH, and NOy

As part of the European Monitoring and Evaluation Programme (EMEP 2017), the MSC-W (Meteorolo-
gical Synthesizing Centre - West) calculates trans-boundary flows of NH, and NOx in Europe every

year. The results provided in the EMEP Source-Receptor-Tables (www.emep.int/mscw/mscw_ srdata.
html#SRtables) were evaluated for Germany (Tab. 3-8).

Table 3-8:

Import and export of reduced (NH,) and oxidised (NO,) atmospheric N-compounds
according to EMEP Source-Receptor Tables, annual mean for 2010 — 2014.

103.7

114.7

218.4

248.8

280.5

529.3

Difference: Net export 310.9 kt N a™

The results of the Source-Receptor-Tables for the individual years are based in part on different model
versions (cf. EMEP 2017, p. 135). Calculations using the EMEP approach give ~345 kt NHy-N a-! and
~184 kt NOx-N a1 deposition for Germany (annual mean for 2010 - 2014). This conforms well with
the results from PINETI-3 deposition modeling (Schaap et al. 2018), namely 347 kt NH,-N and 178 kt
NO-N-deposition.

3.6 Summary of N-flows for the “Atmosphere” (AT) pool

The N-flows of the “Atmosphere” pool are summarised in Tab. 3-9.

Table 3-9: Incoming and outgoing N-flows in the “Atmosphere” pool, annual mean for 2010 — 2014.
Pool(ex) Pool(in) Flow code Description N- N-flow
species ktNa?l
Emissions into the Atmosphere
EF.EC AT EF.EC-AT-gasEm NOyx and N,O emissions from Energy NOx 94.3
Conversion N20 5.9
EF.EC AT EF.EC-AT-gasEm NH3 emission from Energy Conversion NH3 2.2
EF.EC AT EF.EC-AT-N2 Oxidation/reduction of N, to N, during N2 1417.6
combustion and denoxing
EF.IC AT EF.IC-AT-gasEm NOyx and N,O emissions from NOx 29.4
Manufacturing and Construction N20 1.7
EF.IC AT EF.IC-AT-gasEm NH3; emission from Manufacturing and NH3 0.8
Construction
EF.TR AT EF.OE-AT-gasEm NOx and N0 emissions from Transport NOXx 159.6
N20 3.0
EF.TR AT EF.OE-AT-gasEm NH3 emission from Transport NH3 11.5
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Pool(ex) Pool(in) Flow code Description N- N-flow
species ktNa®
EF.OE AT EF.OE-AT-gasEm NOyx and N,O emissions from Other Energy |[NOx 44.0
and Fuels N20 1.1
EF.OE AT EF.OE-AT-gasEm NH3 emission from Other Energy and Fuels |[NH3 1.9
MP.NC |AT MP.NC-AT-gasEm |NOy and N,O emissions from the chemical |[NOx 8.7
industry N20 2.0
MP.NC |AT MP.NC-AT-gasEm |NH3 emissions from the chemical industry |[NH3 7.5
MP.OP  |AT MP.OP-AT-gasEm |NOy and N,O emissions from Other NOx 7.7
producing industry N20 0.9
MP.OP  |AT MP.OP-AT-gasEm |NH3 emission from Other producing NH3 4.3
industry
HS.MW |AT HS.MW-AT-gasEm |NOy and N,O emissions from settlement |[NOx n.r.
areas (LULCC) ® N20 0.4
HS.HB AT HS.HB-AT-gasEm  |NH3 emitted by humans NH3 1.4
AG.AH AT AG.AH-AT-gasEm  [NOy and N0 emissions from Animal NOXx, n.r.
husbandry (including manure N20 8.3
management)
AG.AH |AT AG.AH-AT-gasEm  [NH3 emissions from housing and storage of [NH3 219.4
manure
AG.SM  |AT AG.SM-AT-gasEm  [NOy and N0 emissions from Soil NOx 35.3
Management N20 56.6
AG.SM (AT AG.SM-AT-gasEm  [NH3 emissions from the application of NH3 336.1
organic and mineral fertiliser
AG.SM (AT AG.SM-AT-N2 Denitrification on utilised agricultural areas [N2 233.9
(mineral soils and organic soils)
AG.BG |AT AG.BG-AT-gasEm  [NOy and N0 emissions from biogas NOx 0.7
production N20 0.6
AG.BG AT AG.BG-AT-gasEm  |[NH; emissions from biogas production NH3 2.5
FS.FO AT FS.FO-AT-gasEm NOyx and N0 emissions from forest areas  |[NOx n.r.
(LuLce) N20 0.3
FS.FO AT FS.FO-AT-N2 Denitrification in forest soils N2 12.2
FS.OL AT FS.OL-AT-N2 Denitrification in semi-natural areas N2 0.7
FS.WL AT FS.WL-AT-gasEm  |NOy and N,O emissions from Wetland NOx n.r.
(LuLce) N20 0.0
FS.WL AT FS.WL-AT-N2 Denitrification in Wetland N2 1.5
WS.SW |AT WS.SW-AT-gasEM |NOy and N>O emissions from Waste NOx 0.1
incineration plants and waste disposal sites [N20 0.6
WS.SW |AT WS.SW-AT-gasEM [NH3 emission from Waste incineration NH3 2.9
plants and waste disposal sites
WS.WW |AT WS.WW-AT-gasEM [NOx and N,O emissions from Wastewater |NOx n.r.
treatment plants N20 1.1
WS.WW |AT WS.WW-AT-N2 Denitrification in Wastewater treatment N2 211.0
plants
HY.GW |AT HY.GW-AT-N2 Denitrification in the unsaturated zone and |[N2 572.0
in groundwater
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Pool(ex) Pool(in) Flow code Description N- N-flow
species ktNa®
HY.SW |AT HY.SW-AT-N2 Denitrification (Retention) in surface N2 75.9
waters
RW AT RW-AT-gasN Transboundary import of gaseous N- NHy 103.7
compounds NOx 114.7
N-depositions and N-fixing from the atmosphere
AT HS.MW  |AT-HS.MW-atmDep |Atmospheric N-deposition on urban areas |NHy 40.0
NOx 19.5
AT AG.SM AT-AG.SM-atmDep [Atmospheric N-deposition on agricultural |NHy 185.2
areas NOx 90.9
AT AG.SM AT-AG.SM-Nfix Biological N-fixing in utilised agricultural N(org) 194.6
areas
AT FS.FO AT-FS.FO-atmDep |Atmospheric N-deposition on forest areas |NHy 118.9
NOx 62.2
AT FS.FO AT-FS.FO-Nfix Biological nitrogen fixing in forest soil N(org) 110.5
AT FS.OL AT-FS.OL-atmDep |[Atmospheric N-deposition on seminatural |NHy 53
areas NOx 2.7
AT FS.OL AT-FS.OL-Nfix Biological nitrogen fixing in semi-natural N(org) 15.8
areas
AT FS.WL AT-FS.WL-atmDep |Atmospheric N-deposition on wetland NHy 0.6
NOx 0.3
AT FS.WL AT-FS.WL-Nfix Biological nitrogen fixing in wetland N(org) 0.7
AT HY.SW AT-HY.SW-atmDep [Atmospheric N-deposition on surface NHy 33
waters NOXx 15
AT HY.CW  |AT-HY.CW-atmDep |Atmospheric N-deposition on coastal NHy 1.3
waters NOx 0.6
AT RW AT-RW-gasN Transboundary export of gaseous N- NHy 248.8
compounds NOx 280.5

n.r.: not relevant.

LULCC: Land Use and Land Cover Change; N20 emissions as a result of land cover changes and humus depletion.

3.7

Balance and comments for the “Atmosphere” (AT) pool

The balance of gaseous reactive N-compounds in the atmosphere above Germany includes domestic
emissions and imports, against depositions and exports (Tab. 3-10).

There is a difference of 210 kt N a- between total inflows and outflows. This could be due to different
assumptions made when modelling atmospheric NOyx and NHy flows with LOTOS-EUROS (PINETI-3,
Schaap et al. 2018) and EMEP (EMEP 2017). Excluding N»O, which is not deposited and for which
neither model includes imports or exports, then the difference between total inflow and total outflow
is reduced to 126 kt N a1, or some 10 %. An uncertainty of this order is typical for the comparison of
two large-scale models. Furthermore, a value of 10 % is also within the range of the data quality
targets for the assessment of air quality using the modelling.

In summary, about 60 % of national NH3 emissions and 45 % of national NOx emissions are redepo-
sited in Germany. Overall, Germany is therefore an exporter of air pollutants. A simplified explanation
for this is that Germany has a high density of emissions, with emission hotspots in the north-west and
south-east, and a large proportion of the emissions are transported in the atmosphere over long
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distances (among other things due to particle formation), and carried over national borders by pre-
vailing south-west winds.

Table 3-10: Balance of reactive N-flows in the “Atmosphere” pool for Germany (without denitrifi-
cation), annual mean for 2010 — 2014.

N-flows

Emissions in Germany 380 83 590 1053
Imports 115 n.r. 104 218
Total Inflow 495 83 694 1271
Depositions -178 0 -354 -532
Exports -281 n.r. - 249 - 530
Total Outflow -458 0 - 603 -1062

n.r.: not relevant.

The EMEP emissions factors for the release of NHz from mineral fertiliser were changed four times
between 2003 and 2013, in line with advances in scientific knowledge (cf. Osterburg 2015). There is a
difference of some 57 kt NH3-N a-1between the lowest value of ~58 kt NH3-N a-1, calculated with the
EMEP emission factors for 2009, and the highest value of ~115 kt NH3-N a1 calculated with the EMEP
emission factors for 2013 (annual mean for 2009 - 2012). This difference highlights the extent to
which the results for emissions depend on the modelling assumptions that are made. The NH3
emissions factors may be changed again in future, and when applied retrospectively would lead to
another change in the results for the NH; flow.

Similar conclusions apply for NH, and NO, depositions. Extensive model results were first provided by
Gauger et al. (2008) for the period 1995 to 2004. In the MAPESI Project (Builtjes et al. 2011), depo-
sition values were modeled for 2005 to 2007, but without comparisons to the previous approach. The
results of the follow-up project, PINETI-2, were some 27 % lower than the MAPESI results (for the
entire acidifying depositions from the atmosphere), which the authors attributed to the improved
methodology for determining the wet depositions and the consolidation of new process descriptions in
the LOTOS-EUROS Model (Schaap et al. 2017). The latest version (PINETI-3, Schaap et al. 2018)
models the depositions for the period 2000 to 2015, allowing a comparison with the results of Gauger
et al. (2008). As annual means for the period 2000 to 2004, PINETI-3 calculates 9.3 kg NHy-N hat a1
and 6.2 kg NO,-N hala-1deposition on the agricultural area, whereas according to Gauger et al. (2008)
the depositions in this period were 15.2 kg NH,-N ha-ta-land 8.9 kg NO«-N hat a'l.

3.8 Uncertainty assessment for the N-flows of “Atmosphere” (AT) pool

Tab. 3-11 shows the uncertainties in the calculation of the N-flows for the “Atmosphere” pool.
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Table 3-11:

Uncertainties in the calculation of N-flows for the “Atmosphere” pool.

Flow code

XX.XX-AT-
gaskm

Description

N>O and NOy
emissions -
total (Tab. 3-4)

N-

species
N.O
NOx

Uncertainty (quantity structure and coefficients)

The uncertainties of the activity data and the
emissions factors are described in the NIR for each
category (UBA, 2016a). The overall uncertainty for the
N,O and NOx emissions combined relates mainly to
the emissions from agricultural soils (3.D) and from
municipal wastewater treatment (5 D.1); the uncer-
tainties of NOy emissions is given as 27% (as 95%-
uncertainty).

AG.XX-AT-
gasEM
AG.SM-AT-
gaskm

N>O emissions
Agriculture

N2O

For the agricultural part of the NIR, R6semann et al.
(2017; Tab. 14.1) estimate the overall uncertainty (as
a combination of the uncertainty of the activity data
and the uncertainty of the emissions factors) for N,O
emissions from animal husbandry at more than 100 %
(defined as “range of the half length of the 95 %
confidence interval”) and for N,O emissions from soils
at more than 300 %.

AG.XX-AT-
gasEM
AG.SM-AT-
gasEm

NH3 emissions
Agriculture

NH3

For the agricultural part of the NIR, R6semann et al.
(2017; Tab. 14.2) estimate the overall uncertainty (as
a combination of the uncertainty of the activity data
and the uncertainty of the emissions factors) for the
NH; emissions from animal husbandry at about 37 %
(defined as “range of the half length of the 95 %
confidence interval”) and for NH3 emission from
mineral fertilisation at 50 %.

AT-XX.XX-
atmDep

Atmospheric
NH, and NOy
deposition

NHy,
NOXx

On the uncertainties of modelling NH, and NOx
deposition see PINETI-3 project report (Schaap et al.
2018).

2) Level of uncertainty in accordance with Tab. 2-3.
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4

Energy and Fuels (EF)

The “Energy and Fuels” pool covers N-flows related to energy conversion and the extraction and com-
bustion of fuels (e.g. conversion of crude oil or energy crops). The N-flows originate above all from the

formation of NOx and N0 from N and O; at high temperatures. Tab. 4-1 gives an overview of the

relevant nitrogen flows for four sub-pools:

» Energy Conversion (EF.EC)
» Manufacturing Industries and construction (EF.IC)
» Transport (EF.TR)
» Other Energy and fuels (EF.OE).
Table 4-1: Incoming and outgoing N-flows of sub-pools of the “Energy and Fuels” pool.
Pool(ex) Pool(in) Flow code Description N-species @ Section
Sub-Pool “Energy Conversion” (EF.EC)
SOURCE? | EC.EF SOURCE-EC.EF-fuel | Domestic extraction of fossil fuels N(org) 41.1
SOURCE?® | EC.EF SOURCE-EC.EF- Formation of thermal NOy NOx 4.1.2
gasEM
MP.FP EF.EC MP.FP-EF.EC-fuel |Agricultural products to produce fuels N(org) 4.1.3
MP.NC |EF.EC MP.NC-EF.EC-prod |NHj; for denoxing of flue gases NH3 4.1.3
FS.FO EF.EC FS.FO-EF.EC-wood |Wood for energetic use - large combustion | N(org) 8.1.5
plants
RW EF.EC RW-EF.EC-fuel Import of fossil fuels and mineral-oil N(org) 411
products
EF.EC SINK®(AT) | EF.EC-AT-N2 Oxidation/reduction of N, to N, during N2 4.1.5
combustion and denoxing
EF.EC SINK?®(AT) | EF.EC-SINK-N2 Nr loss during refining of crude oil N2 41.1
EF.EC AT EF.EC-AT-gasEm NOy and N0 emissions from combustion | NHy, NOx, 3.2.1
processes in Energy conversion N20
EF.EC EF.IC EF.EC-EF.IC-fuel Fossil fuels for industrial uses N(org) 4.1.1
EF.EC EF.TR EF.EC-EF.TR-fuel Fossil fuels for use in Transport N(org) 41.1
EF.EC EF.TR EF.EC-EF.TR-fuel Fossil fuels for use in households, trade N(org) 411
and commerce
EF.EC MP.FP EF.EC-MP.FP-prod |Residues from the production of fuels N(org) 4.1.3
from agricultural products
EF.EC MP.NC |EF.EC-MP.NC-prod |Crude oil and mineral-oil products as N(org) 4.1.1
resources for the chemical industry
EF.EC WS.SW |EF.EC-WS.SW- Waste from the production of fuels and N(org) 9.1.1
waste refinery products
EF.EC WS.WW |EF.EC-WS.WW- Wastewater from Energy Conversion N(org) 9.2.1
sewage
EF.EC RW EF.EC-RW-fuel Export of fossil fuels and refinery products | N(org) 4.1.1
Sub-Pool “Manufacturing Industries and Construction” (EF.IC)
EF.EC EF.IC EF.EC-EF.IC-fuel Fossil fuels for industrial uses N(org) 41.1
EF.IC AT EF.IC-AT-gasEm NOy and N,O emissions from industrial NHy, NOx, 3.2.1
combustion processes N20
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Pool(ex) Pool(in) Flow code Description N-species  Section
Sub-Pool “Transport” (EF.TR)
EF.EC EF.TR EF.EC-EF.TR-fuel Fossil fuels for use in Transport N(org) 411
SOURCE? | EC.EF SOURCE-EC.EF- Formation of thermal NOy NOx 4.1.2
gasEM
EF.TR AT EF.TR-AT-gasEm NOy and N,0 emissions from combustion | NHy, NOx, 3.2.1
processes in Transport N20
Sub-Pool “Other energy and fuels” (EF.OE)
EF.EC EF.OE EF.EC-EF.OE-fuel Fossil fuels for use in households, trade N(org) 4.1.1
and commerce
SOURCE? | EC.EF SOURCE-EC.EF- Formation of thermal NOy NOx 4.1.2
gasEM
FS.FO EF.OE FS.FO-EF.OE-wood |Wood for energetic use - private N(org) 8.1.5
households
EF.OE AT EF.OE-AT-gasEm NOy and N0 emissions from combustion | NHy, NOx, 3.2.1
processes in Energy conversion N20

@ On Pool(ex) SOURCE and Pool(in) SINK see Section 4.4; allocated to Pool(in) AT in the STAN-Diagram (Chapter 12).

No separate statistics are available for waste and wastewater from the energy sector. Waste materials
from the energy industry are not included as N-flow. Waste and wastewater in this sector are covered
in the N-flows for the “Material and Products in Industry” pool.

4.1 Sub-pool “Energy Conversion” (EF.EC)

The sub-pool “Energy Conversion” brings together N-flows from the generation of electrical power and
heat by the combustion of fossil fuels, including the extraction, production or refining of the fuel. It also
includes the production of bioethanol and biodiesel. Power generation in waste incineration plants is
considered as belonging to the “Waste” pool, and biogas plants as allocated to the “Agriculture” pool.

4.1.1 Origin and use of fossil fuels (XX-EF.EC-fuel, EF.EC-XX-fuel)

The Energy Balance of the Federal Republic of Germany collates the amounts of fuel used for various
purposes. Tab. 4-2 presents a summary of the Energy Balance (AGEB 2017) with the derived N-flows.
In a first step, the entire domestic production of fossil fuels containing nitrogen is divided between
energetic and non-energetic uses, and then the energetic uses are assigned to the four sub-pools of
“Energy and Fuels” pool.
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Table 4-2: Energy Balance for Germany (except for fossil fuels containing nitrogen) — summarised results with allocation to N-flows, annual mean for
2010 - 2014 (source: AGEB 2017; adapted).

Flow code Position in the energy balance Natural amounts N-flow

Lignite® Crude oil Mineral oil Coal® Lignite® Crude oil Mineral oil
1000t 1000t 1000 t ktNa® ktNa! ktNa? ktNa?

N-contentinkg Nt!°¢ 14.0 3.0 10.0 1.26¢
SOURCE-EF.EC-fuel | Domestic production 9,509 180,771 2577 0 133.1 542.3 22.2 0.0 694.4
RW-EC.EC-fuel Imports of fuels and mineral oil 55,836 81 90,977 34,916 781.7 0.2 909.8 433 1735.0
products
EF.EC-RW-fuel Exports of fuels and mineral oil 1,026 1,844 158 22,073 14.4 5.5 1.7 41.1 62.7

products, including international
marine bunkering

Primary domestic energy consumption € 63,840 178,332 93,028 13,291 897.4 536.8 930.3 2.2 2366.7

(EF.EC intern) Energy sector (direct)’ 52,203 173,767 0 7,546 | 73457  523.1Ff  930.3f 70.0f | 2117.9f

EF.EC-EF.IC-fuel Mining, metallurgy, manufacturing, 10,893 3601 0 2,329 152.5 10.8 4.5 167.8
other segments, etc.

EF.EC-EF.TR-fuel Transport, total 0 0 0 56,052 31.7 31.7

EF.EC-EF.OE-fuel Households, commerce, trade 744 964 0 19,488 10.4 2.9 3.9 17.2

Total energetic consumption 8 63,840 178,332 0 85,415 897.4 536.8 0 29.9 | 2334.6%

EF.EC-MP.NC-prod | Mineral oil products as inputs for the 0 0 0 20,298 32.1 32.1
chemicals industry

Non-energetic consumption, total 0 0 93,028" 20,298" 0 0 (930.3)" 32.1" 32.1

2@ Coal, briquettes, coke and other coal products. f As the difference between “Overall energetic use” and the total(EF.EC-EF.IC-fuel, EF.EC-EF.TR-

b Briquettes and other lignite products. fuel, EF.EC-EF.OE-fuel); see Section 4.6.

¢ N-contents after GEMIS 2 (Fritsche et al., 1994). g In contrast to AGEB (2017), values are calculated as the difference between primary domestic

4 Mean for all products; value is only for the total domestic primary energy consumption and non-energetic consumption (including stat. differences).

energy consumption. For the N-balance between crude oil inputs and refined outputs as mineral-oil products see Tab.
¢ More accurately: Primary fuel consumption: Figures include 4-3.
changes in stocks (not shown separately).
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It should be noted that the Energy Balance is structured primarily to register the conversion and uses
of energy. The material flows for fuel include double counting and uncertainties for various positions,
as is pointed out in the comments (AGEB 2015). However, double counting in the statistics cannot be

corrected by an external user. The effects were unfortunately carried over to the nitrogen flows when
we calculated these from the Energy Balance on the basis of this incomplete information (Tab. 4-2).

The Energy Balance also includes fuel conversion inputs and outputs. This relates in particular to the
refining of crude oil to mineral oil products (in ten product groups). However, there is a considerable
gap here in the N-flows. In the period 2010 - 2014, Germany imported some 93 million tonnes of
crude oil every year (as well as ~13.3 million t mineral-oil products). Assuming a nitrogen content of
1 % in crude oil (after GEMIS, Fritsche et al. 1994) this corresponds to a total of ~932 kt N a-L. Crude
oil is almost completely refined to mineral-oil products (e.g. by distillation and conversion). But the N-
contents of most conversion products is well below 1 % N (after GEMIS, Fritsche et al. 1994), so that
the total N-flow for all mineral-oil products after refining of the crude oil total is only 114 kt N a-1 (Tab.
4-3).

Table 4-3: N-flows with imports of crude oil and mineral-oil products as well as from refinery

products, annual mean for 2010 — 2014 (based on: AGEB 2017).

Product N-content? Import Use after conversion
kg N t* Product N-flow Product N-flow
1000 t kt N a? 1000 t ktNa®
Crude oil 10.0 93,028 930.3
Mineral-oil products:
Petrol 1.0 -2,986° -3.0 21,947 21.9
Naphtha 1.0 6,160 6.2 10,216 10.2
Kerosene type jet fuel 1.0 3,648 3.6 4,902 4.9
Diesel fuel 0.2 4,660 0.9 27,299 5.5
Light heating oil 0.2 3,905 0.8 15,499 3.1
Heavy heating oil 4.5 -2,124° -9.6 8,519 38.3
Petroleum coke 15.5 235 3.6 1,774 27.5
Liquid gas 0 642 0.0 2,646 0
Refinery gas 0 46 0.0 4,092 0
Other mineral-oil products 0.3 -895P -0.3 8,819 2.6
Total (1.26)° 106,319 932.5 105,713 114.0

@ N-contents according to GEMIS 2 (Fritsche et al., 1994).

b Net exports.

¢ N-content as a mean for all mineral-oil products.

Within the framework of this study it was not possible to determine whether the considerable dif-
ference of 818 kt N a1 represents a statistical artefact, for example as a result of inaccurate standard
values for the N-contents of the products in question, or whether there is indeed such an oxidation/
reduction of N; to N in oil refineries. The term “N; loss” is used to refer to the difference. The Asso-
ciation of the German Petroleum Industry (MWYV) responded to our enquiry as follows: “Organic and
inorganic compounds in crude oil contain nitrogen. In a first refining step, desalting washes out
inorganic N-compounds. In some processing and enrichment steps following the crude oil distillation,
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ammonia is produced from organic N-compounds (e.g. in the hydrofiner: de-sulphurisation by cata-
lytic hydration reactions). Gaseous NH3 is converted to N, e.g. in Claus units by partial oxidation and
comproportionation, and this is emitted. The nitrogen compounds dissolved in the industrial process
water of the crude oil refining and further processes are denitrified in the wastewater treatment
plant” (MWV, written communication, 3 May 2018).

There are only small levels of direct nitrogen discharges from refineries. The Pollutant Release and
Transfer Register (PRTR; UBA 2016b) lists under “Mineral oil and gas refineries” for three refineries
(or operators) a total of 163 t N(tot) a-1 (annual mean for 2010-2014). The PRTR register only includes
two refineries as ammonia emitters, with combined emissions of 61 t NH3-N a-1. For the further con-
siderations, we therefore assume that the (statistical) N-loss of 818 kt N a'! is all released as No.

4.1.2 Formation of thermal NOy

Nitrogen oxides (mainly NO and NO;) are formed by combustion processes involving either molecular
N in the air (thermal NOy) or reactive nitrogen contained in the fuel (fuel NOy). For the nitrogen bud-
get it is therefore necessary to determine how much NOy is newly formed by combustion processes,
and how much NOy is formed by the transformation of nitrogen compounds already present in the fuel,
without an increase in the quantity of N;. In Tab. 4-4, the total NOx emissions are presented, with the
estimated new formation of N in the form of thermal NO,.

Table 4-4: Proportion of thermal NOy emissions in total NOx formed by combustion.
NO, emissions *® Of which thermal NOy
Source sector Fuel % ° kt Na?
Energy sector and Manufacturing
Industries and Construction together 123.7 30.0
- of which generation by - Coal 40.8° 20 % 8.2
- Lignite 64.3¢ 5% 3.2
- Gas 18.6° 100 % 18.6
Transport Diesel/petroleum 159.6 100 % 159.6
Other energy and fuels (various) 44.0 5 %°¢ 2.2
Other sources (various) 52.6 0% 0.0
Total NO, emissions 379.9 (50 %) 191.8
@ See Tab. 3-4.

b Estimated proportion of thermal NOx in total NOx emissions.

¢ Calculated from the data in TJ (power, heat, industrial uses) according to Energy Balance (AGEB 2017) and fuel and
process related NOx emission factors for power generation (Fritsche and Rausch 2007).

4 Estimated - UBA (written communication 2018).
¢ Estimated value (placeholder).

f Proportion of thermal NOx in total NOx emissions.

Taking all sources of NOx emissions, including those outside the energy sector, the NOx emissions
consist in almost equal parts of thermal NOy (~192 kt N a-1) and non-thermal NO, (~188 kt N a-1).
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4.1.3 Producing fuel from biomass (MP.FP-EF.EC-fuel)

In Germany, an annual mean of some 2.76 million t of biodiesel and some 620,000 t of bioethanol were
produced from agricultural materials in the period 2010-2014. Nitrogen contained in the initial crop
retained more or less completely in the production residues, so that the fuels are almost N-free.

Biodiesel and plant oil fuels are produced almost exclusively from rape-seed, and it can be assumed
that the press cake is used for animal feed. Bioethanol is produced from a wider range of crops. When
grain crops are used, this can also produce foodstuffs and animal feed containing protein (e.g. bran,
gluten, and spent grain). According to the Bundesverband der Deutschen Bioethanolwirtschaft (BDBE),
spent grain can be used either on its own in a dried and pelleted form or as a wet product, or it can be
used as a component in mixed feed. Some spent grain is also used for biogas production. When produ-
cing bioethanol from sugar beet, associated products include in particular sugar beet pulp and pellets,
vinasse, and ammonium sulphate. Sugar beet pulp, press cakes and vinasse are used in the feed indus-
try, and in part also for biogas generation, while ammonium sulphate is used as fertiliser. However, no
statistics are available about the distribution of residues from bioethanol production. According to the
estimates of BDBE, a large proportion of the side-products are used as mixed-feed components (BDBE,
written communication, 29.3.2018). Tab. 4-5 summarises the N-flows for the energy crops used to
produce fuels.

Table 4-5: Areas, yields and N-flows for energy crops used to produce fuels (FNR 2018), annual
mean 2012 - 2014.

Yield N-contents N-flow
dt ha % ktNa*
Rape-seed for biodiesel / plant oil 733,000 40.4 3.35 99.3
Crops for bioethanol:
- Sugar beet 37,267 708.7 0.18 4.8
- Wheat 58,067 80.4 1.80 8.4
- Rye 39,833 58.6 1.56 3.6
- Maize 21,900 100.8 1.72 3.8
- Other feed grain (mainly barley) 30,100 70.5 1.80 3.8
Total - Bioethanol 187,167 24.4
Total Energy crops for fuels 920,167 123.7

For our purposes, it is assumed as a simplification that all the residues from the production of the fuels
from agricultural biomass are passed on to the feed industry. Further, it is assumed that all the nitro-
gen from the agricultural biomass is retained in the residues, i.e. the fuels themselves are completely
N-free and there are no relevant N-losses. The N-inflow for the production of fuels from biomass there-
fore corresponds to the N-outflow.

4.1.4 Ammonia consumption for flue gas denoxing (MP.NC-EF.EC-prod)

In order to comply with NOx limit values in the flue gases from power stations, nitrogen oxide is re-
duced to water and dinitrogen (N) by the addition of ammonia. This is referred to as denoxing of flue
gases. Selective Catalytic Reduction (SCR) or Selective Non-Catalytic Reduction (SNCR) is employed,
and in the following types of power station relevant quantities of ammonia, ammonia solution, or urea
are used (Dr M. Ruhrberg, Bundesverband der Energie and Wasserwirtschaft, written communication
4.4.2018):
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“- Coal-fired power stations with wet flue gas scrubbing and SCR. The amount of ammonia deployed
differs between slag-tap furnaces and pulverized coal-fired furnaces. In view of the higher untreated
flue gas concentrations, slag-tap furnaces usually consume more ammonia than pulverized coal-fired
furnaces. Power stations with fluidized bed combustion and grate firing which have a thermal rating
of less than 100 MW are usually able to comply with the NOy limit values solely without using
ammonia. The same applies for all lignite-fired power stations, which do not usually have secondary
reduction measures.

- Waste incineration plants (SCR, SNCR) and waste wood power plants (SNCR), approved in accor-
dance with the 17th Federal Ambient Pollution Ordinance - with the exception of some plants that
operate with fluidized bed combustion.

- Boilers and heating power stations that are fired with heavy oil and other mineral-oil products (SCR).

- Compression ignition engines using light heating oil, diesel fuel, or natural gas or other gases (SCR,
but usually only for short operating periods and involving negligible quantities).

In addition, individual boilers and gas-fired engines using light heating oil or gas fuel have SCR or
SNCR. However, the material flows involved are probably not yet significant for the period 2010 to
2014. With the implementation of the new EU requirements for large and medium-sized combustion
plants, this could change in the medium term, because the new NOy requirements could make it
necessary to employ SCR or SNCR more widely in future.

Coal-fired power stations with fluidized bed combustion and grate firing with a thermal capacity less
than 100 MW are usually able to comply with NOy limit values without using ammonia. The same
applies for lignite-fired power stations, which as a rule do not use secondary reduction measures.”
(Prof A. Kather, TU Hamburg-Harburg; written communication, 29 March 2018).

Central statistics on NHz consumption for reducing the nitrogen oxide concentration in flue gases in
power stations in Germany are not known. For the denoxing of coal-fired power station emissions, the
following expert opinion was provided (R. Beckers, UBA, written communication, 3 April 2018):
“According to the results of a UBA research project, as an example a coal block with slag-tap furnace
(high untreated emissions of NO) was found to require approx. 2 t NHz/h (Rentz et al.,, 2002, Section
5.3.7); assuming 4000 h/a this gives an annual consumption of 8000 t NHz (thermal rating 1892 MW;
electric output 702 MW). A plant of a similar size with pulverized coal-fired furnaces consumes 600 kg
NHz/h (Rentz et al,, 2002, Section 5.3.5), and therefore again assuming 4000 h/a it uses ~2400 t NH3
(thermal rating: 1820 MW, 750 MW el.). In Germany in 1995, there were 136 coal-fired power station
blocks with SCR in operation with an output of 35,000 MW, Taking a mean of 3000 t NH3/a for a 700
MW, block and 4000 h/a, then 35,000 MW, would have required 50 x 3000 t = 150 kt NH3 in 1995.
Over the period 2010 to 2014 there were fewer coal-fired power station blocks, but at the same time
the existing plants had to comply with stricter limit values than the 200 mg/m3 that had previously
applied (relative to 6 vol.% O as a daily mean). As a rough estimate, therefore, 100 kt NH3
[corresponding to approx. 85 kt N] per year of ammonia is consumed for the denoxing of flue gases.”

4.1.5 Oxidation/reduction of nitrogen by combustion and denoxing (EF.EC-SINK-N2)

It is assumed that the from the combustion of fuels containing nitrogen results in solid and liquid
residues (ashes, filter dust, wastewater, etc.) that are virtually free of nitrogen. This means that the N.
contained in fuels is completely converted to NOx and N (in power stations with fluidized bed
combustion and in vehicles with SCR catalytic converters N20 can also be formed, but this is not
quantified here). The extraction and combustion of fuels and the refining of crude oil are therefore
regarded in the following as N-neutral processes. In Tab. 4-6, the quantity of N; is estimated which is
converted to N> in the sub-pool “Energy Conversion” in the course of the combustion of fuels.
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In total, the domestic extraction and the net import of fossil fuels (lignite, coal, crude oil) for energetic
uses brings 2335 kt N, al into circulation (Tab. 4-2). The crude oil is completely refined to mineral-oil
products, but with a difference of 818 kt N a-1 between the N-contents of the crude oil and the N-
contents of the resultant mineral-oil products (Tab. 4-3). It is not possible at present to make a fully
comprehensive statement about what happens to the N(org) from crude oil (cf. Section 4.1.1). There
remains 1517 kt N a1 from the combustion of fossil fuels (lignite, coal, mineral-oil products), plus a
small amount from wood used as fuel. It is estimated that in the course of combustion a further 188 kt
N alis emitted as non-thermal NO,, i.e. the NOx comes from the nitrogen compounds in the fuel. This
results in a net total of 1417.6 kt N, a1 that is transformed to N> in the course of the combustion of
fossil fuels.

Table 4-6: Estimate of the N, quantities oxidised or reduced to N, during the combustion of fossil
fuels and wood (in large combustion plants) and the denoxing of flue gases, annual
mean for 2010 — 2014.

Description N-species N-flow
ktNa*
Combustion of fossil fuels (lignite, coal, mineral-oil products) N(org) 1517.0
Combustion of wood, large combustion plants (Tab. 4-7) N(org) 3.6
Denoxing of flue gases (Section 4.1.4) NH3 85.0
Total Combustion and denoxing 1605.6
Newly formed non -thermal NOy (Section 4.1.2) | NOx -188.0
Net oxidation/reduction of N, to N, with combustion and denoxing 1417.6

To simplify the structure of the NNB, the formation of non-thermal NOy is allocated solely to the sub-
pool “Energy Conversion” (N-flow EF.EC-SINK(AT)-N2). For the combustion of bone meal (Tab. 5-5),
wood (in private households, Tab. 6-3), sludge (Tab. 9-6) and waste (Tab. 9-3) it is assumed that the
entire N(org) that these contain is converted to No.

4.2 Sub-pools “Manufacturing Industries and Construction” (EF.IC), “Transport”
(EF.TR) and “Other Energy and fuels” (EF.OE)

The sub-pool “Manufacturing Industries and Construction” includes the generation of (process)heat
and electrical energy by manufacturing companies for the production of goods, including cement
manufacturing, smelting of iron and non-ferrous-metals, paper manufacture, food and feed production,
etc. Note: the release of N, that is not the result of combustion processes is included in the “Material
and Products in Industry” pool.

The sub-pool “Transport” covers all the N-flows arising from combustion processes in transport
vehicles. In line with the NIR reporting, international marine transport and trans-boundary air travel
are not included in the territorial N-balance.

The sub-pool “Other Energy and Fuels” brings together all N-flows from combustion processes in the
sectors that are not covered by the other sub-pools. That includes in particular energy conversion in
private households (heating), and the fuel consumed by mobile machinery (building sites, agriculture,
forest).

In all three sub-pools, the only nitrogen inflows are in the form of inputs with the generation of fuels,
and nitrogen outflows are only the gaseous emissions (in sub-pool “Other Energy and Fuels” also
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including the inputs with wood for combustion). The inflows have already been determined within the
framework of the Energy Balance (see Table 4-2).

4.3

Tab. 4-7 shows a summary of the N-flows

Summary of N-flows for the “Energy and Fuels” (EF) pool

of the “Energy and Fuels” pool.

Table 4-7: Incoming and outgoing N-flows of the sub-pools of “Energy and Fuels” ?, annual mean
for 2010 - 2014.
Pool(ex) Pool(in) Flow code Description N-species  N-flow
ktNa*
Sub-Pool “Energy Conversion” (EF.EC)
SOURCE? | EF.EC SOURCE-EF.EC-fuel | Domestic extraction of fossil fuels N(org) 694.4
SOURCE |EF.EC SOURCE-EF.EC- Formation of thermal NOy NOx 30.0
gaskEM
MP.FP EF.EC MP.FP-EF.EC-fuel |Agricultural products to produce fuels N(org) 123.7
MP.NC |EF.EC MP.NC-EF.EC-prod |NH; for denoxing flue gases NH3 85.0
FS.FO EF.EC FS.FO-EF.EC-wood |Wood for energetic use - large N(org) 3.6
combustion plants
RW EF.EC RW-EF.EC-fuel Import of fossil fuels and mineral-oil N(org) 1735.0
products
EF.EC AT EF.EC-AT-N2 Oxidation/reduction of N, to N, during N2 1417.6°
combustion and denoxing
EF.EC SINK EF.EC-SINK-N2 Nr loss in the course of crude oil refining | N2 818.0
EF.EC AT EF.EC-AT-gasEm NH3, NOx and N,O emissions from NH3 2.2
combustion processes in energy NOx 94.3
conversion N20 5.9
EF.EC EF.IC EF.EC-EF.IC-fuel Fossil fuels for industry N(org) 167.8
EF.EC EF.TR EF.EC-EF.TR-fuel Fossil fuels for use in Transport N(org) 31.7
EF.EC EF.TR EF.EC-EF.TR-fuel Fossil fuels for use in households, trade | N(org) 17.2
and commerce
EF.EC MP.FP EF.EC-MP.FP-prod |Residues from producing fuels from N(org) 123.7
agricultural products
EF.EC MP.NC |EF.EC-MP.NC-prod |Crude oil and mineral-oil products as N(org) 32.1
resources for the chemical industry
EF.EC WS.SW |EF.EC-WS.SW- Waste from the production of fuels and | N(org) 1.6
waste refinery products
EF.EC WS.WW |EF.EC-WS.WW- Wastewater from Energy Conversion N(org) 8.1
sewage
EF.EC RW EF.EC-RW-fuel Export of fossil fuels and refinery N(org) 62.7
products
Sub-Pool “Manufacturing Industries and Construction” (EF.IC) ?
EF.EC EF.IC EF.EC-EF.IC-fuel Fossil fuels for industry N(org) 167.8
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Pool(ex) Pool(in) Flow code Description N-species N-flow
kt N a?
EF.IC AT EF.IC-AT-gasEm NHs, NO, and N>O emissions from NH3 0.8
combustion processes in Manufacturing | NOx 29.4
and Construction N20 1.7
Sub-Pool “Transport” (EF.TR) 2
EF.EC EF.TR EF.EC-EF.TR-fuel Fossil fuels for use in Transport N(org) 31.7
SOURCE |EF.TR SOURCE-EF.TR- Formation of thermal NOy NOx 159.6
gasEM
EF.TR AT EF.TR-AT-gasEm NHs, NO, and N>O emissions from NH3 11.5
combustion processes in Transport NOx 159.6
N20 3.0
Sub-Pool “Other energy and fuels” (EF.OE)?
EF.EC EF.OE EF.EC-EF.OE-fuel Fossil fuels for use in households, trade | N(org) 17.2
and commerce
SOURCE |EF.OE SOURCE-EF.OE- Formation of thermal NOy NOx 2.2
gasEM
FS.FO EF.OE FS.FO-EF.OE-wood |Wood for domestic energetic use N(org) 14.6
EF.OE AT EF.OE-AT-gasEm NHs, NOy and N>O emissions from NH3 1.9
combustion processes in Energy NOx 44.0
Conversion N20 1.1

@ A flow EF.XX-SINK(AT)-N2 ought to be included for each of the sub-pools EF.EC, EF.TR and EF.OE. However, the
consumption of fuels in the Energy Balance cannot always be reliably allocated between them (cf. Tab. 4-2). As a
simplification, the entire amount of the Nr-oxidation/reduction to N2 during combustion processes and denoxing is
attributed to the sub-pool EF.EC.

4.4 Balance and comments for the “Energy and Fuels” (EF) pool

Tab. 4-8 shows nitrogen inflows and outflows in the “Energy and Fuels” pool. With a difference of
(only) ~30 kt N a1, corresponding to ~1 % of N-inflow, the budget seems quite well balanced. How-
ever, this is primarily due to the fact that both key nitrogen outflows are calculated as differences,
namely the oxidation/reduction of N; to N in combustion processes (Section 4.1.5) and the N; “loss”
with crude oil refining (Section 4.1.1). Not enough is known about what is actually happening in the
processes. In the course of our investigations, it was not possible to clarify whether the difference
between the nitrogen in the fuels and the N; emissions as a result of combustion processes (NOy, N20)
really correspond to the N;-quantities as presented.

Similarly, the discrepancy of 818 kt N a-1 between the N-contents of the crude oil and the N-contents of
the resultant mineral-oil products (see Tab. 4-3) is unconfirmed. Combustion processes do not contri-
bute to this difference, but less is known about the quantitative contribution of crude oil refinery pro-
cesses to the “loss” of N..

There is a fairly low level of uncertainty about the N-flows into the “Energy and Fuels” pool, which
relates primarily to some uncertainty about the N-contents in fuels (coal, lignite, crude oil, and also
mineral-oil products). However, there is considerable uncertainty concerning the transformation or
the fate of this N.. [s it really the case that 2235 kt N a-lis converted to molecular N, during combustion
processes or the refining of crude oil to mineral-oil products? This should be the subject of further
investigations.
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Table 4-8: Balance of nitrogen inflows and outflows (without agricultural products ®) in “Energy and
Fuels” pool, annual mean for 2010 - 2014.
Inflow (N,-sources) Outflow (N;)
ktN a* kt N a*
Fuels — domestic extraction 694.4 | N,O and NOxemissions in the -339.0
atmosphere
Net import of fuels and mineral oil 1672.3 |NHsemissions into the atmosphere -16.4
products
Formation of thermal NOy 191.8 |Oxidation/reduction of N, to N, during -1417.6
combustion and denoxing
NH;s for denoxing of flue gases 85.0 |N:loss with crude oil refining -818.0
Wood for energetic use 18.2 |Crude oil and mineral-oil products for -321
processing in the chemical industry
Waste, wastewater -9.7
Total inflows 2661.7 |Total outflows -2632.1

Difference: 29.6

2 N-inflows and N-outflows with agricultural biomass for the production of fuels are identical (see Section 4.1.3) and are
not shown here.

b Including marine bunkers.

In various tables, “SOURCE” is given as the Pool(ex) for the N-flow resulting from the extraction of
fossil fuels in Germany (lignite and coal) and the formation of thermal NO. This term is introduced
because the NNB system (ECE 2013) does not provide for the “generation” or introduction of N, within
a pool - in this case by extraction (reduction of stocks) or in the course of combustion processes. Simi-
larly, the “loss” of N; as the result of oxidation/reduction to N2 in combustion processes is also not yet
envisaged in the NNB system and here the term “SINK” is used as Pool(in). In the STAN-diagram of the
N-flows (Chapter 12), the “Atmosphere” is the Pool(in) for these inflows.

In contrast to the NNB Annex 1 (ECE 2013), biogas production is not included in the sub-pool “Other
Energy and Fuels” of “Energy and Fuels” pool for the German N-flow scheme presented here, but is
allocated to the “Agriculture” pool (see Section 7.3).

For future N-flow calculations, we suggest dispensing with the sub-pools for the “Energy and Fuels”
pool. These sub-divisions were specified by IPCC (2006) and UNFCCC (EEA 2013d) for the national
greenhouse gas emissions inventory, where they are appropriate. However, the only internal N-flows
between sub-pools involve the supply of sub-pools “Manufacturing Industries and Construction”,
“Transport” and “Other energy and fuels” with fuels from the sub-pool “Energy Conversion”. In view of
this, and the fact that the data about fuels and their distribution among the sub-pools are derived
collectively from a single statistical source, a sub-division of the pool does not seem appropriate.
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4.5

Tab. 4-9 shows the uncertainties in the calculation of the N-flows for the “Energy and Fuels” pool;

further explanations are provided in Section 4.4.

Table 4-9:

Uncertainty assessment for N-flows of “Energy and Fuels” (EF) pool

Uncertainties in the calculation of N-flows for “Energy and Fuels” pool.

Flow code

Description

All Sub-Pools (EF.EC, EF.IC, EF.TR, EF.OE))

N-species

Uncertainty

quantity
structure

Uncertainty
Coefficients

SOURCEP-EF.EC-fuel |Imports of fuelsand |N(org) Very low Low 2
RW-EF.EC-fuel domestic extraction
SOURCEP-EF.EC- Formation of thermal | NOx Process knowledge inadequate; Estimate 4
gasEml NOy as placeholder
MP.NC-EF.EC-prod | NHjs for flue gas NH3 High (experts’ - 4
denoxing estimates, no
statistical data
available)
MP.FP-EF.EC-prod  |Agricultural products |N(org) Very low Very low 1
EF.EC-MP.FP-prod  |to produce fuels
EF.EC-SINK-N2 Oxidation/reduction |N2 Medium; Value calculated as a difference. 3
of N, to N> during Assumptions without literature support
combustion
EF.EC-SINK-N2 N: loss for crude oil N2 High; possible processes unclear, value 4
refining calculated as a difference between two
guantities with uncertain N-contents
EF.XX-AT-gasEM NO,, N2O emissions NOx, N20|see Tab. 3-11 (NOy: low; N,O: high) 2/4
EF.XX-AT-gasEM NH; emissions NH3 see Tab. 3-11 3
EF.EC-SINK -fuel Combustion of fuels | N2 (?) Very low High, no information 4
about chem. processes
EF.EC-SINKP-fuel Refining crude oil to | N2 (?) Very low High; no qualified 4

mineral-oil products

information available

2 Level of uncertainty in accordance with Tab. 2-3.
 On Pool(ex) “SOURCE” or Pool(in) “SINK” see Section 4.4.
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5 Materials and Products in Industry (MP)

The “Materials and Products in Industry” pool includes the nitrogen flows associated with the produc-
tion and material use of products containing nitrogen. The definition is in accordance with the one
used in [PCC (2006) and EEA (2013) for the calculation of emissions of greenhouse gases. “Material
and Products in Industry” pool is divided into three sub-pools.

» Food and Feed Processing (Food Processing) (MP.FP)

» Nitrogen chemistry (MP.NC)

» Other producing Industry (MP.OP).

The production or conversion of energy resources falls under “Energy and Fuels” (Chapter 4). Tab. 5-1
gives an overview of the relevant nitrogen flows.

Table 5-1: Incoming and outgoing N-flows of the sub-pools in the “Material and Products in
Industry” pool
Pool(ex) Pool(in) Flow code Description N-species Chapter
Sub-Pool “Food and Feed Processing” (MP.FP)
EF.EC MP.FP |EF.EC-MP.FP-prod |Residues from the production of fuels from |N(org) 4.1.3
agricultural products
AG.AH MP.FP |AG.AH-MP.FP- Animal market products N(org) 7.1.1
animProd
AG.AH MP.FP |AG.AH-MP.FP-fish |Produce of aquaculture and inland fisheries |N(org) 7.1.2
AG.SM |MP.FP |AG.SM-MP.FP-crop |Vegetable products N(org) 7.2.1
HY.CW |MP.FP |HY.CW-MP.FP-fish |Landings of coastal and deep-sea fishing N(org) 10.2.4
RW MP.FP | RW-MP.FP-prod Imports of food and feed N(org) 5.1.5
MP.FP EF.EC MP.FP-EF.EC-fuel |Agricultural products to produce fuels N(org) 4.1.3
MP.FP MP.OP | MP.FP-MP.OP-crop |Crops for use in industrial production N(org) 5.1.3
MP.FP HS.HB |MP.FP-HS.HB-food |Food for human consumption N(org) 5.1.1
MP.FP HS.HB |MP.FP-HS.HB-feed |Feed for pets (dogs, cats) N(org) 5.1.2
MP.FP AG.AH |MP.FP-AG.AH-feed |Feed for animal husbandry (domestic N(org) 7.1.1
produce and imports)
MP.FP  |AG.SM |MP.FP-AG.SM- Bone meal — Use as organic fertiliser N(org) 5.1.4
orgFert
MP.FP AG.SM | MP.FP-AG.SM-seed | Production of agricultural seed and planting | N(org) 7.2.1
stock (not produced internally)
MP.FP  |AG.BP |MP.FP-AG.BP- Biogas co-substrate (non-agricultural N(org) 7.3
cosub biomass)
MP.FP  |WS.SW |MP.FP-WS.SW-fuel |Bone meal - Thermal recycling N(org) 5.1.4
MP.FP | WS.WW | MP.FP-WS.WW- Wastewater from Food and Feed Processing | N(org) 9.2.1
sewage
MP.FP RW MP.FP-RW-prod Export of food and feed N(org) 5.1.6
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Pool(ex) Pool(in) Flow code Description N-species Chapter
Sub-Pool “Nitrogen Chemistry” (MP.NC)
SOURCE? | MP.NC |SOURCE-MP.NC- Ammonia synthesis (Haber-Bosch process) |NH3 5.2.1
NH3
EF.EC MP.NC |EF.EC-MP.NC-fuel |Crude oil and refinery products as resources | N(org) 41.1
for the chemical industry
RW MP.NC |RW-MP.NC-prod Import of products of the Nitrogen NH3, NO3 5.2.2
chemistry N(org)
MP.NC |AT MP.NC-AT-gasEm | NOy and N,O emissions from the chemical |NOx, 3.2.1
industry N20
MP.NC |AT MP.NC-AT-gasEm | NH3 emission from the chemical industry NH3 3.2.1
MP.NC |EF.EC |MP.NC-EF.EC-prod |NHs; for denoxing flue gases NH3 4.1.4
MP.NC |MP.OP |MP.NC-MP.OP- Chemicals and products for the production of |NH3, NO3 5.2.2
prod consumer goods (except mineral fertiliser) N(org)
MP.NC |HS.MW | MP.NC-HS.MW- N-Mineral fertiliser for use in kitchen NH3, NO3 5.2.3
minFert gardens N(org)
MP.NC |AG.SM |MP.NC-AG.SM- N-Mineral fertiliser for use in agriculture NH3, NO3 7.2.1
minFert N(org) 5.2.3
MP.NC |WS.WW | MP.NC-WS.WW- Wastewater from Nitrogen chemistry N(org) 9.2.1
sewage
MP.NC |RW MP.NC-RW-prod Export of products of Nitrogen chemistry NH3, NO3 5.2.2
N(org)
Sub-Pool “Other Products in Industry” (MP.OP)
MP.FP MP.OP |MP.FP-MP.OP-crop |Crops for use in industrial production N(org) 5.1.3
MP.NC |MP.OP |MP.NC-MP.OP- Chemicals and products for the production |N(org) 5.2.3
prod of consumer goods
FS.FO MP.OP |FS.FO-MP.OP-wood | Wood for material use N(org) 8.1.5
WS.SW |MP.OP |WS.SW-MP.OP- Recycling of waste materials N(org) 9.1.2
waste
RW MP.OP |RW-MP.OP-prod Import of consumer goods containing N(org) 5.3
nitrogen
MP.OP |AT MP.OP-AT-gasEm | NOy and N,O emission from Other NOXx, 3.2.1
producing industry N20
MP.OP |AT MP.OP-AT-gasEm | NH; emissions from Other producing NH3 3.2.1
industry
MP.OP  |HS.MW | MP.OP-HS.MW- Production of (nitrogenous) consumer N(org) 5.3
prod goods
MP.OP |WS.SW |MP.OP-WS.SW- Waste from Other producing industry N(org) 9.1.1
waste
MP.OP |WS.WW |MP.OP-WS.WW- Wastewater from Other producing industry | N(org) 9.2.1
sewage
MP.OP |RW MP.OP-RW-prod Export of consumer goods containing N N(org) 5.3

@ On SOURCE see Section 5.6.
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The structure of the statistical data on waste disposal (see Section 9.1.1) means that N-flows into the
sub-pool “Solid Waste” cannot be calculated for waste materials from the sub-pools “Food and Feed
Processing” and “Nitrogen chemistry”. It is assumed that these quantities are contained (predominant-
ly) in the N-flow from the sub-pool “Other Producing Industry” (MP.OP-WS.SW-waste). Furthermore,
in the absence of better data, the N-flow from the recycling of waste materials is also only allocated to
the sub-pool “Other Producing Industry”, although it is probable that the treatment of nitrogenous
waste materials also takes place in the chemical industry (sub-pool “Nitrogen Chemistry”).

5.1 Sub-pool “Food and Feed Processing” (MP.FP)

The sub-pool “Food and Feed Processing” includes all N-flows associated with the industrial produc-
tion or preparation of food and consumables for humans, as well as feed for agricultural livestock and
pets.

5.1.1 Foodstuffs for human consumption (MP.FP-HS.HB-food)

The Annual Statistics on Food, Agriculture and Forests provides a summarised overview of data for the
consumption of food. Tab. 5-2 presents a summary of the results for some 40 categories contained in
the original table (BMEL 2016, Tab. 207). Details of food production quantities are also contained in
the Production Survey of the Federal Statistical Agency (DESTATIS 2018), but the amounts of produce
for sale are not always explicit, and data for many items is withheld there for reasons of confidentia-

lity.

Table 5-2: Nitrogen flow with the consumption of foodstuffs — shown in produce groups (BMEL
2016, Tab. 207), annual mean for 2010 — 2014.

Produce group Amount N-contents ®
1000 t %

Cereals 6,963 2.2° 151.1
Rice, pulses, potatoes 5,507 04° 23.4
Sugar, glucose, iso-glucose, honey, cocoa 3,993 0.2° 8.7
Fruit and vegetables 16,934 0.2° 32.7
Meat and meat products (slaughter weight) 7,249 2.7°¢ 195.1
Fish and fish products (round weight) 1,196 2.8° 335
Milk and milk products 9,770 1.4 54 133.3
Oils and fats 1,682 0.0¢ 0.5
Eggs and egg products 1,103 1.9¢ 21.0
Total 54,397 599.4

2 N-contents as a mean for the produce group.
b N-contents according to NNB Annex 6, Table 12 (ECE 2013).
¢ N-contents according to the Materials Flow Balance Ordinance (2017), Annex 1, Tab. 5.

4 N-contents after Souci, Fachmann, Kraut - Database online (www.sfk.online, accessed 6.4.2018).

Details on the use of agricultural produce are also provided in the Annual Statistics on Food, Agri-
culture and Forests (BMEL 2016) under “Supply with ...” and “Use of ...” (Tab. 221 to Tab. 311), which
give quantities under the heading “Domestic Use” for “Food”. However, these tables are complex and it
is not always clear which figures actually show sales to consumers.
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The N-flow of some 600 kt N a from the consumption of food corresponds to a daily protein supply of
~125 grams protein per capita (gross, before deducting losses from processing, trade, in households,
and during cooking). This value is plausible in the light of the recommended daily protein intake of 0.8
to 1 gram per kg body weight or 60 to 80 grams per adult per day (German Food Association).

5.1.2 Feed for pets (MP.FP-HS.HB-feed)

The N-flow via feed for dogs and cats is estimated on the basis of NNB Annex 6, Formel 0.9 (ECE 2013).
The relatively small amounts of feed required for other pets (small pets, cage birds, aquaria, terraria)
are notincluded (Tab. 5-3).

Table 5-3: Nitrogen flow with feed for dogs and cats, annual mean for 2012 - 2014.
No. of animals ? Consumption N-contents
x 1000 kg pet?a? %
Dogs 6,800 163.3 2.88 32.2
Cats 11,800 73.0 4.16 35.8
Totals 18,600 68.0

@ Source: Industrieverband Heimtierbedarf (2018); continuous data only available for 2012 - 2014.
b After NNB Annex 6, Table 18 (ECE 2013).

The Annual Statistics on Food, Agriculture and Forests 2015 (BMEL 2015, Tab. 330) also include data
on the production of dog food and cat food. Using these figures (with the N-contents in accordance
with Tab. 5-3) would give a lower N-flow for pet food of 44.9 kt N a-1. The discrepancy to the N-flow in
Tab. 5-3 can be explained at least in part by the fact that dogs and cats are also given self-prepared
feed. According to the study “Pet Food Trends in Germany” (Department of Agriculture and Agri-Food
Canada 2018), sales of dog and cat food in Germany amount to 960,000 t (annual mean, 2010 - 2014).
Again using the N-contents in accordance with Tab. 5-3, this would correspond to a much lower N-flow
of 34.6 kt N, which is not used for the nitrogen balance.

5.1.3  Crops as industrial resources (MP.FP-MP.OP-crop)

The Annual Statistics (BMEL 2016, Tab. 91) give the areas farmed for crops as industrial resources
(mainly industrial starch and technical rape-seed oil), with the exception of energy crops (see Section
4.1.3). N-flows (Tab. 5-4) are calculated using the mean crop yields.

Table 5-4: Nitrogen flow with crops as industrial resources (without energy crops), annual mean

2012 — 2014 (BMEL 2016, Tab. 91).

Product/Use Cropping area N-content N-flow

1000 ha % ktNa?
Industrial starch (calculated as corn maize) 112.6 100.0 1.4 15.1
Industrial sugar (sugar beet) 14.1 674.0 0.18 1.8
Technical rape-seed oil 130.2 37.9 3.35 16.1
Technical sunflower oil 7.4 32.3° 2.9 0.6
Technical linseed oil 3.6 24.32 3.5 0.3
Plant fibres (calculated as fibre flax) 0.7 100.02 1.0 0.1
Pharmaceuticals and dyes 10.8 10.0° 1.0° 0.1
Totals 279.4 34.2

2 Estimated.
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5.1.4 Rendering of animal by-products

Every year ~2.9 million t animal by-products are rendered, e.g. meat and bones that are not used as
food for humans. Animal by-products are placed in three categories:

C1: Animals that died from diseases.

C2: Animals that died for other reasons apart from diseases or slaughter or that were not accepted
for slaughter.

C3: By-products from slaughter and meat processing that are not used for human consumption for

economic reasons, or residues after slaughter and processing.

The German Animal By-products Service Company publishes annual statistics on the amounts of
animal by-products and their rendering (Niemann, various years), Tab. 5-5 shows the N-flows quanti-
ties for the various categories and uses.

Table 5-5: Rendering of animal by-products — Proteins ? (mean 2011 - 2014°) and N-flows according
to use and category (Source: Niemann; various years).

Flow code Products (t) N-flow (kt N a)

Category Category ¢

Cc2 C3/F Cc1 Cc2 C3/F

MP.FP-AG.SM- Technical use 30,889 | 140,493 2.7 10.1 12.8¢
orgFert® (fertiliser)
MP.FP-WS.SW- | Thermal recycling 213,773 87 660| 18.8 0.0 0.0 18.8
fuel
(in MP.FP in- Feed 294,084 21.2 21.2
farm processing)

@ Animal fats are virtually N-free and are not included.

b Data for 2010 not included due to changes in the data structure.

¢ The categories are explained in the text.

4 N-contents: C1, C2: 8.8 % N; C3: 7.2 % N (Source: www.stn-vvtn.de/produkte.php).
¢ The N-budget for agriculture (see Section 7.2.1) shows 13.6 kt N a™.

Animal protein cannot be fed to agricultural livestock in the European Union, and so it is mainly used
in pet food. Technical uses relate to the sale as fertiliser. Thermal recycling refers to use as a fuel in
combustion plants, but since it can be presumed that this is primarily for reasons of waste disposal,
this N-flow is included under “Solid Waste” sub-pool rather than “Energy Conversion”.

5.1.5 Imports and exports for the food industry (RW-MP.FP-prod, MP.FP-RW-prod)

Tab. 5-6 shows imports and exports of the food industry according to the Annual Statistics on Food,
Agriculture and Forests (BMEL 2016, Tab. 395, Tab. 245). As with Table 5-2, N-contents for some 40
individual products in the source tables (BMEL 2016, Tab. 395 and Tab. 245) are summarised in
groups. Data for the imports of animal feed were taken from the table of “Feed supplies in agriculture
from imports”, which already shows net imports (BMEL 2016, Tab. 122). There are two reasons for
this choice: (i) Regarding the imports of feed we find the figures in the feed supply statistics more
plausible and more complete that those in the food industry imports and exports; (ii) The balance of
BMEL for agriculture uses these figures for feed supplies from domestic production (BMEL 2016, Tab.
121) and from imports (Tab. 122).
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Table 5-6: Imports and exports of the food industry and net imports of animal feed, annual mean
2012 - 2014 (BMEL 2016).

Imports  Exports N- Imports Exports
1000 t 1000t contents ktNa? ktNa*
o2

Grains and grain products (including rice) 11,328 15,100 2.0 227.6 342.1
Potatoes and potato products 1,202 2,487 0.6 6.7 10.3
Sugar and cocoa 2,754 895 0.6 16.0 15.5
Fruit and fruit products 8,358 4,050 0.1 9.7 4.0
Vegetables, spices, seeds, etc. 6,057 1,372 0.3 20.5 5.0
Beer (1000 hl) 7,115 15,618 0.1 7.1 15.6
Oleaginous fruits, oils and fats 10,590 2,645 0.0 0.1 0.1
Dairy products (excluding butter) 3,844 5,916 1.7 66.7 86.6
Eggs, honey 630 186 1.7 104 3.2
Animals for slaughter, meat and meat products 2,978 4,252 3.1 93.1 130.6
Fish and fish products 953 562 2.5 23.8 13.2
Living animals (not for immediate slaughter) b b 3.0 9.1
Feed (net imports) 405.2°¢
Totals Imports and Exports 890.0 635.2

2 N-content: see footnote to Tab. 5-2.
b Data as numbers of animals.

¢ Taken from the nitrogen balance of BMEL (net N-import).

5.2 Sub-pool “Nitrogen Chemistry” (MP.NC)

The sub-pool “Nitrogen Chemistry” relates to the production and processing of a wide range of nitro-
genous chemicals, fertilisers, chemical fibres, plastics in primary forms, plant protection products,
pharmaceuticals, etc. (on the classification of the economic sectors cf. DESTATIS 2008).

5.2.1 Ammonia synthesis (SOURCE-MP.NC-NH3)

The key factor in the “Materials and Products in Industry” pool is ammonia synthesis by means of the
Haber-Bosch process. The conversion of N, to NH3 represents by far the largest primary anthropo-
genous N-input in the N-cycle. Relatively small amounts of N; are also converted to a reactive form
through the synthesis of calcium cyanamide (CaCN3).

» Ammonia synthesis, annual mean for 2010 - 2014 (after VCI, 2017): 2673.6 kt N a1
» Calcium cyanamide synthesis, annual mean for 2010 - 2014, approx. 21.0 kt N a-%.

5.2.2  Production, import and export of chemicals (MP.NC-MP.OP-prod, RW-MP.NC-prod,
MP.NC-RW-prod)

The main source of statistics on production quantities for Germany is the Production Survey
(DESTATIS 2017a, Tab. 42131-0003), which provides details for commodity groups. The Production
Survey also distinguishes between initial products and products “intended for sale”. However,
evaluating the Production Survey raises considerable problems:
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» Itis not possible to rule out double counting in the statistics. All products that are not “inten-
ded for sale” are initial products for further processing, but these may re-occur in a number of
further production steps. For example, ammonia is registered initially in the primary synthesis,
then as ammonia in aqueous solutions, then again in the polyamides it is used to produce, etc.

» Also items which are “intended for sale” may nevertheless be used as initial products in other
production processes.

» For various types of goods, the data on production quantities and/or the amounts intended for
sale are not published for reasons relating to data protection.

In order to register the N-flow from the chemical industry (Tab. 5-7), the production quantities “inten-
ded for sale” from the Production Survey were evaluated. At first the figures from the Production
Survey were grouped together in accordance with the classification of commodities (conversion table,
Eurostat, no date), as used in the import and export statistics (at the 4-figure code level). The produc-
tion quantities can then be linked directly to the imports and exports. As far as possible, a typical
chemical compound is taken for each commodity group, and the N-contents for the overall group is
calculated on this basis.

In the Production Survey, some products are not unequivocally identifiable as “fertiliser”, and there-
fore figures for the commodity group of N-fertiliser were taken from the Agricultural Industry Asso-
ciation (IVA 2017).

Note: The primary production of ammonia is not listed in Tab. 5-7, because the N-quantities of all
other items in the Production Survey are derived from this (see Section 5.2.1). At least here, double
counting is avoided.

The import and export quantities of chemicals containing nitrogen were taken from the Foreign Trade
Statistics (DESTATIS 2015a, Tab. 51000-0005).

Tab. 5-7 show a total of 3072 kt N a1 in the products of the chemical industry “intended for sale”. This
is about 14 % more than the 2695 kt primary NHz-N a'! provided by ammonia synthesis. This diffe-
rence can be attributed to possible double counting as well as to uncertainties in the assumptions
about the N-contents of the product groups.

Due to the problems encountered with evaluating the production survey, the N-flow with the initial
products from the chemical industry into the sub-pool “Other Producing Industry” (MP.NC-MP.OP-
prod) cannot be determined directly from the statistics. This N-flow is therefore calculated as a differ-
ence, starting with the total N, of 3192 kt N a'! entering into the chemical industry. This amount is
made up of 2695 kt N a'! from NH3 synthesis, the trade balance of 466 kt N a-! for chemical products
(see Tab. 5-7) and 32 kt N a'! in the petrochemical products as pre-cursors for organic chemistry.
N-flows that clearly leave the chemical industry take the form of the end products fertiliser (1664 kt N
a'l) and NH; for denoxing of flue gases (85 kt N a'1), as well as gaseous emissions (18 kt N a'1) and
wastewater (69 kt N a'1). The N-flows amount to 1836 kt N a-L. The difference of 1356 kt N a1 is then
taken to be the N-flow into the sub-pool “Other Producing Industry” for further production.
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Table 5-7: Production ?, import and export of chemicals in sub-pool “Nitrogen Chemistry”, annual mean for 2010 — 2014 (Source: DESTATIS 2015a,
2017a; IVA 2017).

Compound ¢ Quantity (1000 t) N- N-flow (kt N a%)
contents °
P:it:)dnuac : Import Export (%) Pr;::c- Import  Export
2808 Nitric acid HNO3 520.6 107.1 204.7 22.2% 115.7 23.8 45.5
2814 Ammonia, or ammonia solution NHz 895.8 575.5 413.6 82.4% 710.1 473.9 340.6
282510 Hydrazine, hydroxylamine, and their inorganic salts N2Hs, NH,OH 314 5.5 29.0 65.0% 20.4 3.6 18.8
2834 Nitrite, nitrate NO,, NOs* n.d. 50.5 73.4 26.0% n.d. 13.1 19.1
2837 Cyanide, cyanide oxide and complex cyanides HCN n.d. 16.2 38.4 48.3% n.d. 7.8 18.6
2850 Hydrides, nitrides, azides, silicides and borides LisN 2.0 1.7 0.9 40.2% 0.8 0.7 0.4
2904 Sulpho-derivates, nitro-derivates of hydrocarbons H,N,0, 71.5 45.5 94.2 45.2% 32.3 20.6 42.5
2921 Compounds with amino function Aniline, etc. 278.1 547.0 338.4 d 61.6 164.1 101.5
2922 Amines with oxygen functions CeH14N,0, 140.6 208.8 286.6 19.2% 27.0 40.0 55.0
2923 Quaternary organic ammonium salts, lecithin CsH14CINO 36.9 80.1 95.3 10.0% 3.7 8.0 9.5
2924 Compounds with carboxamide function CH3NO2 769.1 65.8 89.2 23.0% 176.5 15.1 20.5
2925 Compounds with carbox-imide function 15.4 15.9 15.6 10.0% 1.5 1.6 1.6
2926 Compounds with nitrile function CsHsN n.d. 107.4 101.2 26.4% n.d. 28.4 26.7
2928 Organic derivates of hydrazine, hydroxylamine N;Ha, NH,0OH 4.8 8.4 5.2 65.0% 3.1 5.4 3.4
2929 Compounds with other nitrogen functions HNCO 485.8 117.3 301.4 32.6% 158.2 38.2 98.1
2930 Organo-sulphur compounds CsH11NO,S 148.8 65.3 130.4 9.4% 13.9 6.1 12.3
2933 Heterocyclic compounds with nitrogen Melamine 193.1 353.5 304.8 47.0% 90.7 166.1 143.3
2934 Nucleic acid and its salts 27.7 18.0 43.6 16.8% 4.6 3.0 7.3
2935 Sulphonamides H2NSO2NH; 0.7 5.7 1.8 29.2% 0.2 1.7 0.5
3402 Surface-active preparations, detergent 2828.5 1191.9 1681.5 2.1% 594 25.0 35.3
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Compound ¢ Quantity (1000 t) N- N-flow (kt N a?)

contents ®
P:i‘:)dnu: " Import Export (%) Prtt,:::c- Import  Export
3501 Casein, caseinate, casein derivatives, casein glue 11.6 31.2 30.3 15.0% 1.7 4.7 4.5
3502 Albumins, albuminates and other albumin derivatives |Egg protein 18.3 16.1 28.8 16.0% 2.9 2.6 4.6
3503 Gelatine, glues of animal origins 21.8 319 26.0 15.0% 33 4.8 3.9
3504 Peptones and other proteins, hide powder Proteins 10.8 31.3 31.6 16.0% 1.7 5.0 51
3507 Enzymes 7.4 343.3 25.6 15.0% 1.1 51.5 3.8
3908 Polyamides in primary forms 1016.3 453.7 711.9 12.0% 122.0 54.4 85.4
3909 Amino resins, phenol resins, polyurethane 1852.7 649.5 1090.9 10.0% 185.3 64.9 109.1
Totals Production, imports and exports of chemicals, excluding fertiliser 1797.7 | 1234.0| 1216.9
(3102) | Nitrogenous fertiliser © Pure N 1274.2 1028.2 580.2 | 100.0% 1274.2 | 1028.2 580.2
Totals Production, Imports and exports 3071.9 | 2262.2| 1797.1
n.d.: no data.

2 Weight of the produce intended for sale.

b N-contents: calculated for the compound in Column 3; otherwise, estimated values after NNB Annex 6, Table 13 and Table 16 (ECE 2013).
¢ Representative nitrogen compounds from which N-contents has been calculated.

4 N-flow calculated for various sub-groups with differing N-contents.

¢ For nitrogenous fertiliser after IVA (2017); mean for fertiliser seasons 2009/10 — 2013/14.
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5.2.3 Nitrogen-mineral fertiliser (MP.NC-AG.SM-minFert; MP.NC-HS.MV-minFert)

The fertiliser statistics show 1664 kt N a1 in mineral fertilisers used for agriculture, and for kitchen
gardens, etc. The amount deployed apart from agriculture, i.e. in kitchen gardens, on sports fields,
public green spaces, etc., amounts to approx. 45 kt N a1 according to the estimates of experts (Agri-
cultural Industry Association (IVA), written communication, 19.3.2018).

In contrast, domestic fertiliser production of 1274 kt N a1 (according to IVA 2017) and the trade
balance of 448 kt N a'! give a combined total of 1722 kt N a-1. The difference of 58 kt N a-! can possibly
be attributed to changes in stores, different reference periods (Sales: mean for calendar years 2010 -
2014; Production and trade: Fertilisation seasons 2009/10 - 2013/14), and to statistical differences.

5.3 Sub-pool “Other Producing Industry” (MP.OP)

The sub-pool “Other Producing Industry” includes the production of goods containing nitrogen that
are intended for sale (to end consumers) or for export. The N-flows associated with the production
(MP.OP-HS.MW-prod), import (RW-MP.OP-prod) and export (MP.OP-RW-prod ) of consumer goods
are again determined on the basis of the Production Survey (DESTATIS 20173, Tab. 42131-0003) and
are summarised in Tab. 5-8. The problems of double counting and the considerable uncertainties
involved in estimating the N-contents already discussed in Section 5.2.2 apply similarly in this case. An
additional problem with consumer goods is that the data may be expressed in various units, e.g. num-
bers of items, square metres, or cubic metres. In such cases, the figures were converted to tonnes, on
the basis of an estimated mean weight per unit.

Table 5-8: Production, import and export of nitrogenous commodities, annual mean for 2010 —
2014 (Source: DESTATIS 2015a, 2017a; IVA 2017).

Production Survey Amount (1000 t) N- N-flow (kt N a)
conten

Groups Name Produc- & Produc-

tion ® Import Export (%) tion Import Export
24 Tobacco 249 | 276| 272 4.0% 9.9 11.0 10.9
41-43,50 Textiles (leather, silk, furs) 100 474 342 | 15.0% 14.9 71.1 51.3
44xx Finished goods (woodworking) 17,318 | 3,497 | 9,790 | 0.14% 24.2 7.0 19.6
47 -49 Cellulose/Papier 32,559 (22,379 22,432 | 0.2% 65.1 44.8 44.9
51 Wool, fine and coarse animal hair 4 93 67 | 15.0% 0.6 0.2 0.1
52,53 Cotton fabric 54 312 170 | 0.2% 0.1 0.6 0.3
54, 55 Synthetic fibres and fabrics 335 941 890 | 12.0% 40.2 | 112.9| 106.8
56 -67 Clothing, material, carpets, shoes 985 | 3,793 | 2,368 | 0.2% 2.0 56.8 70.6
94xx Furniture, lighting, etc. 3,063 | 3,473 | 2,200 | 0.2% 6.1 6.9 4.4
Totals: Production, Import, and Export 163.2 | 311.4| 308.9

2 Weight of products intended for sale; all other units are converted to weights on the basis of a mean weight per item.
b N-contents: Estimated values according to NNB Annex 6, Table 13 and Table 16 (ECE 2013).

The N-flow with consumer goods from the sub-pool “Other Producing Industry” to the sub-pool
“Material World” (MP.OP-HS.MW-prod) corresponds to the (domestic) production of 163.2 kt N a1
plus the net imports of 2.5 kt N a-1,
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5.4

Tab. 5-9 shows a summary of the N-flows for the “Materials and Products in Industry” pool.

Table 5-9:

Summary of N-flows for Materials and Products in “Industry” (MP) pool

Incoming and outgoing N-contents of the N-flows of the sub-pools in the “Materials and
Products in Industry” pool, annual mean for 2010 — 2014.

Pool(ex) Pool(in) Flow code

Description

N-
species

N-flow
kt Na?

Sub-Pool “Food and Feed Processing” (MP.FP)

EF.EC MP.FP |EF.EC-MP.FP-prod |Residues from the production of fuels from |N(org) 123.7
agricultural products
AG.AH MP.FP | AG.AH-MP.FP- Animal market products N(org) 413.5
animProd
AG.AH MP.FP |AG.AH-MP.FP-fish |Products of aquaculture and inland fisheries | N(org) 0.7
AG.SM |MP.FP | AG.SM-MP.FP-crop | Vegetable products N(org) 1134.0
HY.CW |MP.FP |HY.CW-MP.FP-fish |Landings coastal and deep-sea fishing N(org) 6.3
RW MP.FP | RW-MP.FP-prod Import of food and feed N(org) 890.0
MP.FP EF.EC MP.FP-EF.EC-fuel |Agricultural products to produce fuels N(org) 123.7
MP.FP MP.OP | MP.FP-MP.OP-crop | Crops for use in industrial production N(org) 34.2
MP.FP HS.HB | MP.FP-HS.HB-food |Food for human consumption N(org) 599.4
MP.FP HS.HB | MP.FP-HS.HB-feed |Feed for pets (dogs and cats) N(org) 68.0
MP.FP  |AG.AH |MP.FP-AG.AH-feed |Feed for agricultural livestock from domestic | N(org) 1102.2
production and imports)
MP.FP |AG.SM | MP.FP-AG.SM- Bone meal — Use as organic fertiliser N(org) 12.8
orgFert
MP.FP AG.SM | MP.FP-AG.SM- Production of agricultural seed and planting |N(org) 22.2
seed stock (not produced internally)
MP.FP  |AG.BP |MP.FP-AG.BP- Biogas co-substrate (non-agricultural N(org) 31.4
cosub biomass)
MP.FP |WS.SW | MP.FP-WS.SW-fuel | Bone meal - Thermal recycling N(org) 18.8
MP.FP | WS.WW | MP.FP-WS.WW- Wastewater from Food and Feed Processing | N(org) 36.3
sewage
MP.FP RW MP.FP-RW-prod Export of food and feed N(org) 635.2
Sub-Pool “Nitrogen chemistry” (MP.NC)
SOURCE? | MP.NC |AT-MP.NC-NH3 Ammonia synthesis (Haber-Bosch process)® |NH3 2694.6
(AT)
EF.EC MP.NC |EF.EC-MP.NC-fuel |Crude oil and refinery products for N(org) 32.1
processing in the chemical industry
RW MP.NC |[RW-MP.NC-prod |Import of products of Nitrogen chemistry NH3, NO3 | 2262.2
N(org)
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Pool(ex) Pool(in) Flow code Description N- N-flow
species kt Na?
MP.NC |AT MP.NC-AT-gasEm | NOy and N,O emissions from the chemical NOx, 8.7
industry N20 2.0
MP.NC |AT MP.NC-AT-gasEm | NH3 emissions from the chemical industry NH3 7.5
MP.NC |EF.EC |MP.NC-EF.EC-prod |NHs for denoxing of flue gases NH3 85.0
MP.NC |MP.OP |MP.NC-MP.OP- Chemicals and initial products for producing |NH3, NO3 | 1356.0
prod consumer goods (except mineral fertiliser) N(org)
MP.NC |HS.MW | MP.NC-HS.MW- N-Mineral fertiliser for use in kitchen NH3, NO3 45.0
minFert gardens N(org)
MP.NC |AG.SM |MP.NC-AG.SM- N-Mineral fertiliser for use in Agriculture NH3, NO3 | 1619.0
minFert N(org)
MP.NC |WSWW |MP.NC-WS.WW- | Wastewater from Nitrogen chemistry N(org) 68.6
sewage
MP.NC |RW MP.NC-RW-prod Export of products of Nitrogen chemistry NH3, NO3 | 1797.1
N(org)
Sub-Pool “Other Producing Industry” (MP.OP)
MP.FP MP.OP | MP.FP-MP.OP-crop | Crops for use in industrial production N(org) 34.2
MP.NC |MP.OP |MP.NC-MP.OP- Precursors and chemicals for the production | N(org) 1356.0
prod of consumer goods
FS.FO MP.OP |FS.FO-MP.OP- Wood for material use N(org) 27.2
wood
WS.SW |MP.OP |WS.SW-MP.OP- Material recycling of waste materials N(org) 349.2
waste
RW MP.OP |RW-MP.OP-prod Import of consumer goods containing N(org) 311.4
nitrogen
MP.OP |AT MP.OP-AT-gasEm | NOyx and N,O emissions from Other NOx, 7.7
producing industry N20 0.9
MP.OP |AT MP.OP-AT-gasEm | NH3 emission from Other producing industry | NH3 4.3
MP.OP |HS.HB |MP.OP-HS.HB-prod |Use of consumer goods containing nitrogen |N(org) 165.8
MP.OP | WS.SW |MP.OP-WS.SW- Waste from Other producing industry N(org) 48.4
waste
MP.OP |WS.WW|MP.OP-WS.WW- | Wastewater from Other producing industry |N(org) 21.5
sewage
MP.OP |RW MP.OP-RW-prod Export of consumer goods containing N(org) 308.9

nitrogen

2 On “SOURCE” see Section 5.5 — allocated to the Pool(out) AT in the STAN-Diagram (Chapter 12).

b Including synthesis of calcium cyanamide.
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5.5 Balance and comments for the “Materials and Products in Industry” (MP)
pool

Materials and Products in Industry is by far the largest pool for reactive nitrogen (Tab. 5-10), above all
because of the “Nitrogen Chemistry” sub-pool.

Table 5-10: Total inflows and outflows for each sub-pool and for the “Materials and Products in
Industry” pool (without internal N-flows), annual mean for 2010 - 2014.

Sub-Pool Inflow Outflow Difference
ktNa* ktN a* ktN a*
Food and Feed Processing 2568.2 -2684.2 -116.0
Nitrogen chemistry 4989.3 -4989.3 0
Other Producing Industry 2077.9 -557.5 1520.4

Total “Materials and products in Industry” pool,

without N-flows between sub-pools 8244.9 -6840.5 1404.4

For sub-pool “Food and Feed Processing”, the inflows and outflows of nitrogen are nearly balanced.
This indicates that the statistical data, the material flows, and the underlying assumptions about the N-
contents in the products correspond quite well to the actual situation.

The production and the import of nitrogenous chemicals introduces the largest N,-quantities. Dome-
stic sales and exports of nitrogen fertilisers for agriculture account to the largest share of this. Apart
from fertiliser, however, the calculation of the N-flows related to the production of nitrogenous
chemicals (as precursors or finished goods) and consumer goods (for sales to consumers) involve a
very high level of uncertainty. For the sub-pool “Nitrogen Chemistry”, there is a discrepancy between
inflow and outflow totalling ~1500 kt N a-1. A large part of this is accounted for by the difference of
~1200 kt N a't between the 1356 kt N a-! in the chemical precursors and products used to make
consumer goods (MP.NC-MP.OP-prod) on the one hand and the 166 kt N a1 in the consumer goods for
sales to consumers (MP.OP-HS.MW-prod) on the other. The uncertainty can be attributed to two
causes: Firstly, the Production Survey (DESTATIS 2017), with the double counting and the many
undisclosed values, is obviously rather unsuitable for registering and distinguishing between the
goods flows for further processing and those for final consumption (cf. Sections 5.2.2 and 5.3). In
addition, the nitrogen contents for many products or commodities are unknown, so that the values
used in the calculation are only placeholders. It is also possible that high return flow of 350 kt N a! into
industrial production due to the recycling of waste materials contributes to the above-mentioned
discrepancy, although this quantity is also very uncertain.

In the preceding comments and in Tab. 5-10, the entire difference between inflow and outflow is
attributed to the sub-pool “Other Producing Industry”. This is based on the premise that, with the
exception of fertiliser, no products of Nitrogen chemistry leave the pool when they are sold to the end
consumers, but that the chemical products are transferred in full to further processing to produce end
products in the sub-pool “Other Producing Industry”. In the overall reviews, the results for the sub-
pools “Nitrogen Chemistry” and “Other Producing Industry” should be interpreted with considerable
caution.

In Tab. 5-1 and Tab. 5-9, “SOURCE” is included as Pool(ex) for the N-flow with NH3 synthesis. This term
has been introduced because the National Nitrogen Budget (ECE 2013) does not make any provision
for N, being generated within a pool (cf. Section 4.4). In the STAN diagram (Chapter 12), the “Atmo-
sphere” pool is the Pool(ex) for this flow.
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5.6 Uncertainty assessment for the N-flows of “Materials and Products in
Industry” (MP) pool

Tab. 5-11 shows the uncertainties in the calculation of the N-flows for the “Materials and Products in
Industry” pool.
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Table 5-11:

Uncertainties in the calculation of main N-flows for “Materials and products in Industry” pool.

Flow code

Description

N-species Uncertainty Quantity

structure

Uncertainty Coefficients

Level®

Sub-Pool “Food and Feed Processing” (MP.FP)

EF.EC-MP.FP-prod Residues for the production of fuels from N(org) See Tab. 4-8 1
agricultural products
AG.AH-MP.FP- Animal market products N(org) See Tab. 7-7 1
animProd
AG.SM-MP.FP-crop |Vegetable products N(org) See Tab. 7-7 1
RW-MP.FP-prod Imports of food and feed N(org) Low; some commodity groups |Very low 2
only aggregated
MP.FP-EF.EC-fuel Agricultural products to produce fuels N(org) Low; crop areas: statistics, Very low 2
Yields: mean for Germany
MP.FP-MP.OP-crop |Crops for use in industrial production N(org) Low; Statistics: trade Low 2
association
MP.FP-HS.HB-food Foodstuffs N(org) Low; some commodity groups |Low 2
only aggregated
MP.FP-HS.HB-feed Feed for pets (dogs and cats) N(org) Medium; Numbers and Medium 3
consumption are estimated
MP.FP-AG.AH-feed |Feed for agricultural livestock (domestic N(org) See Tab. 7-7 1
production)
MP.FP-AG.SM- Bone meal — Use as organic fertiliser N(org) Low; Statistics: trade Low 2
orgFert association
MP.FP-AG.SM-seed | Production of agricultural Seed and planting stock | N(org) See Tab. 7-7 1
(not produced internally)
MP.FP-AG.BP-cosub |Biogas co-substrate (non-agricultural biomass) N(org) See Tab. 7-7 2
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Flow code Description N-species Uncertainty Quantity Uncertainty Coefficients
structure
MP.FP-WS.SW-fuel |Bone meal - Thermal recycling N(org) Low; Statistics: trade Low 2
association
MP.FP-WS.WW- Wastewater from Food and Feed Processing N(org) See Tab. 9-8 4
sewage
MP.FP-RW-prod Export of foodstuffs and feed N(org) Low; some commodity groups |Very low 2

only aggregated

Sub-Pool “Nitrogen Chemistry” (MP.NC)
SOURCE-MP.NC-NH3 | Ammonia synthesis (Haber-Bosch process)® NH3 Very low Statistics already in t N) 1

EF.EC-MP.NC-fuel Crude oil and refinery products for processing in the| N(org) Medium (see Section 4.1.1) Medium
chemical industry

RW-MP.NC-prod Import of products of Nitrogen chemistry NH3, NO3 | Medium; some commodity Medium; average N-contents 3
N(org) groups highly aggregated for product groups estimated

MP.NC-AT-gasEm NOy and N,0 emissions from the chemical industry |NOX, See Tab. 3-11 2/4
N20

MP.NC-AT-gasEm NH; emission from the chemical industry NH3 See Tab. 3-11 3

MP.NC-EF.EC-prod NHs; for denoxing flue gases NH3 Medium; Expert estimate Very low

MP.NC-MP.OP-prod |Production of chemicals and products(except NH3, NO3 | High; can only be estimated as a difference (see Section 5.2.3) 4

mineral fertilisers) N(org)

MP.NC-HS.MW- N-Mineral fertiliser for use in kitchen gardens NH3, NO3 | Medium; estimates by experts |Statistics already int N 3

minFert N(org)

MP.NC-AG.SM- N-Mineral fertiliser for use in agriculture NH3, NO3 | Very low (see DESTATIS Quality |Statistics already int N 1

minFert N(org) report)

MP.NC-WS.WW- Wastewater from Nitrogen chemistry N(org) See Tab. 9-8 4

sewage
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Flow code Description N-species Uncertainty Quantity Uncertainty Coefficients Level®
structure
MP.NC-RW-prod Export of products of Nitrogen chemistry NH3, NO3 | Medium; some commodity Medium; average N-contents 3
N(org) groups highly aggregated for product groups estimated
Sub-Pool “Other Producing Industry” (MP.OP)
MP.FP-MP.OP-crop |Crops for use in industrial production N(org) Low; Statistics: trade Low 2
association
MP.NC-MP.OP-prod |Chemicals and products for the production of N(org) High; can only be estimated as a difference (see Section 5.2.3) 4
consumer goods
FS.FO-MP.OP-wood |Wood for material use N(org) see Tab. 8-9 2
WS.SW-MP.OP-waste | Recycling of waste materials N(org) Medium to high (see Tab. 9-11) |High (see Tab. 9-11) 4
RW-MP.OP-prod Import of nitrogenous products (consumer goods) |N(org) High; Quantities for some High; average N-contents
groups could not be estimated for groups
determined
MP.OP-AT-gasEm NOy and N,0 emissions from Other producing NOx, see Tab. 3-11 2/4
industry N20
MP.OP-AT-gasEm NH; emissions from Other producing industry NH3 see Tab. 3-11
MP.OP-HS.HB-prod | Production of (nitrogenous) consumer goods N(org) High; Quantities for some High; average N-contents 4
groups could not be estimated for groups
determined
MP.OP-WS.SW-waste | Waste from Other producing industry N(org) Medium to high (s. Tab. 9-11) | High (s. Tab. 9-11)
MP.OP-WS.WW- Wastewater from Other producing industry N(org) see Tab. 9-8 4
sewage
MP.OP-RW-prod Export of nitrogenous products (consumer goods) |N(org) High; Quantities for some High; average N-contents 4

groups could not be
determined

estimated for groups

2 Level of uncertainty in accordance with Tab. 2-3.
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6 Humans and Settlements (HS)

The “Humans and Settlement” pool describes the N-flows that are associated with nutrition, dwellings,
and housing. It also includes the consumption of foods and consumer goods, keeping pets, and the N-
flows related to urban areas. In contrast to NNB Annex 6 (ECE 2013) we only introduce two sub-pools.

» Human Body (including pets) (HS.HB)
» Material World (HS.MW).

A separate sub-pool was not introduced for pets, since it only involves a single N-flow. Tab. 6-1 gives
an overview of the relevant nitrogen flows.

Table 6-1: Incoming and outgoing N-flows of the sub-pools in the “Humans and Settlements” pool®.
Pool(ex) Pool(in) Flow code Description N-species Chapter
Sub-Pool “Human Body (and pets)” (HS.HB)?

MP.FP HS.HB MP.FPHS.HB-food |Food for humans N(org) 51.1

MP.FP HS.HB MP.FP-HS.HB-feed | Feed for pets (dogs and cats) N(org) 5.1.2

HY.GW |HS.HB HY.GW-HS.HB- NOs" removal with the abstraction of NO3 10.1.2
abstr groundwater for drinking water

HS.HB AT HS.HB-AT-gasEm | Gaseous emissions of NH3 by humans NH3 6.1

HS.HB WS.SW  |HS.HB-WS.SW- Domestic waste (food waste) N(org) 9.1.1
waste

HS.HB WS.WW |[HS.HB-WS.WW- | Domestic sewage (excrements) N(org) 9.2.1
sewage

Sub-Pool “Material World” (HS.MW)

AT HS.MW | AT-HS.MW- Atmospheric N-deposition on settlement NHy, NOx 3.4
atmDep areas

MP.NC |HS.MW | MP.NC-HS.MW- Mineral fertiliser for use in kitchen gardens | NO3, NH3, 5.2.2
minFert N(org)

MP.OP |HS.MW |MP.OP-HS.MW- |Consumption of consumer goods N(org) 5.3
prod 6.2

FS.FO HS.MW | FS.FO-HS.MW- Wood for energetic use - private households | N(org) 8.1.5
wood

WS.WW |HS.MW |WS.WW-HS.MW- |Sludge for use in landscaping measures N(org) 9.2.2
sludge

HS.MW |WS.SW [HS.MW-WS.SW- |Consumer goods-Waste from settlement N(org) 9.1.1
waste areas

HS.MW |WS.WW [HS.MW-WS.WW- |Wastewater from settlement areas (sealed |N(org) 9.2.1
sewage areas)

HS.MW |HY.GW |HS.MW-HY.GW- |Nitrate leaching from settlement areas NO3 10.1.1
leach

@ NOx and N20 emissions from settlement areas are negligible or are not reported in the National Inventory Report

(NIR, UBA 2016a).

If feed for pets is included in the sub-pool “Human Body” then the sub-pool “Organic World” in NNB
Annex 6 (ECE 2013), via which food and feed are allocated to the “Human Body” and to “Pets”, is also

superfluous.
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6.1 Sub-pool “Human Body” (HS.HB)

The sub-pool “Human Body” covers the use of food for humans and feed for pets. Quantities of self-
grown food (kitchen gardens) are negligible and are not included. The outflow from the sub-pool is
mainly in the form of excrement in the sewerage system (wastewater treatment plants, mixed-water
outflows) or directly into surface waters (for households not connected to a central wastewater treat-
ment plant). N-accumulation in human and animal bodies during the growth phase and the fate of the
nitrogen after life are negligible and are not included.

NNB Annex 6 (ECE 2013) also takes into account the atmospheric emissions of ammonia with sweat
and exhaled breath by humans. According to Sutton et al. (2000; cited in NNB Annex 6, Eq. 0.18) the
gaseous NH3 emissions are 17 g N per person and year.

NH;3 atm. emissions: 0.017 kg NH3-N a-1x 80.91 million = 1.4 kt N a1

As a simplification, extra terms for babies and young infants are not included.

6.2 Sub-pool “Material World” (HS.MW)

The sub-pool “Material World” includes nitrogenous products (excluding foodstuffs) that are used in
private households. According to NNB (ECE 2013) this includes furniture, textiles and clothing,
packing material, wood and cellulose products, and tobacco (see commodities in Tab. 5-8).

The production or the sale of consumer goods are reported in the Production Survey (DESTATIS
2017a, Tab. 42131-0003); the problems involved with determining the quantities of goods and the
relevant N-flow are outlined in Section 5.3.

Plastics containing nitrogen are also included in consumer electronics products, vehicles, domestic
appliances, etc., and in building materials (e.g. insulation). However, for these product groups no data
is available about the quantities involved (by weight), not is it possible to make even remotely realistic
assumptions about the N-contents.

This sub-pool also includes the N-flows related to atmospheric deposition of NHy and NOy on settle-
ment areas, nitrate leaching from settlement areas, and the agricultural use of sludge (re-cultivation of
excavations, landfill sites, etc.). The NNB system (ECE 2013) does not offer any other sub-pool for
these nitrogen inflows and outflows.
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6.3 Summary of N-flows for “Humans and Settlements” (HS) pool

Tab. 6-2 shows a summary of the N-flows for the “Humans and Settlements” pool.

Table 6-2: Incoming and outgoing N-flows for sub-pools in the “Humans and Settlements” pool,
annual mean for 2010 — 20142,

Pool(ex) Pool(in) Flow code Description N-species N-flow

ktN a*
Sub-Pool “Human Body (and pets)” (HS.HB)

MP.FP HS.HB MP.FP-HS.HB- Food for human consumption N(org) 599.4
food

MP.FP HS.HB MP.FP-HS.HB- Feed for pets (dogs and cats) N(org) 68.0
feed

HY.GW HS.HB HY.GW-HS.HB- NOs in groundwater abstracted for drinking |[NO3 15.4
abstr water

HS.HB AT HS.HB-AT-gasEm | Gaseous emissions of NH3 by humans NH3 1.4

HS.HB WS.SW  |HS.HB-WS.SW- Waste from households (food waste) N(org) 127.9
waste

HS.HB WS.WW |HS.HB-WS.WW- |Sewage from households N(org) 350.0
sewage

Sub-Pool “Material World” (HS.MW)

AT HS.MW | AT-HS.MW- Atmospheric N-deposition on settlement NHy 40.0
atmDep areas NOx 19.5

MP.NC HS.MW | MP.NC-HS.MW- | Mineral fertiliser for use in kitchen gardens |NO3, NH3 45.0
minFert N(org)

MP.OP HS.MW | MP.OP-HS.MW- | Consumption of consumer goods N(org) 165.8
prod

WS.WW [HS.MW |WS.WW-HS.MW- |Sludge for use in landscaping measures N(org) 31.2
sludge

HS.MW |WS.SW |HS.MW-WS.SW- |Waste from consumer goods N(org) 45.9
waste

HS.MW |WS.WW |HS.MW-WS.WW- | Wastewater from settlement areas (sealed |N(org) 30.0
sewage areas)

HS.MW |HY.GW  |HS.MW-HY.GW- |Nitrate leaching from settlements and the |NO3 36.0
leach transport infrastructure

@ Note: NOx and N20 emissions from settlements are negligible or are not reported in the National Inventory Report
(NIR, UBA 2016a).
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6.4 Balance and comments for the “Humans and Settlements” (HS) pool

Tab. 6-3 shows the aggregated inflows and outflows for the “Humans and Settlements” pool. There is a
considerable difference of 395 kt N a1, which represents some 40 % of the nitrogen inflow. This dif-
ference can be attributed to considerable uncertainties in many N-flows. This relates to the use of the
Production Survey and the discrepancy between N-flow regarding nitrogenous products into the con-
sumer goods industry (MP.NC-MP.OP-prod) and then the quantities of consumer goods produced for
sale to end consumers (MP.OP-HS.MW-prod). The comments in Section 5.6 also apply here. Further-
more, the N-contents in sewage from households and run-off from sealed areas are only estimated.
Finally the N-contents of (only) 46 kt N a'! in waste commodities, derived from waste statistics, is in
contrast with the N-inflow of 166 kt N a1 for the consumption of commodities. Since no other outflow
comes into question for consumer goods apart from Waste, these two quantities ought to be more or
less equal (apart from slight changes in stock levels). If the waste quantity from consumer goods were
setat 166 kt N a1, then the total waste outflow (food and consumer goods) would increase to 294 kt N
a'l and the difference for the “Humans and Settlements” pool would be reduced to 274 kt N a-1.

Table 6-3: Balance for nitrogen inflows and outflows ? (excluding agricultural products) for the
“Humans and Settlements” pool, annual mean for 2010 - 2014.

Inflow (N,-sources) N, outflows 2

ktN a* tNa!
Atmospheric depositions 59.5 |Waste -173.8
Food and feed 667.4 |Wastewater (from households and from -379.9

sealed areas)

Consumption of commodities 165.8 | Nitrate leaching (from settlements) -36.0
Use of mineral fertiliser, wood and 76.2
sludge in settlements
NOs in groundwater abstracted for 15.4
drinking water supplies
Total inflows 984.3 |Total outflows -589.7

Difference: 394.6

@ Gaseous NHs emissions by humans not included.

Imports and exports of food and commodities have already been accounted for in the “Materials and
Products in Industry” pool, and there are no further trans-boundary material-flows into or out of the
private sector.

The “Material World” sub-pool also includes N-flows into and from settlement areas. These include
NHy and NOy depositions, nitrate leaching, and the use of sludge for landscaping and re-cultivation
measures.

6.5 Uncertainty assessment for the N-flows of “Humans and Settlements” (HS)
pool

Tab. 6-4 shows the uncertainties in the calculation of the N-flows for the “Humans and Settlements”
pool.
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Table 6-4: Uncertainties in the calculation of key N-flows for “Humans and Settlements” pool.

Flow code Description N-species Uncertainty Uncertainty  Level®

Quantity coefficients
structure

Sub-Pool “Human Body (and pets)” (HS.HB)

MP.FP-HS.HB-food |Food for humans N(org) See Tab. 5-11 2
MP.FP-HS.HB-feed |Feed for pets (dogs and cats) N(org) See Tab. 5-11 3
HY.GW-HS.HB-abstr |NOs in groundwater abstracted | NO3 Low Medium, NOs 3
for drinking water concentration
estimated
HS.HB-WS.SW-waste| Domestic waste (food waste) N(org) High, see Tab. 5-11 4
HS.HB-WS.WW- Sewage from households N(org) See Tab. 9-8 3
sewage (excrements)
Sub-Pool “Material World” (HS.MW)
AT-HS.MW-atmDep |Atmospheric N-deposition on NHy, NOx |See Tab. 3-11 3
settlement areas
MP.NC-HS.MW- Mineral fertiliser for use in NO3, See Tab. 5-11 3
minFert kitchen gardens NH3,N(org)
MP.OP-HS.HB-prod |Consumption of consumer N(org) See Tab. 5-11 4
goods
WS.WW-HS.MW- Sludge for use in landscaping N(org) See Tab. 9-8 2
sludge measures
FS.FO-HS.MW-wood | Wood for energetic use - private| N(org) See Tab. 8-9 2
households
HS.MW-WS.SW- Consumer goods-Waste from N(org) High, see Tab. 5-11 4
waste settlements
HS.MW-WS.WW- Wastewater from settlement N(org) See Tab. 9-8 4
sewage areas (sealed areas)
HS.MW-HY.GW- Nitrate leaching from N(org) See Tab. 10-8 4
leach Settlements and the transport
infrastructure

2 Level of uncertainty in accordance with Tab. 2-3.
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7 Agriculture (AG)

The “Agriculture” pool occupies a key position in the overall nitrogen cycle. Nitrogen balances have
been drawn up regularly for agriculture in Germany for many years, and these include three com-
ponents: (i) Soil management on agricultural areas, (ii) Agricultural livestock, and (iii) Generation of
biogas from agricultural biomass. These three sectors are linked with one another through the ex-
changes of agricultural products (fodder, manure, biogas substrates, etc.). In line with this structure,
and in contrast to NNB Annex 3 and Annex 5 (ECE 2016), three corresponding sub-pools for N-flows in
the “Agriculture” pool:

» Animal Husbandry (AG.AH)
» Soil Management (AG.SM)
» Biogas production (AG.BP).

The management of manure (NH3 losses during storage, handling and application) from animal hus-
bandry and biogas production is not included as a separate sub-pool (which is the case in NNB Annex
3), but is integrated in the calculation of N-flows in the sub-pools “Animal Husbandry” and “Soil
Management”. This corresponds to the approach usually adopted in the nitrogen balances for agri-
culture in Germany.

A further difference relates to biogas plants. In NNB Annex 5, these are included in the Waste sector on
the grounds that biogas plants were mainly used for the treatment or disposal of organic residues.
However, biogas plants in Germany benefit under the Renewable Energy Sources Act (EEG) and are
installed in the majority of cases for energetic purposes. These are as a rule operated either directly by
farms, or are closely integrated in material flows from and to the agricultural sector. The large majori-
ty of the biomass for fermentation is from agricultural operations, and the digestate is then used in
agriculture. As a result, the data about the use of substrates in biogas plants are mainly found in agri-
cultural statistics. Consequently, “Biogas Production” is included as a sub-pool of “Agriculture” pool in
the N-flow scheme for Germany. Tab. 7-1 gives an overview of the nitrogen flows.

The calculation of nitrogen balances for agriculture in Germany is well-established. Reference sources
are the N-Balances calculated in accordance with the methodology of Bach et al. (2011), HaufRermann
etal. (2019), and Mielenz and Dieser (2018) by the Julius-Kiihn Institute (JKI, Braunschweig) in colla-
boration with the Institute for Resource Management and Landscape Ecology, University of Giessen, as
published annually by BMEL. This N-flow scheme for Germany therefore draws as far as possible on
this data. The BMEL nitrogen budget for agriculture for each year consists of four files: (1) Data, (2)
Coefficients, (3) Calculations, and (4) Balances. Only the latter are available online (www.bmel-
statistik. de /landwirtschaft/statistischer-monatsbericht-des-bmel-kapitel-a-landwirtschaft/, down-
load of the tables MBT-0111130-0000.xls to MBT0111290-0000.xls). In part, we drew in the following
on data from the files “Data” and “Calculations”, where the quantities are already presented in tonnes
N per year, with the statistical sources for the natural quantities and the N-contents. The files can be
provided on request by the authors or by JKI.
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Table 7-1:

Incoming and outgoing N-flows of the sub-pools in the “Agriculture” pool.

Pool(ex)

Sub-Pool “Animal Husbandry” (AG.AH)

Pool(in)

Flow code

Description

N-species Chapter

MP.FP AG.AH MP.FP-AG.AH- Feed from industrial production (domestic | N(org) 7.1.1
feed production and imports)
AG.SM AG.AH AG.SM-AG.AH- |Feed from internal production — Soil N(org) 7.2.1
crop Management
AG.AH AT AG.AH-AT-gasEm | NOy and N,O emissions from animal NOx 3.2.1
husbandry (including manure management) |N20
AG.AH AT AG.AH-AT-gasEm | NH3; emission from housing and storage of |NH3 33
manure
AG.AH MP.FP AG.AH-MP.FP- Animal market products N(org) 7.1.1
animProd
AG.AH MP.FP AG.AH-MP.FP- Produce of aquaculture and inland fisheries | N(org) 7.1.2
fish
AG.AH AG.SM AG.AH-AG.SM- | Animal excretions for use as manure, after | N(tot) 7.1.1
manure deduction of housing and storage losses
AG.AH AG.BP AG.AH-AG.BP- Animal excretions for use as digestion N(tot) 7.3
manure substrate, after deduction of housing and
storage losses
Sub-Pool “Soil Management” (AG.SM)
AT AG.SM AT-AG.SM- Atmospheric N-deposition on agricultural NHy 3.4
atmDep areas NOx
AT AG.SM AT-AG.SM-Nfix |Biological N-fixing in utilised agricultural N(org) 7.2.1
areas
MP.FP AG.SM MP.FP-AG.SM- | Application of organic fertiliser - Bone meal |N(org) 5.14
orgFert
MP.FP AG.SM MP.FP-AG.SM- Input with seed and planting stock (not N(org) 7.2.1
seed produced internally)
MP.NC |AG.SM MP.NC-AG.SM- | Mineral fertiliser for use in Agriculture N(tot) 7.2.1
minFert
AG.AH AG.SM  |AG.AH-AG.SM- | Manure from internal production in Soil N(tot) 7.1.1
manure Management, after deduction of housing
and storage losses
AG.BP AG.SM  |AG.BP-AG.SM- Digestate as manure N(tot) 7.3
digest
HY.GW |AG.SM HY.GW-AG.SM- |NOs input with irrigation water NO3 7.2.2
irrig
WS.SW |AG.SM | WS.SW-AG.SM- |Application of organic fertiliser — compost | N(org) 7.2.1
compost (from settlement waste)
WS.WW |AG.SM |WS.WW-AG.SM- |Sludge for use in agriculture N(org) 7.2.1
sludge
RW AG.SM RW-AG.SM- Import of manure from animal husbandry N(tot) 7.2.1
manure
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Pool(ex) Pool(in) Flow code Description N-species Chapter
AG.SM AT AG.SM-AT-gasEm | NOy and N,O emissions from the application | NOx 3.2.1
of mineral and organic fertilisers and N20
farming organic soils
AG.SM AT AG.SM-AT-gasEm | NH3; emissions from the application of NH3 33
mineral and organic fertilisers and farming
organic soils
AG.SM AT AG.SM-AT-N2 Denitrification from the farming of N2 7.2.3
agriculturally used mineral soils and organic
soils
AG.SM MP.FP AG.SM-MP.FP-  |Vegetable products N(org) 7.2.1
crop
AG.SM AG.AH AG.SM-AG.AH- |Feed from in-farm production N(org) 7.2.1
crop
AG.SM AG.BP AG.SM-AG.BP- Plant biomass from internal production as | N(org) 7.2.1
crop biogas substrate
AG.SM HY.GW |AG.SM-HY.GW- |NOs leaching from agricultural areas NO3 7.2.4
leach 10.1.1
AG.SM HY.SW  |AG.SM-HY.SW- |N-inputs from agricultural areas into surface | NO3 7.2.4
runoff waters due to runoff, erosion, and drainage |N(org) 10.2.1
Sub-Pool “Biogas Production” (AG.BP)
MP.FP AG.BP MP.FP-AG.BP- Biogas co-substrate (non-agricultural N(org) 7.3
cosub biomass)
AG.AH AG.BP AG.AHM-AG.BP- |Biogas substrate from farm manure, after N(tot) 7.3
manure deduction of housing and storage losses
AG.SM AG.BP AG.SM-AG.BP- Biogas-substrate from farm plant biomass | N(org) 7.3
crop
AG.BP AT AG.BP-AT-gasEm |NOy and N,O emissions from biogas NOx 3.2.1
production N20
AG.BP AT AG.BP-AT-gasEm | NH3 emissions from biogas production NH3 33
AG.BP AG.SM |AG.BP-AG.SM- Digestate as manure N(tot) 7.3
digest
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7.1 Sub-pool “Animal Husbandry” (AG.AH)

The sub-pool “Animal Husbandry” covers the keeping of agricultural livestock for the production of
animal products (milk, meat, eggs, wool). Horses also form part of this sub-pool, because they are
mostly held in agricultural businesses, and they are included in the statistics of the Agricultural
Census.

7.1.1  Agricultural animal husbandry (XX.XX-AG.AH, AG.AH-XX.XX)

Nitrogen inflows in this sub-pool are in feed from in-farm production and the feed industry, and the N-
outflows from animal husbandry are animal market products, the manure from animal husbandry
(including slurry and liquid manure), as well as gaseous emissions of ammonia (Tab. 7-2). The figures
in Tab. 7-2, except for gaseous emissions (see Sections 3.2.1 and 3.3), are taken from the German
nitrogen balance of the BMEL (see introduction to Chapter 7).

Table 7-2: Incoming and outgoing N-flows for the sub-pool “Animal Husbandry” (not including
inland fisheries and aquaculture), annual mean for 2010 - 2014.

Flow code Source for the calculation of the N-flow N-species  N-flow
BMEL: Position in the N-Balance of BMEL kt N a?

MP.FP-AG.AH-feed Feed from industrial production (domestic production N(org) 1102.2
and imports)

AG.SM-AG.AH-crop Feed from internal production — Soil Management N(org) 1009.4

AG.AH-AT-gasEm NOy and N,0 emissions from animal husbandry (including | NOx n.c.
manure management) N20 8.3

AG.AH-AT-gasEm NH; emission from housing and storage of animal NH3 219.4
excreta

AG.AH-MP.FP-animProd |Animal products N(org) 413.5

AG.AH-AG.SM-manure | Manure for use as fertiliser, after deduction of housing | N(tot) 737.9
and storage losses

AG.AH-AG.BP-manure Manure for anaerobic digestion substrate, after N(tot) 181.0
deduction of housing and storage losses

n.c.: not considered.

7.1.2  Aquaculture and inland fisheries (AG.AH-fish)

In the NNB system (ECE 2013), the production of fish, crustaceans, and molluscs in aquaculture
businesses is included in Agriculture. Quantities produced are provided in the Annual Statistics on
Food, Agriculture and Forests (BMEL 2016, Table 281), annual mean for 2010 - 2014:

Aquaculture and inland fisheries: 24,900 t round weight x 2.8 % N (ECE 2013, Annex 6, Table
12)=0.7 kt N a1,

7.2 Sub-pool “Soil Management” (AG.SM)

The sub-pool “Soil Management” covers all N-flows associated with growing crops on agricultural
areas. Nitrogen inputs are primarily introduced by the application of mineral fertilisers, manure from
animal husbandry and the digestate from biogas production, the biological N-fixing, and atmospheric
N-deposition (Tab. 7-3). On the outflow side, is the production of crops for use as food or feed, and
plant biomass as substrate for biogas production or as a resource for industrial processes, as well as
emissions into the atmosphere and the hydrosphere. In Section 7.2.4 the calculation of the emissions
into the hydrosphere is explained.
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7.2.1

Soil Management (XX.XX-AG.SM, AG.SM-XX.XX)

The results for the various nitrogen inflows and outflows for the “Soil Management” sub-pool (see Tab.
7-3) are derived mainly from the BMEL nitrogen budget (see introduction to Chapter 7), details for the
other N-flows can be found in Tab. 7-1 and Sections 7.2.2 to 7.2.4.

Table 7-3: N-flows of the nitrogen balance for sub-pool “Soil Management”, annual mean for 2010
-2014.
Flow code Source for the calculation of the N-flow N-species
BMEL: Position in the N-Balance of BMEL
AT-AG.SM-atmDep Atmospheric N-deposition on agricultural areas NHy 185.2
NOx 90.9
AT-AG.SM-Nfix Biological N-fixing in utilised agricultural areas N(org) 194.6
MP.FP-AG.SM-orgFert Application of organic fertiliser - Bone meal N(org) 12.8
MP.FP-AG.SM-seed Input with Seed and planting stock (not produced N(org) 22.2
internally)
MP.NC-AG.SM-minFert | Mineral fertilisation for use in Agriculture N(tot) 1619.0°
AG.AH-AG.SM-manure | Manure from internal production in Soil Management, N(tot) 737.9
after deduction of housing and storage losses
AG.BP-AG.SM-digest Digestate as manure N(tot) 382.5
HY.GW-AG.SM-irrig NOs introduced with irrigation water NO3 1.6
WS.SW-AG.SM-compost | Application of organic fertiliser — compost (from N(org) 23.4
settlement waste)
WS.WW-AG.SM-sludge |Application of organic fertiliser - sludge N(org) 24.9°
RW-AG.SM-manure Import of manure from animal husbandry N(tot) 14.3
AG.SM-AT-gasEm NOx and N,O emissions from the application of von NOXx 35.3
mineral and organic fertiliser from organic soil N20 56.6
management
AG.SM-AT-gasEm NHs emissions from the application of mineral and NH3 336.1
organic fertiliser and from organic soil management
AG.SM-AT-N2 Denitrification with the farming of mineral soils and N2 233.9
organic soils
AG.SM-MP.FP-crop Vegetable products N(org) 1134.0
AG.SM-AG.AH-crop Farm-generated feed N(org) 1009.4
AG.SM-AG.BP-crop On-farm crops as biogas-substrate N(org) 246.2
AG.SM-HY.GW-leach NOs’ leaching from agricultural areas (root zone) NO3 757.1
AG.SM-HY.SW-runoff N-discharge from agricultural areas into surface waters |NO3 113.7
due to runoff, erosion, and drainage N(org) 8.2

2 Figures from the BMEL-Statistics reduced by the amount of mineral fertiliser applied outside agriculture (kitchen
gardens, green spaces, sports facilities; see section 5.2.3).

b A slight difference to the statistics “Wastewater treatment — sludge” (DESTATIS 2017b).
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7.2.2 NOgz inirrigation water (HY.GW-AG.SM-irrig)

In 2009, Germany’s agricultural sector used 293 million m3 water for irrigation (DESTATIS 2011, Tab.
1202), more recent data are not available. Some 75 % of irrigation water was extracted from ground-
water. As an estimated value for the mean nitrate contents in groundwater (and as a simplification
also for irrigation water of other origins) a value of 25 mg NO3-1-! was used, corresponding to 5.6 mg
N I'1, which gives a N input with irrigation water of approx. 1.6 kt N a'! (in 2009).

7.2.3 Denitrification in soils in utilised agricultural areas (AG.SM-AT-N2)

The possible annual nitrogen-losses by denitrification in the root zone of utilised agricultural soils
show extreme fluctuations. Depending on the soil type, management methods, and weather conditions,
the denitrification may vary between very low (<<10 kg N ha't a-1) up to complete nitrate degradation
(>150 kg N ha't a'1) in wet moor soils (NLfB 2015, Well et al. 2016). In the following, we use the value
of 14 kg N ha't a1 given by Well et al. (2016) for the mean N; emissions from utilised agricultural areas
in Germany. The areas are based on the figures from the Agricultural Census (2010), since these are
assumed to offer the best correspondence with the utilised areas with denitrification in soil (cf. Tab. 3-
3).

Denitrification: 14 kg N hat a1 x 16,704,000 ha = 233.9 kt N a'1

This value involves considerable uncertainty and represents a placeholder.

7.2.4 Discharges into the Hydrosphere (AG.SM-HY.GW-leach, AG.SM-HY.GW-runoff)

The N-discharges into the Hydrosphere are calculated as the difference between the total inflows and
the other calculated outflows from the “Agriculture” pool (see Table 7-6). The application of mineral
and organic fertilisers, feed (from non-agricultural sources), seed and planting stock, import of
manure, biogas co-substrate, atmospheric deposition and N-fixation lead to combined total inflows of
3320.1 kt N a-1. In addition to nitrogen outflows in vegetable and animal products, there are also
gaseous N; emissions (NHs, NOyx), which can both be calculated quite accurately, and also the denitri-
fication in the root zone from agricultural soils (although this is a placeholder quantity). These N-out-
flows (not including the hydrosphere) give an interim total of 2440.8 kt N a'! (see Table 7-6, right
column), which is 879.0 kt N a1 less than the N-inflows.

Under the premise that (i) There are no further N-outflows from the “Agriculture” pool, and (ii) The N-
stock in the soil does not change (cf. Section 7.5.2), this difference of 879.0 kt N a'! is interpreted as the
N-flow into the hydrosphere from agricultural areas. This includes the NO3- leaching from the root
zone of the soil (as system boundary of the “Agriculture” pool) and the N-inflow into surface waters as
a result of runoff, erosion and drainage.

Avalue of 121.9 kt N a! is calculated for the N-inflow into surface waters due to runoff, erosion, and
drainage from utilised agricultural areas (i.e. lateral outflows) using the MoRE model (see Section
10.2.1). This leaves a residual amount of 757.1 kt N a-! for leaching in vertical flows below the root
zone as a second transport pathway into the hydrosphere from agricultural areas.

7.3 Sub-pool “Biogas production” (AG.BP)

Over the past two decades, a growing proportion of vegetable produce in Germany has been used in
biogas plants (mainly silage maize and fodder crops), as well as some manure from animal husbandry.
The digestate is then spread on agricultural areas. “Biogas Production” now represents an important
new sub-pool for agriculture alongside “Soil Management” and “Animal Husbandry”, and meanwhile
accounts for a considerable proportion of the nitrogen flows (Tab. 7-4). The results are taken from the
German nitrogen balance of BMEL (cf. introduction to Chapter 7).
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Table 7-4: N-flows for the sub-pool “Biogas Production”, annual mean for 2010 - 2014.

Flow code Source for the calculation of the N-species  N-flow

BMEL: Position in the N-balance of BMEL ktNa*

MP.FP-AG.BP-cosub Biogas co-substrate (non-agricultural biomass) N(org) 31.4

AG.HM-AG.BP-crop Biogas substrate from on-farm vegetable biomass N(org) 181.0

AG.SM-AG.BP-manure | Biogas substrate from manure, minus housing and N(tot) 246.2
storage losses

AG.BP-AT-gasEm NOy and N,O emissions from biogas production NOx 0.7

N20 0.6

AG.BP-AT-gasEm NH; emissions from biogas production NH3 2.5°

AG.BP-AG.SM-digest Digestate as manure N(tot) 382.5

74

Summary of N-flows for the “Agriculture” (AG) pool

Table 7-5 shows a summary of the N-flows for the “Agriculture” pool.

Table 7-5: Incoming and outgoing N-flows of the “Agriculture” sub-pools, mean for 2010 — 2014.
Pool Pool Flow code Description N- N-flow
(ex) (in) species kt N a’
Sub-Pool “Animal Husbandry” (AG.AH)

MP.FP  |AG.AH |MP.FP-AG.AH-feed | Feed from industrial production (domestic | N(org) 1102.2
production and imports)
AG.SM |AG.AH |AG.SM-AG.AH- Feed from internal production — Soil N(org) 1009.4
crop Management
AG.AH |AT AG.AH-AT-gasEm | NOy and N,O emissions from animal NOx n.r.
husbandry (including fertiliser management) | N20 8.3
AG.AH |AT AG.AH-AT-gasEm | NH; emissions from housing and storage of |NH3 219.4
manure
AG.AH |MP.FP |AG.AH-MP.FP- Animal products N(org) 413.5
animProd
AG.AH |MP.FP |AG.AH-MP.FP-fish |Produce of aquaculture and inland fisheries |N(org) 0.7
AG.AH |AG.SM |AG.AH-AG.SM- Animal excrement for use as manure, after | N(tot) 737.9
manure deduction of housing and storage losses
AG.AH |AG.BP |AG.AH-AG.BP- Animal excrement for use as digesting N(tot) 181.0
manure substrate, after deduction of housing and
storage losses
Sub-Pool “Soil Management” (AG.SM)
AT AG.SM |AT-AG.SM-atmDep | Atmospheric N-deposition on agricultural NHy 185.2
areas NOx 90.9
AT AG.SM | AT-AG.SM-Nfix Biological N-fixing in utilised agricultural N(org) 194.6
areas
MP.FP |AG.SM |MP.FP-AG.SM- Application of organic fertiliser - Bone meal |N(org) 12.8
orgFert
MP.FP  |AG.SM |MP.FP-AG.SM- Input with Seed and planting stock (not N(org) 22.2
seed produced internally)
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Pool Pool Flow code Description N- N-flow
(ex) (in) species s
MP.NC |AG.SM |MP.NC-AG.SM- Mineral fertiliser for use in agriculture N(tot) 1619.0
minFert
AG.AH |AG.SM |AG.AH-AG.SM- Manure from internal production in Soil N(tot) 737.9
manure Management, after deduction of housing
and storage losses
AG.BP |AG.SM |AG.BP-AG.SM- Digestate as manure N(tot) 382.5
digest
HY.GW |AG.SM |HY.GW-AG.SM- NOs input with irrigation water NO3 1.6
irrig
WS.SW |AG.SM |WS.SW-AG.SM- Application of organic fertiliser — Compost | N(org) 23.4
compost (from settlement waste)
WS.WW |AG.SM |WS.WW-AG.SM- |Sludge for use in agriculture N(org) 24.9
sludge
RW AG.SM |RW-AG.SM- Imported manure from animal husbandry N(tot) 14.3
manure
AG.SM |AT AG.SM-AT-gasEm | NOx and N0 emissions from the application | NOx 35.3
of mineral and organic fertilisers and N20 56.6
farming organic soils
AG.SM | AT AG.SM-AT-gasEm | NH; emissions from the application of von NH3 336.1
mineral and organic fertilisers and farming
organic soils
AG.SM |AT AG.SM-AT-N2 Denitrification with the farming of mineral | N2 233.9
soils and organic soils
AG.SM |MP.FP |AG.SM-MP.FP-crop | Vegetable products N(org) 1134.0
AG.SM |AG.AH |AG.SM-AG.AH- Feed from internal production N(org) 1009.4
crop
AG.SM |[AG.BP |AG.SM-AG.BP-crop |Vegetable biomass from internal production | N(org) 246.2
as biogas-substrate
AG.SM |HY.GW |AG.SM-HY.GW- NOs leaching from agricultural areas (root | NO3 757.1
leach zone)
AG.SM [HY.SW |AG.SM-HY.SW- N-discharge from agricultural areas into NO3 113.7
runoff surface waters due to runoff, erosion and N(org) 8.2
drainage
Sub-Pool “Biogas Production” (AG.BP)
MP.FP |AG.BP |MP.FP-AG.BP- Biogas co-substrate (non-agricultural N(org) 314
cosub biomass)
AG.AH |AG.BP |AG.AHM-AG.BP- Biogas substrate from manure, after N(tot) 181.0
manure deduction of housing and storage losses
AG.SM |AG.BP |AG.SM-AG.BP-crop |Biogas-substrate from on-farm crops N(org) 246.2
vegetable biomass
AG.BP |AT AG.BP-AT-gasEm | NOyx and N,O emissions from biogas NOx 0.7
production N20 0.6
AG.BP |AT AG.BP-AT-gasEm | NH; emissions from biogas production NH3 2.5
AG.BP |AG.SM |AG.BP-AG.SM- Digestate as manure N(tot) 382.5
digest
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7.5 Balance and comments for the “Agriculture” (AG) pool

7.5.1 Balance of N-flows in agriculture

” o«

“Agriculture” pool and its sub-pools “Soil Management”, “Animal Husbandry” and “Biogas Production”
form the second largest pool for reactive nitrogen in Germany. Tab. 7-6 compares the nitrogen inflows
and outflows.

Table 7-6: Nitrogen inflows and outflows for the “Agriculture” pool, annual mean for 2010 — 2014,
italics: N-flow calculated as a difference.

Inflow (N,-sources) N; outflow
kt N a* ktNa*
Mineral fertiliser 1619.0 | Vegetable products -1134.0
Application of organic fertilisers 2 60.3 | Animal market products -413.5
Feed —industrial production 1102.2 | All NH; emissions -558.0
Imports with seed and planting stock 22.2 | All NOx and N>O emissions -101.4
Import of manure 14.3 | Denitrification in soils (root zone) -233.9
B!ogas co-substrate (non-agricultural 314 Interim total ¢ - 2440.8¢
biomass)
Atmospheric N-deposition (NOy, NH,) 276.1 |Lateral NOs discharge into surface -121.9¢
waters (Runoff, Erosion and Drainage)
Biological N-fixing 194.6 | Nitrate leaching into groundwater -757.1¢
(below the root zone) ¢
Total inflows 3320.1 ®| Total outflows -3320.1

Difference: 0.0 f

@ Compost (from settlement waste), sludge, bone meal.

b Including 1.6 kt N a* with irrigation.

¢ Total inflows minus total outflows, not including the N-flows into the hydrosphere.

4 According to the MoRE model, see Section 10.2.1

¢ Calculated as 879.0 kt N-surplus minus lateral NOs™ discharge into surface waters (see Section 7.2.4).

f Balance is based on the premise that the total outflows correspond to the total inflows (see Section 7.2.4).

The balance for the “Agriculture” pool as a whole is based on the premise that the total outflows must
correspond to the total inflows. This involves two assumptions: (i) In the “Agriculture” pool all N-flows
can be registered with some accuracy - with the exception of leaching and denitrification; (ii) The N-
stock in soil is constant, i.e. there is no N-flow with the fixation or release of nitrogen in or from
organic substances in the soil (cf. Section 7.5.2). The spatial boundary for the “Soil Management” sub-
pool is set by the root zone. As a simplification, it is assumed that the leachate in the unsaturated zone
below this depth is only displaced downwards, so that the nitrate content is no longer available for
plants. If a value is now introduced for denitrification (see Section 7.2.3), then the budget is balanced if
the difference is equal to the calculated value for the N-flow of nitrate leaching into groundwater (see
Section 7.2.4).

7.5.2 N-stock in soil and changes in stock

According to the results of a recent soil status survey (Jacobs et al. 2018), the N Stock (0 - 100 cm
depth) in agricultural soils in Germany is 11.9 t N ha'! (standard deviation approx. £3 t N ha-l, our
estimated value). The value is weighted across mineral soils (differentiated according to arable land,
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grassland and special crops) and moor soils (in six classes). For an agricultural area of 16,704 kha this
corresponds to a nitrogen stock of ~200,000 kt N (0 - 100 cm depth).

The soil survey for utilised agricultural areas has been carried out for the first time, and before a
second inventory period is concluded and a change in the N-stock in soils in agricultural areas can be
determined directly take at least another decade. The possible changes in the N-stock can at present
only be determined on the basis of the changes in C-stocks.

For mineral soils under grassland, the changes in Corg-stocks are not significant (and thus neither are
changes in N-stocks). For mineral soils under arable farmland, Jacobs et al. (2018) modelled the deve-
lopment of the Corg in the surface layer (0 - 30 cm) for specific locations on the basis of Corg changes in
long-term soil monitoring sites in Germany. For some 80 % of mineral soils under arable land, the
development of Corg was estimated over a period of 10 years (it was not possible to model the C-
dynamics for 20 % of the locations with black-humus sands or with a high water table; Don 2019). A
mean annual reduction of 0.21 t Corg ha'l a1 was modelled for the mineral soils under arable cropping.
Assuming a mean C:N-ratio of 11:1 in surface mineral soils, this would lead to a reduction in N-stocks
0f 0.019 t N hala-1. For ~11,200 kha mineral soils under arable farmland and similar uses this
corresponds to an annual stock change of some 210 kt N a1 in the mineral upper level (0 - 30 cm).
Results are not available for the sub-soil (30 - 100 cm).

According to the measurements and calculations of the “Organic Soils” Project (Tiemeyer et al. 2016,
cited in Jacobs et al. 2018), organic soils under arable land and grassland in Germany lose an average
of 7.5 t Corg ha'l a1, i.e. over 20 years such a site loses more Corg than the total amount that is stored in a
typical mineral soil (Jacobs et al. 2018). Assuming a C:N ratio of 25:1 (as an approximate mean value
for various moor soils at various depths) this would correspond to ~0.3 t N ha! a-1. For some 1,000
kha organic soils under farmland ( ~6 % of the UAA), this corresponds to a nitrogen loss due to the
reduction of the N-stock in organic soils (0 -100 cm) of approx. 300 kt N a'1.

For all mineral and moor soils under farmland, the estimated change in N-stock is therefore in the
order of 500 kt N a-L. This is an appreciable amount in comparison with the other values in the nitro-
gen balance. However, in contrast to the change in N-stock in forest soils, the change in N-stocks in
agricultural soils is not included as N-flow in the NNB, because the figure is only the result of model
estimates, and currently involves considerable uncertainties.

7.5.3 Comparison with the N-balance of BMEL

The annual N-balances of BMEL (see introduction to Chapter 7) do not show separate nitrogen
emissions (NHs, NOy, NOs, N2); the goal is to calculate reliable overall N-flows in the products in order
to calculate the “N surplus”, which can then function as an indicator describing the potential loss of
reactive nitrogen into the hydrosphere and atmosphere. The overall surplus according to BMEL is
1615.6 kt N a1 (corresponding to ~97 kg N/ha UAA) as an annual mean for 2010 - 2014. This matches
very well with the values we calculated for the N-flows. Adding together the so-called N-losses (i.e. the
N: and N; emissions into the hydrosphere and the atmosphere), gives a value of 1772.4 kt N a'! in the
NNB. The difference is mainly attributable to the fact that the BMEL-Balance only considers NOx for the
atmospheric N-deposition, but not NH, depositions. BMEL argues that a large proportion of the NH,
deposition on agricultural areas originates from agricultural NHy emissions, i.e. it forms part of an
(internal) agricultural nitrogen cycle. But according to the BMEL methodology, gaseous emissions are
not included in the balance. (The reasoning is that if only the NHy inputs are taken into consideration
but not the NHy emissions then this would result in too high a value for the N surplus). Calculating the
N-surplus by analogy with the NNB, leaving out the NH3 depositions on agricultural areas (185.2 kt N
a'l) gives a surplus of 1547.5 kt N a1, which corresponds well with the BMEL-surplus of 1615.6 kt N
a'L, The distribution of the N-surplus between the various N-species and the inputs into the
atmosphere and hydrosphere are shown in Table 13-3.
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7.5.4 Comments on National Nitrogen Budget Annex 3

Calculations of the nitrogen balance for the agriculture in Germany have been carried out by a number
of institutions over many years for various purposes and with various regional structures. A more or
less standardised methodology has been developed (cf. Bach et al. 2011, BW Stickstoff 2017) which
has become established and which is continually being refined. For N-balances at the national level,
the goal is to harmonise the quantity structure and the coefficients as far as possible with the repor-
ting of the National Emissions Inventory for the agricultural sector (R6semann et al. 2017).

The specifications of the NNB Annex 3 (ECE 2016) for determining the N-flows for the “Agriculture”
pool are very comprehensive, and in our view are intended for readers with little previous relevant
experience. We have preferred to adopt a more pragmatic approach, and we have mainly used the
results on N-flows in agriculture from the BMEL nitrogen balance for Germany. Among other things,
the sub-pools we use differ from those in Annex 3. We did not examine in detail whether the metho-
dology of the German national N-Balance corresponds to the approach in the NNB Annex 3 (ECE
2016). Our decision was made on the basis of the following considerations:

» National nitrogen budgets are still in their early stages. Our priority is therefore the provision
of an inventory of N-flows for the environmental policy discussion in Germany, rather than
anticipating requirements for a putative international reporting obligation which may be
introduced at some time in the future.

» In order to recognise the effects of measures and trends, the nitrogen balance for Germany
should be up-dated regularly. As far as possible, use should be made of existing results from
other inventories or nitrogen balances for Germany, in order to reduce the workload involved.

» If the calculation of N-flows in Agriculture on the basis of Annex 3 led to results which differed
from those of the established N-Balance methods for Agriculture in Germany, this could lead to
the publication of conflicting values for N-flows. This would complicate issues and could raise
doubts about the reliability of the values.

7.6 Uncertainty assessment for the N-flows of “Agriculture” (AG) pool

Tab. 7-7 shows the uncertainties in the calculation of the N-flows for the “Agriculture” pool.
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Table 7-7:

Uncertainties in the calculation of important N-flows for the “Agriculture” pool.

Flow code

Description

Sub-Pool “Animal Husbandry” (AG.AH)

N-species Uncertainty Quantity structure

Uncertainty Coefficients

MP.FP-AG.AH-feed | Feed from industrial production N(org) Very low (see DESTATIS Quality report) Very low 1
(domestic production and imports)

AG.SM-AG.AH-crop | Feed from internal production — N(org) Areas: very low Low 2
Soil Management Crop yields: low

(see DESTATIS Quality reports)

AG.AH-AT-gasEm NOx and N,O emissions from NOx see Tab. 3-11 2/4
Animal husbandry N20

AG.AH-AT-gasEm NH; emission from housing and NH3 see Tab. 3-11 3
storage of animal excretions

AG.AH-MP.FP- Animal products N(org) Very low (see DESTATIS Quality report) Very low

animProd

AG.AH-MP.FP-fish Produce of aquaculture and inland | N(org) Very low (see DESTATIS Quality report) Very low 1
fisheries

AG.AH-AG.SM- Animal excrement for use as N(tot) Low Low 2

manure manure, minus housing and
storage losses

AG.AH-AG.BP- Animal excrement for use as N(tot) Low Low 2

manure Digesting substrate, after
deduction of housing and storage
losses

Sub-Pool “Soil Management” (AG.SM)

AT-AG.SM-atmDep | Atmospheric N-depositions on NHy see Tab. 3-11 3
Agricultural areas NOXx

AT-AG.SM-Nfix Biological N-fixing in utilised N(org) Areas of crops with N-fixation: Low (see High, wide range of literature 4
agricultural areas DESTATIS Quality report) results for N-fixation in legumes

MP.FP-AG.SM- Application of organic fertiliser - N(org) Very low (complete cover according to Low 2

orgFert Bone meal Niemann (various years))
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Flow code

Description

N-species Uncertainty Quantity structure

Uncertainty Coefficients

MP.FP-AG.SM-seed | Input with Seed and planting stock | N(org) Very low (see DESTATIS Quality report) Very low 1
(not produced internally)
MP.NC-AG.SM- Mineral fertiliser for use in N(tot) Very low (see DESTATIS Quality report) Very low 1
minFert Agriculture
AG.AH-AG.SM- Manure from internal production N(tot) Low: Manure amounts Low: N-contents in manure) 2/3
manure in Soil Management, after Medium: NHs housing and storage losses | Medium: NH3-Verlustcoefficients
deduction of housing and storage (see Section 3.10) (see Section 3.10)
losses
AG.BP-AG.SM- Digestate as manure N(tot) Low Low 2
digest
WS.SW-AG.SM- Application of organic fertiliser — N(org) Low Low 2
compost compost (from settlement waste)
WS.WW-AG.SM- Application of organic fertiliser - N(org) See Tab. 9-8 2
sludge sludge
RW-AG.SM-manure | Import of manure from animal N(tot) Low (quantities according to nutrient Low 2
husbandry reports for Lower Saxony and NRW )
AG.SM-AT-gasEm NOx and N,O emissions from the NOx see Tab. 3-11 2/4
applications of mineral and organic | N20
fertilisers and farming organic soils
AG.SM-AT-gasEm NH; emissions from the application | NH3 see Tab. 3-11 3
of mineral and organic fertilisers
and farming organic soils
AG.SM-AT-N2 Denitrification from farming N2 Very low (data for total UAA) High; mean of 14 kg N hala® 4
mineral soils and organic soils after Well et al. (2016) rough
estimate
AG.SM-MP.FP-crop | Vegetable products N(org) Very low (see DESTATIS Quality report) Very low
AG.SM-AG.AH-crop | Feed from internal production N(org) Areas: Very low Low 2

Harvest: Low
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Flow code Description N-species Uncertainty Quantity structure Uncertainty Coefficients Level®
AG.SM-AG.BP-crop | Vegetable biomass from internal N(org) Low; quantities and composition of Low 2
production as biogas-substrate substrate after Haussermann et al.
(2018)
AG.SM-HY.GW- NOs" leaching from agricultural NO3 Groundwater replenishment from MoRE model calculation, NOs° 4
leach areas agricultural areas: medium concentration in groundwater:
high
AG.SM-HY.SW- N-discharge from agricultural areas | NO3 Outflow volumes Runoff, Erosion and High 4
runoff into surface waters due to runoff, N(org) drainage: high
erosion, and drainage
Sub-Pool “Biogas Production” (AG.BP)
MP.FP-AG.BP- Biogas co-substrate (non- N(org) Low; quantities and composition of Low 2
cosub agricultural biomass) substrate after Haussermann et al.
(2018)
AG.AHM-AG.BP- Biogas substrate from farm N(tot) Low; quantities and composition of Low 2
manure manure, minus housing and substrate after Hidussermann et al.
storage losses (2018)
AG.SM-AG.BP-crop | Biogas substrate from on-farm N(org) Low; quantities and composition of Low 2
vegetable biomass substrate after Haussermann et al.
(2018)
AG.BP-AG.SM- Digestate as fertiliser N(tot) Low; uncertainties for output from biogas | Low 2
digest plants corresponds to uncertainties in the

calculation of the inputs

2@ Level of uncertainty in accordance with Tab. 2-3.
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8 Forest and semi-natural vegetation (FS)

The “Forest and Semi-natural vegetation” pool covers all natural and semi-natural ecosystems with the
exception of agriculture. The most important nitrogen gains are due to atmospheric deposition and N-
fixation, against losses due to nitrate leaching into groundwater as the largest outflow from near-
natural ecosystems. In managed forests, wood removals take out appreciable quantities of nitrogen,
and changes in N-stocks play a greater role in forests than in the other pools. There are three sub-
pools:

» Forest (FS.FO)
» Other Land covered with semi-natural vegetation (FS.OL)
» Wetland (FS.WL).

No comprehensive statistics are available for the most important N-flows of the “Forest and Semi-
natural vegetation” pool. The registration and evaluation of the relevant data sources is therefore
covered in more detail than in most of the other pools. Tab. 8-1 gives an overview of the relevant
nitrogen flows.

Table 8-1: Incoming and outgoing N-flows of the sub-pools in the “Forest and Semi-natural
vegetation” pool.

Pool(ex) Pool(in) Flow code Description N-species Chapter

Sub-Pool “Forest” (FS.FO)?

AT FS.FO AT-FS.FO- Atmospheric N-deposition on forest areas NH,, NOy 3.4
atmDep

AT FS.FO AT-FS.FO-Nfix Biological nitrogen fixing in forest soils N(org) 8.1.2

RW FS.FO RW-FS.FO-wood |Import of round wood N(org) 8.1.5

SOURCE |FS.FO SOURCE-FS.FO?* |Change of N-stock in soil N(org) 8.1.6

FS.FO AT FS.FO-AT-N2 Denitrification in forest soils N, 8.1.3

FS.FO AT FS.FO-AT-gasEm |NOy and N,O emissions from forest soils NO;, N2O 3.2.1

FS.FO EF.EC FS.FO-EF.EC- Wood removals for energetic use - large N(org) 8.1.5
wood combustion plants

FS.FO EF.OE FS.FO-EF.OE- Wood removals for energetic use — private | N(org) 8.1.5
wood households

FS.FO MP.OP FS.FO-MP.OP- Wood removals for material use N(org) 8.1.5
wood

FS.FO HY.GW |FS.FO-HY.GW- Nitrate leaching from forest soils NOs’ 8.14
leach

FS.FO RW FS.FO-RW-wood |Export of round wood N(org) 8.1.5

FS.FO SINK FS.FO-SINK® Growth in wood stocks N (org) 8.1.6

Sub-Pool “Other land covered with semi-natural vegetation” (FS.OL)

AT FS.OL AT-FS.OL- Atmospheric N-deposition on semi-natural | NH,, NOy 3.4
atmDep areas

AT FS.OL AT-FS.OL-Nfix Biological nitrogen fixing in semi-natural N(org) 8.2.1

areas
FS.OL AT FS.OL-AT-N2 Denitrification in semi-natural areas N, 8.2.2
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Pool(ex) Pool(in) Flow code Description N-species Chapter

FS.OL HY.GW | FS.OL-HY.GW- Nitrate leaching from semi-natural areas NOs 8.2.3
leach

Sub-Pool “Wetlands” (FS.WL)

AT FS.WL AT-FS.WL- Atmospheric N-deposition on wetlands NH,, NOy 3.4
atmDep

AT FS.WL AT-FS.WL-Nfix Biological nitrogen fixing in wetlands N(org) 8.3.1

AG.SM |FS.WL AG.SM-FS.WL- N-input with inflow of runoff from adjacent |NO;5" 8.3.2
runoff arable land

FS.WL AT FS.WL-AT-N2 Denitrification in wetlands N, 8.3.3

FS.WL AT FS.WL-AT-gasEm |NOy and N;O emissions from wetlands NO;, N2O 3.21

(LuLcc)

@ The mobilisation or immobilisation of N(org) with the increase or decrease of stocks in soil humus and in tree stands
are not considered as N-flow in NNB (ECE 2013).

8.1 Sub-pool “Forest” (FS.FO)

The German Federal Forest Act defines forest as any area covered with forest vegetation (also referred
to in the industry as timberland). This includes areas on which there are no trees (currently or perma-
nently), but which form part of the forest spatially and/or functionally. Examples of “unstocked” areas
are forest tracks, openings and clearings, feeding grounds for game, timber storage areas, overgrown
heaths and moorland, and rough pastures. Land registries require forests parcels to have an area of at
least 0.1 hectare, and to be at least 10 metres wide.

8.1.1 Forest area

In the 3rd National Forest Inventory 2012 (Thiinen Institute 2016c), the forest areas in Germany were
registered in detail (Tab. 8-2). A time series and area data covering the years 2010 - 2014 is not avail-
able, so that the data for 2012 is used here to calculate the N-flows.

Table 8-2: Forest areas (in 1000 ha) according to specifications, 3rd National Forest Inventory 2012
(Thinen Institute 2016¢, Tab. 1.01).

Forest specification

Forest (total) 11,419° | Unstocked areas ® 365
Timberland® 11,055 Stocked timberland? 11,012
Temporarily unstocked 42
area

@ Areas differ from values in Tab. 3-2 due to differing definitions.
b Parts of the forest not used to grow timber, e.g. paths or clearings more than 5 m wide and timber storage areas.

¢ Timberland: Areas permanently used to grow trees, but including drainage ditches, line corridors, temporarily
unstocked areas, and paths and clearings less than 5 m wide.

4 Stocked timberland: timberland on which trees are growing.
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8.1.2 Biological nitrogen fixation in forest soils (AT-FS.FO-Nfix)

Figures for symbiotic and non-symbiotic nitrogen fixation in forests are only found sporadically in the
literature. In NNB Annex 4, Table 5 (ECE 2016) reference values of 6.5 - 26.6 kg N ha! a1 are provided
for N-fixation for temperate forests (Cleveland et al. 1999). Boring et al. (1988) give a value of >100 kg

N ha't a'L. For the calculation of N-flows in Germany a moderate value of 10 kg N ha! a'1 is used.

N-fixation: 10 kg N ha1a1x 11,055 kha=110.5ktNa1

This value for the N-fixation involves considerable uncertainty and represents a placeholder.

8.1.3

Denitrification in forest areas (AT.FS-FO.N2)

In a modified approach to calculating the Critical Loads for forest areas, Andreae et al. (2016; Section
5.5.3) use a mean value of 1.1 kg N ha'! a'! for denitrification in forest soils. Taking this value for
timberland areas gives:

Denitrification: 1.1 kg N halatx 11,055kha=12.2ktN a'l,

8.14

Nitrate leaching from forest soils (FS.FO-HY.SW-leach)

Nitrate leaching from forest soils depends on various factors, including local conditions (precipitation,
seepage water rates, temperature), soil type, nitrogen deposition, and C/N ratio in pines or leaves
(Dise et al. 2009). The results for nitrate leaching from forest soils are summarised in Tab. 8-3.

Table 8-3: Literature results for nitrate leaching under forest areas (after Beisecker et al. 2012; with
additions).
Source Region / Method Mean / Median / Comment
Period Range
Borken and Germany CL-Balance method | Median: 71% of areas
Matzner 1996-2001 |57 Level-ll forest 4.6kgNhatal(C/N<25) |<5kgNhata?
(2004) areas 0.8 kg N hatal(C/N>25)
Range: 0-26 kg N hata™
Callesen et al. | Denmark Nitrate inventory 30 % of sites with 2 - 6 kg N-
(1999) 111 forest (1986-1993) loss hata™
locations

Kiese et al. Germany Bio-geochemical Mean: 5.5 kg N ha'a? 66% of areas
(2011) 2000 Model FOREST- Range: 0- 80 kg N haa® <5kgNhatla?

DNDC, 79 forest

locations
Heldstab et al. | Switzerland | Nitrogen balance Mean: 6.7 kgN ha'a? Estimated value
(2010) 2005
MacDonald et | Europe 181 forests Mean: 5.8 kg N ha'a? 64 % of areas
al. (2002) 1980-1998 | Statistical Range: 1-40kg N ha'a <5kgNhatla?

evaluation 23 % of areas:

5-15kg N hata?

van der Salm | Europe 110 areas, Median: ~2 kg N hata?
et al. (2007) |2000 Regression analysis |Range: 0—18 kg N hala®

The results for means or medians reported by Borken and Matzner (2004), Kiese et al. (2011), Held-
stab et al. (2010), and MacDonald et al. (2002) are all in the range 5 to 7 kg N ha'1 a'1. Andreae et al.
(2016; Section 5.5.3) use a modified approach to calculate the critical loads for forest areas in Germany
as “average tolerable N-removal rate” in leachate of 5.2 kg N ha'! a-1. As mean for the calculations of N-
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flow with leachate from forest areas, a value of 5.5 kg N ha'! a-1is used in the following after Kiese et al.
(2011). The timberland area is used, because the results in the literature do not include unstocked
forest areas.

NOj3-leaching from forest soils: 5.5 kg N ha1a! x 11,054 kha= 60.8kt Nal

Forest management activities, in particular the clearance of larger areas, disturbs the dynamic equi-
librium of N-transformations. As a consequence, for some years the nitrate outflows in a cleared area
may exceed 100 kg N ha1 a1 (Beisecker et al. 2012). Assuming mean rotation periods of 80 years for
pine trees and 120 years for deciduous trees, then on average about 1 % of the forest area will show
elevated NOs outflows in any year. These incidents of temporarily increased NO3- levels are not taken
into consideration in the figures for nitrate leaching under forests in the literature.

8.1.5 Wood removal and uses of wood (FS.FO-MP.OP-wood, FS.FO-EF.OE-wood, FS.FO-RW-
wood, RW-FS.FO-wood)

Data on felling and the removal of wood from forests are available from three sources:

» Federal Statistical Office (GENESIS-Table No. 41261-0001), annual mean for 2010 - 2014:
Annual wood removal ~54 million m? (timber under bark).

» Thiinen Institute of International Forestry and Forest Economics (Thiinen Institute 2016a),
annual mean for 2010 - 2014: Annual felling 73.9 million m3.

» 3rd National Forest Inventory (BMEL 2016), mean 2002 - 2012: 76 million m3 of round wood
used annually.

These differences are attributed by the Thiinen Institute to various gaps in the data of the Federal
Statistical Office. For example, according to the Thiinen Institute (2015), in the past decade only some
48 % of the timber removed for firewood was registered by the Federal Statistical Office due to gaps in
the data for energetic use of wood from private forests. The results of the 3rd National Forest Inventory
(BMEL 2016) also indicate that the amount of round wood used annually is underestimated in the
official statistics. Jochem et al. (2015) developed a model to calculate realistic figures for felling which
draws on “official statistics, association statistics, and the results of empirical investigations for a back-
calculation of the quantities of timber felled in Germany” (Thiinen Institute 201643, revised Thiinen
Institute 2016b).

Nitrogen flows with wood (see Tab. 8-4) are determined in the following using the statistics for wood
removal (coarse wood and non-coarse wood) and wood use of the Thiinen Institute (after Jochem et al.
2015; Thiinen Institute 2016b). These statistics also include data on imports and exports of wood, as
well as changes in stocks. For simplicity and greater clarity, the N-flows with the import and export of
round wood are included in this sub-pool rather than in the “Materials and Products in Industry” pool.
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Table 8-4: Annual N-flows with the removal and use of wood as well as imports and exports
(Thiinen Institute 2016a), annual mean for 2010 - 2014.

Use N-flow Type of Wood Wood Wood * N-flow
wood 10° x m3 10°x t tN ktNa*

Total removal @ Pine wood 52.16 21.39 25,668
Deciduous 21.71 12.59 17,626

Combined 73.87 33.98 43,294 43.3
Material use, Pine wood 45.92 18.83 22,596
Total € Deciduous 5.67 3.29 4,606

FS.FO-MP.OP-wood Combined 51.59 22.12 27,202 27.2
Energetic use Private Pine wood 8.91 3.65 4,380
households ¢© Deciduous 12.57 7.29 10,206

FS.FO-EC.OE-wood Combined 21.48 10.94 14,586 14.6
Large combustion| Pine wood 2.63 1.08 1,294
plants Deciduous 2.84 1.65 2,306

FS.FO-EC.EC-wood Combined 5.47 2.73 3,600 3.6
Trade Import Pine wood 7.39 3.03 3,636
Round wood Deciduous 0.80 0.46 650

RW-FS.FO-wood Combined 8.19 3.49 4,285 4.3
Export Pine wood 2.44 1.00 1,200
Deciduous 1.19 0.69 966

FS.FO-RW-wood Combined 3.63 1.69 2,167 2.2
Change in Forest (including | Pine wood -0.34 -0.14 -167
stocks industry)® Deciduous 0.24 0.14 195

Combined -0.10 0.00 28 0.0

@ Removal: Felling minus unused coarse wood.

b Wood density hardwood 0.58 t m3, mean softwood 0.41 t m™ after ECE (2016), Annex 4, Table 15; mean N-contents
Pine wood 1.2 g kg'*, Deciduous 1.4 g kg, after ECE (2016), Annex 4, Table 16.

¢ For use as veneer, wood and cellulose, sawmill industry, industrial application.
4 Allocation here according to final use, i.e. charcoal, pellets and briquettes are included under energetic use.

¢ The change in stocks for “Industry” is slight and as a simplification is included under “Forest”.
8.1.6  Balance and changes in stocks for the “Forest” sub-pool (wood stands and forest soils)

N-stock in soil and changes in stock

The status of forest soils in Germany was determined in the course of the first and second National
Forest Soil Survey (BZE I, 1987-1993 and BZE 11, 2006-2008) for some 1800 systematically distributed
sampling points (Andreae et al. 2016). According to BZE II, the N stocks in surface humus and in
mineral soils to a depth of 60 cm are on average 6.01 £0.08 t N ha-1, while a further 1.03 £0.03 t N ha'!
is stored in the layer 60 — 90 cm. At this level, however, a large proportion of the N-contents (44 %) is
near or below the limit of detection, so there is considerable uncertainty (Andreae et al. 2016, Section
5.2.1). In total, this corresponds to a N-stock in forest soils of ~78,000 kt N (surface humus - 90 cm
depth). For some 1200 sampling points, the change in N-stock in soils can be determined by compa-
ring the values from BZE I and BZE II (Tab. 8-5).
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Table 8-5: Mean, standard error and median of the annual change in nitrogen stores (kg N hata?)
in surface humus and in soil (for a range of depths) in German forests, calculated on the
basis of the National Forest Soil Surveys BZE Il (2006 - 2008) and BZE | (1987 - 1993)
(Andreae et al. 2016, Tab. I-5-1).

Layer Mean Standard error Median No. of samples ?
Surface humus -1.6 1.4 -2.6 1244
0-5cm 6.1* 1.3 6.5 1325
5-10cm 1.1 1.1 1.9 1327
10-30cm -6.3 34 -3.8 1312
30-60cm -22.3* 7.0 -14.8 1268
(60-90 cm) (-26.7) (8.7) (-12.3) (1097)
Surface humus to 60 cm -26.5° 11.9 -8.9 1168

* statistically significant change (p < 5 %).
@ No. of paired samples.

b This value from Andreae et al. (2016), Tab. I-5-1 does not correspond to the total for all layers to 60 cm.

Only the values from the surface humus to a depth of 60 cm are included for the calculation of the
change of N-stock in soil, due to the considerable uncertainty for the 60 — 90 cm layer The timberland
area is used because the National Forest Soil Surveys do not take samples in unstocked forest areas.

Annual change of N-stock in soil (surface humus to 60 cm depth):
-26.5 kg N hala1x 11,054 kha =-292.9 kt N a-1 (corresponds to a mobilisation of N, (“SOURCE")).

On average, there was a period of 17 years between taking the first and the second BZE samples.
Calculated over this period, the mean reduction per annum in Tab. 8-5 corresponds to a change in the
N-stock in soils (surface humus to 60 cm depth) of some -450 kg N ha-l. Relative to the total of ~6000
kg N ha't in soils (surface humus to a depth of 60 cm) this represents a change -7.5 % over 17 years.
Humus depletion in forest soils of the same order is reported by Prietzel et al. (2016) for an area of
4,500 km? in the Bavarian Alps. The authors attribute a mean loss of humus of 14 % over three
decades primarily to climate change.

Wood stands and changes in stands

The 3rd National Forest Inventory (2012) gives details of timber stocks (Thiinen Institute 2016c;
bwi.info/, Tab. 3.04) and changes since the 2nd Forest Inventory (ibid, Tab. 4.03), from which it is
possible to calculate the change in the amount of nitrogen in the standing timber (Tab. 8-6).

Table 8-6: Timber stocks (2012) and changes between 2002 and 2012 in forests according to the
National Forest Inventory 2012 (Thiinen Institute 2016c).

Timber stocks (2012) Change 2002 to 2012
10° x m? 10°x t? 10° x m? 10°x t? kt NP
Deciduous forest 1420.6 823.9 1153.5 175.7 101.9 142.7
Coniferous forest 22424 919.4 1103.3 51.7 21.2 254
Forest, total 3663.0 1743.3 2256.8 227.4 123.1 168.1

2 Density for hardwood 0.58 t m?3, pine wood 0.41 t m™ after NNB Annex 4, Table 15 ECE (2016).
b Mean N-contents pine wood 1.2 g kg™, Deciduous 1.4 g kg™, after NNB Annex 4, Table 16 ECE (2016).
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The mean annual change in stocks corresponds to one tenth of the total change between the survey

years 2002 and 2012.

Annual N-contents in the increased timber stocks in forests = 16.8 kt N a1 (corresponds to a

binding of N, (“SINK")).

Balance for the “Forest” sub-pool

Tab. 8-7 presents nitrogen inflows and outflows and changes in stock in the “Forest” sub-pool. In con-
trast to the NNB system (ECE 2013), the release or binding of nitrogen by changes of N-stocks in soil
and in timber stands are included as N-flows. The considerable discrepancy of 451 kt N a1 between
the N-inflows and the N-outflows reflects the considerable uncertainties about the origins and above
all the fate of reactive nitrogen in the forest ecosystem at present. Processes such as N-fixation, denitri-
fication, and nitrate leaching cannot be quantified with the precision needed to present anything even
close to a balanced budget for N-flows in the “Forest” sub-pool.

Table 8-7: Nitrogen inflows and outflows and changes in stock in the “Forest” sub-pool, annual

mean for 2010 - 2014.

Inflow (N,-sources)

Outflow (N,-use)

ktNa?
Atmospheric N-deposition 181.1 |Denitrification -12.2
Nitrogen fixing 110.6 |N2O and NOx emissions -0.3
Change (reduction) in N-stock in soil 292.9 |Nitrate leaching -60.8
Net import round wood 2.1 |Wood removal (all uses) -45.4
Increase in timber stocks -16.8
Total inflows 586.7 |Total outflows -135.5

Difference: 451.2

8.2 Sub-pool “Other land covered with semi-natural vegetation” (FS.OL)

The “Other land” sub-pool combines areas with various types of vegetation cover or with little or no
vegetation (e.g. bare rocks, sand dunes). The areas have in common that they are largely in a near-
natural state, are subject if at all to only to very extensive anthropogenous use, with nitrogen almost
exclusively by natural processes (N-fixation, deposition, runoff, leaching, and denitrification). For the
description of the N-flows in Germany, the following classes of CLC 2010 are allocated to this sub-pool

(in brackets: CLC-Code; see Tab. 3-2):

Natural grasslands (321)

Moors and heathland (322)
Beaches, dunes, sands (331)

Bare rocks (332)

Sparsely vegetated areas (333)
Glaciers and perpetual snow (335)
Inland marshes (411)

Salt marches (421)

Intertidal flats (423).

VVvyVvyVvVvVyVYyVYYVYYyYy
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8.2.1 Biological nitrogen fixing in Other land (AT-FS.OL-Nfix)

Hardly any information about biological nitrogen fixing in soils with semi-natural vegetation is to be
found in the literature. In NNB Annex 4, Table 5 (ECE 2016), a reference range of 2.3 to 3.1 kg N hat a'!
is given for N-fixation in grassland (original source: Cleveland et al. 1999). For the calculation of the N-
flows in Germany, we use a value of 3 kg N hal a-l.

N-fixation: 3 kg N hala1x656.5kha=2.0ktNal

This result for biological N-fixation involves considerable uncertainty and represents a placeholder.

8.2.2  Denitrification in Other land (AT-FS.OL-N2)

The literature offers only sparse details on denitrification in areas with semi-natural vegetation. As for
forests, a value of 1 kg N ha a! is used for the calculation of the N-flows.

Denitrification: 1 kg N ha1 a1 x 656.5 kha semi-nat. areas = 0.7 kt N a'1

This result for the denitrification involves considerable uncertainty and represents a placeholder.

8.2.3  Nitrate leaching from Other land (FS.OL-HY.SW-leach)

Information about nitrate leaching from areas with semi-natural vegetation are not available in the
literature for Germany. Nitrate leaching is calculated using a value of 5 kg N ha1 a‘}, as for Forests.

NOs-leaching from Other land: 5 kg N ha-1a-1x 656.5 kha=3.3ktNal,

This result for nitrate leaching involves considerable uncertainty and represents a placeholder.

8.3 Sub-pool “Wetlands” (FS.WL)

In Germany, the term equivalent to Wetlands (Feuchtgebiet) is defined differently in different special
fields:

1. Hydrology: Land surfaces that are completely saturated with water or covered with water over long
periods every year.

2. Soil science: Areas with characteristic hydro-morphological soil types (e.g. gley).
3. Botany: Areas with vegetation types characteristic of wet areas, e.g. moors, and marshes.

In the 2006 IPCC Guidelines - Consistent Representation of Lands and in the National Inventory Report
for Germany (UBA 2016a), wetlands are listed as Category 4.D. Under the CORINE nomenclature, they
are allocated to the land use categories “Maritime wetlands” and “Inland wetlands”, the latter with the
Level 3 land use classes “Inland marshes” and “Peat bogs”. However, the NNB system (ECE 2013)
includes N-flows due to leaching or similar transformations of water-borne N; to the “Hydrosphere”
pool. In the NNB, wetland therefore only corresponds to the CLC-Land use class “Peat bogs” (see Table
3-2).

8.3.1 Biological nitrogen fixation in Wetland (AT-FS.WL-Nfix)

There are very few details in the literature on biological nitrogen fixation in Wetland. In NNB Annex 4,
Table 19 (ECE 2016) reference values are given for N-fixation in wetlands (“peat bog”) of 0 to 22 kg N
ha1 a-l. For the calculation of N-flows in Germany, a value of 10 kg N ha! a-1 was used.

N-fixation: 10 kg N ha'l a1 x 74.8 kha Wetland = 0.7 kt N a1

This value for N-fixation involves considerable uncertainty and represents a placeholder.
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8.3.2

Wetland is characterised as a rule by the inflow of water from adjacent landscape areas, surface

N-inflow with runoff (AG.SM-FS.WL-runoff)

‘runoff’ from agricultural areas, and inflows and outflows of groundwater, transporting quantities of
NOs-. However, no data are known about the discharge volume of the water flows and the associated
N-inflow rates in Wetland. In view of the very small areas of wetland in Germany, this N-flow is not

considered further.

8.33

Denitrification in Wetland (AT-FS.WL-N2)

A review of the literature by Gutknecht et al. (2006) shows a wide range of values for denitrification
rates in wetlands. As a lower value, we chose a rate von 20 kg N hat a'..

Denitrification: 20 kg N hal a-1 x 74.8 kha Wetland = 1.5 kt N a1,

This result for denitrification involves considerable uncertainty and represents a placeholder.

8.34

Nitrate leaching from Wetland (FS.WL-HY.SW-leach)

Wetland is typically characterised by the inflow of water as runoff and/or underground flows of
groundwater. As a first approximation it can therefore be assumed that over the year such locations
experience no (net) groundwater recharge and thus there is no nitrate leaching. In view of the very

small areas of wetland in Germany, nitrate leaching here is not considered further.

8.4

Table 8-8 shows a summary of the N-flows for the “Forest and semi-natural vegetation” pool.

Summary of N-flows for the “Forest and Semi-natural vegetation” (FS) pool

Table 8-8: Incoming and outgoing N-flows of the sub-pools of the “Forest and semi-natural
vegetation” pool, annual mean for 2010 — 2014.
Pool(ex) Pool(in) Flow code Description N- N-flow
species ktNa®
Sub-Pool “Forest” (FS.FO)?®
AT FS.FO AT-FS.FO- Atmospheric N-deposition on forest areas NHy 118,9
atmDep NOx 62,2
AT FS.FO AT-FS.FO-Nfix Biological nitrogen fixing in forest soils N(org) 110,5
RW FS.FO RW-FS.FO-wood |Import of round wood N(org) 4.3
SOURCE |FS.FO SOURCE-FS.FO?* |Change (reduction) in N-stock in soil N(org) 292.9
FS.FO AT FS.FO-AT-N2 Denitrification in forest soils N2 12.2
FS.FO AT FS.FO-AT-gasEM | N,O and NO, emissions from forest areas N20 0.3
(LuLce) NOx n.c.
FS.FO EF.EC FS.FO-EF.EC- Wood removal for energetic use - large N(org) 3.6
wood combustion plants
FS.FO EF.OE FS.FO-EF.OE- Wood removal for energetic use - private N(org) 14.6
wood households
FS.FO MP.OP FS.FO-MP.OP- Wood removal for material use N(org) 27.2
wood
FS.FO HY.GW | FS.FO-HY.GW- Nitrate leaching from forest soils NO3 60.8
leach
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Pool(ex) Pool(in) Flow code Description N- N-flow

species ktNal
FS.FO RW FS.FO-RW-wood |Export of round wood N(org) 2.2
FS.FO SINK FS.FO-SINK Growth of tree stands N (org) 16.8

Sub-Pool “Other land covered with semi-natural vegetation” (FS.OL)

AT FS.OL AT-FS.OL- Atmospheric N-deposition on seminatural NHy 53
atmDep areas NOx 2.7

AT FS.OL AT-FS.OL-Nfix Biological nitrogen fixing in Other land N(org) 2.0

FS.OL AT FS.OL-AT-N2 Denitrification in Other land N2 0.7

FS.OL HY.SW FS.OL-HY.GW- Nitrate leaching from Other land NO3 33
leach

Sub-Pool Wetland (FS.WL)

AT FS.WL AT-FS.WL- Atmospheric N-deposition on wetland NHy 0.6
atmDep NOx 0.3

AT FS.WL AT-FS.WL-Nfix Biological nitrogen fixing in wetland N(org) 0.7

AG.SM FS.WL AG.SM-FS.WL- N- inflow as runoff from arable farmland NO3 n.c.
runoff

FS.WL AT FS.WL-AT- N,O and NO, emissions from wetland N20 0.0
atmDep (LuLce) NOx n.c.

FS.WL AT FS.WL-AT-N2 Denitrification in Wetland N2 1.5

n.c.: not considered

@ The mobilisation and binding of N(org) due to increase or decrease in stocks in soil humus and in timber stands is
not considered as N-flow in the NNB (ECE 2013).

NOy and N0 emissions are not shown for the sub-pool “Other land”, because the National Emissions
Inventory (see section 3.2) lists no corresponding land use category. The IPCC category “Other Land”
covers only a smaller part of semi-natural vegetation and the NOy and N;0 emissions from the land
cover there are negligible.

8.5 Uncertainty assessment for N-flows of “Forest and Semi-natural

vegetation” (FS) pool

Table 8-9 shows the uncertainties in the calculation of the N-flows for the “Forest and Semi-natural
vegetation” pool.
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Table 8-9:

Uncertainties in the calculation of the main N-flows for the “Forest and Semi-natural vegetation” pool.

Flow code

Description

Sub-Pool “Forest” (FS.FO)

N-
species

Uncertainty Quantity structure

Uncertainty Coefficients

AT-FS.FO-atmDep Atmospheric N-deposition on| NHy, See Tab. 3-11
forest areas NOx
AT-FS.FO-Nfix Biological nitrogen fixingin | N(org) |Very low; Area figures for High; Range of N-fixation after Cleveland et al.
forest soils “Forest” differ slightly between [(1999): 6.5-26.6 kg N hala®
sources (s. Section 8.1.1)
FS.FO-AT-N2 Denitrification in forest soils | N2 ditto High; mean value 1.1 kg N ha? a* denitrification
(no range) after Andreae et al. (2016)
FS.FO-EF.OE-wood Wood removal for energetic | N(org) n.d. N-contents, stem: 1.2 or 1.4 0.5 kg t* (Pine/
use (large combustion units Deciduous) after ECE (2016) Annex 4, Table 16
and private households) No details for ranges.
FS.FO-MP.OP-wood |Wood removal for material |N(org) n.d. ditto
use
FS.FO-RW-wood Import/Export of round N(org) n.d. ditto
wood
FS.FO-HY.SW-leach |Nitrate leaching from forest |NO3 Very low; Areas figures for NOs leaching according to various investigations
soils “Forest” differ slightly between |(see Tab. 8-3); mean 5.5 kg N hala®, range 0-80
sources (see Section 8.1.1) kg N hata? (Kiese et al. 2011)
Change in stocks Change in N-stock in soil N(org) |ditto Standard error of change of N-contents:
+11.9 kg N haa? (see Tab. 8-5); changes only
significant at two depth levels
Change in stocks Change in N in timber stocks |N(org) |Standard error (68%): + 5.5% for |As for FS.FO-EF.OE-wood

“all tree types” (bwi.info; Tab
4.03)

Sub-Pool “Other land

covered with semi-natural vegetation” (FS.OL)

AT-FS.OL-atmDep

Atmospheric N-deposition on

semi-natural areas

NHy,
NOXx

see Tab. 3-11
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Flow code

Description

[\

species

Uncertainty Quantity structure

Uncertainty Coefficients

AT-FS.OL-Nfix Biological nitrogen fixing in |N(org) |Areas for “Other land” differ Reference value for N-fixation in natural grasslands
semi-natural areas between sources (see Section 2.3t03.1kg N hala!(Cleveland et al. 1999)
8.2)

FS.OL-AT-N2 Denitrification in Other land | N2 As for AT-FS.OL-atmDep Placeholder; no values in the literature for
denitrification in areas with semi-natural
vegetation for Germany

FS.OL-HY.SW-leach Nitrate leaching from other |NO3 As for AT-FS.OL-atmDep Placeholder; no values in the literature for nitrate

land leaching from areas with semi-natural vegetation
for Germany

Sub-Pool “Wetland” (FS.WL)

AT-FS.WL-atmDep Atmospheric N-deposition on| NHy, see Tab. 3-11

forest areas NOx
AT-FS.WL-Nfix Biological nitrogen fixing in | N(org) |Areas for “Wetland” differ Reference values for N-fixing in Wetland (“peat
Wetland between sources (see Section bog”) 0to 22 kg N ha-1 a-1
8.3)

FS.WL-AT-N2 Denitrification in Wetland N2 As for AT-FS.WL-atmDep Literature review by Gutknecht et al. (2006): wide

range of denitrification rates in Wetland
n.d.: no data

2@ Level of uncertainty in accordance with Tab. 2-3.
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9 Waste (WS)

The “Waste” pool includes the collection, treatment, and disposal of solid waste and wastewater, and is
sub-divided into two sub-pools. Tab. 9-1 gives an overview of the relevant nitrogen flows. In accor-
dance with NNB (ECE 2013), waste incineration is included here rather than under Energy Conversion.

» Solid Waste (WS.SW).
» Wastewater (WS.WW).

Table 9-1: Incoming and outgoing N-flows of the sub-pools in the “Waste” pool.
Pool(ex) Pool(in) Flow code Description N-species Chapter
Sub-Pool “Solid Waste” (WS.SW)
EF.EC WS.SW | EF.EC-WS.SW- Waste from the production of fuels and N(org) 9.1.1
waste refinery products
MP.FP |WS.SW | MP.FP-WS.SW-fuel | Bone meal for thermal recycling N(org) 5.1.3
MP.OP |WS.SW | MP.OP-WS.SW- Waste from Other producing industry N(org) 9.1.1
waste
HS.HB WS.SW | HS.HB-WS.SW- Domestic waste (food waste) N(org) 9.1.1
waste
HS.MW |WS.SW |HS.MW-WS.SW- Waste from consumer goods N(org) 9.1.1
waste
WS.WW |WS.SW | WS.WW-WS.SW- |Sludge for landfill, disposal as hazardous N(org) 9.2.2
sludge waste, recycling or other disposal
WS.WW |WS.SW | WS.WW-WS.SW- |Sludge for thermal disposal N(org) 9.2.2
sludge
RW WS.SW | RW-WS.SW-waste |Import of waste substances N(org) 9.1.3
WS.SW |AT WS.SW-AT-gasEM | NOy and N>O emissions from waste NOx, N20 3.2
incineration plants and waste disposal
sites
WS.SW |AT WS.SW-AT-gasEM | NHs- emissions from waste incineration NH; 3.3
plants and waste disposal sites
WS.SW |AT WS.SW-AT-N2 Oxidation/reduction of N, to N, during N2 9.1.1
waste incineration
WS.WW | AT WS.WW-AT-N2 Oxidation/reduction of N, to N, during the |N2 9.2.2
thermal recycling (incineration) of sludge
WS.SW |AT WS.WW-AT-N2 Oxidation/reduction of N, to N, during the |N2 5.1.3
thermal recycling (incineration) of bone
meal
WS.SW |MP.OP |WS.SW-MP.OP- Material recycling of waste materials N(org) 9.1.1
waste
WS.SW |AG.SM | WS.SW-AG.SM- Compost (from communal green waste) N(org) 7.2.1
comp for use in agriculture
WS.SW |SINK?® WS.SW-SINK-waste | Depositing waste N(org) 9.1.1
WS.WW |SINK? WS.WW-SINK- Sludge for landfill, disposal as hazardous N(org) 9.2.2
sludge waste, recycling or other disposal
WS.SW |RW RW-WS.SW-waste |Export of waste materials N(org) 9.1.3
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Pool(ex) Pool(in) Flow code Description N-species Chapter
Sub-Pool “Wastewater” (WS.WW)
HS.HB WS.WW | HS.HB-WS.WW- Domestic waste water N(tot) 9.2.1
sewage
HS.MW |WS.WW |HS.MW-WS.WW- |Wastewater from settlement areas (sealed | N(tot) 9.2.1
sewage areas)
EF.EC WS.WW | EF.EC-WS.WW- Wastewater from the energy sector N(tot) 9.2.1
sewage
MP.FP WS.WW | MP.FP-WS.WW- Wastewater from food and feed N(tot) 9.2.1
sewage processing
MP.NC |WS.WW | MP.FP-WS.WW- | Wastewater from Nitrogen chemistry N(tot) 9.21
sewage
MP.OP |WS.WW | MP.FP-WS.WW- Wastewater from Other producing N(tot) 9.2.1
sewage industry
WS.WW | AT WS.WW-AT-gasEm | NOx and N,O emissions from Wastewater |NOx, N20 3.3
treatment plants
WS.WW |HS.MW | WS.WW-HS.MW- |Sludge for use in landscaping measures N(org) 9.2.2
sludge
WS.WW |AG.SM | WS.WW-AG.SM- |Sludge for use in agriculture N(org) 9.2.2
sludge
WS.WW |WS.SW | WS.WW-WS.SW- |Sludge for landfill, disposal as hazardous N(org) 9.2.2
sludge waste, recycling or other disposal
WS.WW |WS.SW | WS.WW-WS.SW- | Thermal recycling of sludge N2, NOx 9.2.2
sludge
WS.WW |HY.SW |WS.WW-HY.SW- |N discharge into surface waters from N(tot) 9.2.3
discharge wastewater treatment plants and the
sewerage system P (settlement water
management)
WS.WW | AT WS.WW-AT-N2 Denitrification in municipal and non-public | N2 9.2.4
wastewater treatment plants

@ Zu Pool(in) “SINK” see Section 9.4.

b N-inflow with discharge from municipal wastewater treatment plants and mixed-water outflows and stormwater
sewers, from areas connected to sewers, from areas with septic tanks, and from industrial direct dischargers.

9.1 Sub-Pool “Solid Waste” (WS.SW)

The Federal Statistical Office reports annually on waste disposal (DESTATIS 2018, Tab.-No.
2190100187005). Data on waste disposal are collected by authorised operators of plants which
collect, treat, recycle or dispose of their own waste or the waste of third parties in whole or in part.
The amounts are recorded which are delivered and which then leave the plant. This survey structure
means that the report on waste disposal is unsuitable for the clear description of the material flows
making up the solid waste, the internal flows between plants, the amounts of materials that are re-
cycled, and finally the amounts that are incinerated or deposited. Rather, there is double counting to
an unknown extent at all stages. The waste balance (DESTSATIS 2017c, Tab.-Nr. 52310001) presents
amounts of waste according to waste categories and the recycling or disposal paths. The waste balance
is not a primary survey, but is determined using a model from the waste management sector. In order
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to register N-flows for solid waste various statistics from both publication are utilised. All figures refer
to the fresh weight of the waste.

9.1.1 Amounts of waste (XX.XX-WS.SW-waste)

In the Table "Waste according to economic sectors” (WZ) of the waste balance (DESTATIS 2017c),
amounts of waste are shown in eight economic sectors, of which four (probably) produce nitrogenous

waste. The N-flows of these economic sectors are assigned to five sub-pools of NNB as follows (Tab. 9-
2):

» “Energy supplies” -> Sub-pool “Energy conversion” (EF.EC-WS.SW-waste)

» “Manufacturing sector” -> Sub-pools “Food and feed processing” (MP.FP- WS.SW-waste)
and “Other Producing Industry” (MP.OP-WS.SW-waste)

» “Households” -> Sub-pool “Human body” (HS.HB-EC-WS.SW-waste)

» “Services” -> Sub-pool “Material world” (HS.MW-WS.SW-waste).

The sub-pool “Nitrogen Chemistry” cannot be allocated an amount of waste, although it can be
assumed that relevant quantities of nitrogenous waste are generated there. This quantity is included
in the N-flow of sub-pool “Other producing industry”. Sludge wastes from waste management facilities,
off-site waste water treatment plants and the preparation of water for industrial use are evaluated in
the sludge statistics (see Section 9.2.2). Sludge from drinking water preparation does not contain
nitrogen and is therefore not included.
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Table 9-2: Quantities of waste (only types of waste that probably contain nitrogen) and allocation of sub-pools of origin, annual mean for
2010/2012/2014 (Source: DESTATIS 2012b, 2014b, 2017c).

Type of waste Quantity of waste @ (1000 t) N- N-flow (kt N a*)
Manu- Energy Services Domestic Content MP.FP- & EF.EC- HS.MW- HS.HB-
facturing = supplies waste s®(%) MP.OP- WS.SW- WS.SW-  WS.SW-

sector WS.SW- waste waste waste
waste

Spent solvents 519 22 67 3 03% 1.6 0.1 0.2 0.0
Acid, alkaline or saline wastes 954 28 58 1 0.3% 2.9 0.1 0.2 0.0
Chemical wastes 2,075 69 295 24 | 03% 6.2 0.2 0.9 0.1
Health care and biological wastes 64 0 232 0 03% 0.2 0.0 0.7 0.0
Paper and cardboard waste 726 6 1,696 5,562 0.1% 0.7 0.0 1.7 5.6
Rubber wastes 350 6 117 0 0.4% 1.4 0.0 0.5 0.0
Plastic wastes 778 2 510 91 0.4% 31 0.0 2.0 0.4
Waste wood 3,210 54 550 677 0.1% 3.2 0.1 0.5 0.7
Textile wastes 119 0 57 98 0.4 % 0.5 0.0 0.2 0.4
Discarded equipment (electrical, electronic) 130 51 209 523 0.4 % 0.5 0.2 0.8 2.1
Feed and food waste 640 5 1,031 0 1.0% 6.4 0.1 10.3 0.0
Vegetable waste 877 41 868 9,076 0.5% 4.4 0.2 4.3 45.4
Animal faeces, urine and manure 1,339 49 3,898 15,749 4.0% 5.4 0.2 15.6 63.0
Household and similar wastes 2,489 71 1,375 2,584 0.4% 10.0 0.3 5.5 10.3
Mixed and undifferentiated materials 496 54 593 0 0.4% 2.0 0.2 24 0.0
Total 14,765 460 11,556 34,389 48.4 1.6 45.9 127.9

2 Not including animal faeces, urine and manure.

b N-contents according to NNB Annex 0, Tab. 4 (ECE 2013); BGK (2006; cited from UBA 2012), with some estimates.
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9.1.2 Disposal and recycling of waste (WS.SW-XX.XX-waste)

The disposal and recycling of waste is shown in the waste balance (DESTATIS 2017c) in the tables
“Waste balance [year]” according to disposal and recycling methods. The waste balance is distributed
between five paths:

Disposal methods: - Depositing
- Thermal disposal
- Treatment for disposal

Recycling methods: - Energetic recycling
- Material recycling

For the presentation of nitrogen flows (Tab. 9-3), the waste balance is interpreted as follows:

» “Depositing” is used unchanged (WS.SW-SINK-waste).
» Thermal disposal and energetic recycling are combined as “Combustion” (WS.SW-AT-N2).

» Material recycling is interpreted as Material recycling of waste materials in Other
producing industry (WS.SW-MP.OP-waste).

» Treatment for disposal deals with waste which is subsequently registered either under
Depositing or Thermal disposal, so that this is not taken into consideration here.

The long-term accumulation of a nitrogen sink in the form of deposited waste, which is not provided
for in the NNB system, is included here as “SINK” under Pool(in), analogous to Section 4.4.
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Table 9-3: Fate of waste, allocation to three N-flows (only probably nitrogenous wastes  shown, “hazardous” and “non-hazardous” wastes are
combined), annual mean for 2010 - 2014 (Source: DESTATIS 2017c).

Type of waste

Typical settlement waste, of which:

Waste treatment plant ° (1000 t)

Depo-
siting

Thermal
disposal

Energetic
recycling

Material
recycling

N-

(%)

WS.SW-
SINK®-
waste

N-flow (kt N a)
content® Depositing Combustion

d

WS.SW-
AT-N2

Material
recycling
WS.SW-
MP.OP-
waste

- Domestic waste, comparable commercial waste 5,326 5,898 1,785 0.4 % 0.0 44.9 7.1
- Bulky domestic waste 357 663 1,329 0.4% 0.0 4.1 53
- Separately collected organic waste 0 30 3,949 1.0% 0.0 0.3 39.5
- Bio-degradable waste from garden and parks & 10 1 218 4997 | 0.5% 0.1 1.1 25.0
- Other separately collected groups, thereof
* paper, cardboard 0 5 49 7,897 0.1% 0.0 0.1 7.9
- Mixed packaging / Recyclable materials 243 764 4,427 | 04% 0.0 4.0 17.7
+ Electric appliances 0 1 598 | 0.4% 0.0 0.0 2.4
+ Others (compound materials, metal, textiles, etc.) 12 23 528 1,420 04 % 0.0 2.2 5.7
Other settlement waste, including:
- Light commercial waste, collected separately 9 832 1,236 1,701 0.4 % 0.0 8.3 6.8
- Road sweepings, garden and park waste 123 54 43 597 | 0.2% 0.2 0.2 1.2
- Bio-degradable waste from kitchens and canteens 0 49 654 | 1.0% 0.0 0.5 6.5
- Market waste 0 2 55 1.0% 0.0 0.1 0.5
- Other separately collected types of waste 5 10 20 132 | 0.4% 0.0 0.1 0.5
Other waste (in particular from production and trade) 10,766 2,857 10,354 31,033 04 % 43.1 52.8 124.1
Secondary waste from waste treatment operations " 4,531 1,909 13,806 24,709 0.4 % 18.1 62.9 98.8
Totals 15,462 11,627 33,663 85,282 61.6 181.6 349.2

Footnotes see next page
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@ Itis assumed that there is no N in waste glass, fluorescent tubes, and waste from extracting minerals, or from
building and demolition waste.

“Treatment for disposal” is not considered, because it is assumed that this waste is then registered either under
thermal disposal or landfill.

¢ N-contents according to NNB Annex 0, Tab. 4 (ECE 2013); BGK (2006; after UBA 2012); with some estimates.
4 Combustion: Total of thermal disposal and energetic recycling.

€ On Pool(in) “SOURCE” see Section 9.4.

Collected in the municipal waste collection.

& Including cemetery waste.

Not including waste from wastewater treatment plants, waste from the purification of drinking water or water for
industrial uses, waste from soil refurbishment and groundwater decontamination, and recycled secondary waste.

9.1.3 Import and export of waste (RW-WS.SW-waste, WS.SW-RW-waste)

Imports and exports of waste are reported in the table “Trans-boundary shipments of waste to/from
Germany in notification procedures” as an element of waste disposal (DESTATIS 2012a, 2013, 20144,
2015b, 2016). Data is provided there for some 240 types of waste in accordance with the European
Waste Catalogue (EWC). Tab. 9-4 shows results in an aggregated form, as published by the German
Environment Agency (UBA 2018a, 2018b);.

Table 9-4: N-flows with the import and export of notifiable waste materials, annual mean for 2010
—2014 (UBA 2018a, 2018b).
EC Waste Statistics Import Export N- Import | Export
Regulation 1000t 1000t content kt N a2 ktN al
Spent solvents 01.11,01.12 53 24 | 0.3% 0.2 0.1
Acid, alkaline or saline wastes 01.21,01.22,01.24 224 16 | 03% 0.7 0.0
Chemical wastes 01.41,02.11-14, 318 46 | 0.3% 1.0 0.1
02.21,02.22,02.31-
33,03.12-14
Health care and biological 05.11, 05.12, 05.21, 2 0| 1.0% 0.0 0.0
wastes 05.22
Paper and cardboard waste 07.21-23 11 103 | 0.1% 0.0 0.1
Rubber wastes 07.31,07.32 0 0| 04% 0.0 0.0
Plastic wastes 07.41,07.42 20 0| 04% 0.1 0.0
Waste wood 07.51-53 897 139 | 0.1 % 0.9 0.1
Textile wastes 07.61-63 0 0 | 04% 0.0 0.0
Discarded equipment (large; 08.21, 08.23 52 25 | 04 % 0.2 0.1
domestic electronic & electrical
appliances)
Feed and food waste 09.11, 09.12, 09.13 4 3113% 0.1 0.0
Vegetable waste 09.21, 09.22 1 3110% 0.0 0.0
Animal excretions 09.31 0 0| 49% 0.0 0.0
Household and similar wastes 10.11, 10.12 324 153 | 04 % 1.3 0.6
Mixed + undifferentiated materials |10.21, 10.22 121 15 | 04 % 0.5 0.1
Sorting residues 10.32 1071 376 | 0.4 % 4.3 1.5
Total imports and export 3097 904 9.1 2.8
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9.2 Sub-pool “Wastewater” (WS.WW)

A key instrument for assessing nitrogen flows in the “Hydrology” pool and settlement water manage-
ment is the river basin management system MoRE (Modelling of Regionalized Emissions; Fuchs et al.
2017a). The N-inflows are modelled for the following pathways (see also the introduction to Chapter
10):

Point sources: - Municipal wastewater treatment plants
- Industrial direct dischargers.

Diffuse sources - Sewer systems
- Runoff
- Erosion
- Drainage
- Groundwater
- Atmospheric depositions onto surface waters.

In addition to modelling the inflows, loads in the hydrosphere are estimated on the basis of the total
inflows and substance-related retention.

9.2.1 Sewage from households, industry (direct and indirect dischargers) and from sealed
areas (EF.EC-WS.WW-sewage, MP.XX-WS.WW-sewage, HS.XX-sewage)

There is no complete survey or calculation of the total N load in wastewater entering the sewerage
system from various sources. In order to present the N-inflows into the “Wastewater” sub-pool and to
allocate these to individual sources it is therefore necessary to make various assumptions. The starting
point is the data from MoRE model, and Tab. 9-5 shows the results.

The N-contents in sewage from households is calculated for a population of 80 million in Germany
(mean 2011 - 2014) with a per capita contribution of 12 g N d -1. This gives a load of 350.0 kt N a-1 N in
domestic sewage.

The N load in outflow from sealed areas (EEA 2014) of 30 kt N a-! is determined using the atmospheric
deposition rate for NHy and NOy (see Section 3.4) plus the so-called surface potential of roads (mainly
from falling leaves and animal excrement) of 4 kg N ha1 a! (after Behrendt et al. 1999). More than half
of this outflow (52 % according to MoRE estimates) reaches the surface waters via mixed-wastewater
or stormwater treatment plants that are without N-elimination, and 48 % goes through municipal
wastewater treatment plants with N elimination.

The N load of industrial indirect dischargers to municipal wastewater treatment plants is calculated as
the difference between the total load in the inflow to municipal wastewater treatment plants (inclu-
ding the industrial indirect dischargers) minus the load from households and the proportion of runoff
from sealed areas that is treated in municipal wastewater treatment plants. The total N load in the
inflow of municipal wastewater treatment plants is an estimated 454 kt N a-1. Subtracting the waste-
water loads from households (350 kt N a-1) and sealed areas (30.0 kt Na1x42 % =12.6 kt N al) in
wastewater treatment plants, then industrial indirect dischargers account for 91.5 kt N a-..

To assess the N-discharge into the wastewater treatment plants from industrial direct dischargers,
reference is made to the Pollutant Release and Transfer Register (UBA 2016b). According to the PRTR
database, notifiable direct discharges of 8.6 kt N a-! are released from wastewater treatment plants
into surface waters. Assuming nitrogen elimination rate of 80 % in industrial wastewater treatment
plants (analogous to municipal wastewater treatment plants, see Section 9.2.4) this gives a nitrogen
load in the direct discharge 43 kt N a-1. The combined N-load in wastewater from industry is therefore
134.5ktNal
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The NNB Annexes (ECE 2013) envisage differentiating the N-flows in the wastewater from industry for
the various sub-pools of “Energy and Fuels” and “Materials and Products in Industry”, but no adequate
data is available for Germany. Data about the origins of sewage according to sectors are only available
for the direct dischargers in the PRTR-Register, i.e. for a N-load of 8.6 kt N a-1. According to the PRTR
register, 51 % of this is from the chemical industry, 27 % from the food industry, 6 % from the energy
sector, and all other industry accounts for 16 % of the load. In the following, the N-load in wastewater
from industrial direct and indirect dischargers is distributed in this ratio to the four sectors or N-flows.
[t is not possible to determine how valid these assumptions are, so that the values for the four sub-
pools in Tab. 9-5 only have a placeholder function.

Table 9-5: N-contents in wastewater (sewage) from households, from sealed areas and from
industrial dischargers.

N-Flow N-contents in wastewater (sewage) N-species N-flow
ktNa?
HS.HB-WS.WW-sewage |Sewage from households N(tot) 350
HS.MW-WS.WW-sewage |Wastewater from sealed areas N(tot) 30.0
Total wastewater from industrial direct and N(tot) 134.5

indirect dischargers, of which from:

EF.EC-WS.WW-sewage - Energy conversion (6 %) N(tot) 8.1
MP.FP-WS.WW-sewage |- Food and feed processing (27 %) N(tot) 36.3
MP.NC-WS.WW-sewage |- Nitrogen chemistry (51 %) N(tot) 68.6
MP.OP-WS.WW-sewage |- Other Producing Industry (16 %) N(tot) 21.5
Total N-contents in wastewater (sewage) 514.4

9.2.2  Sludge and sludge disposal (WS.WW-HS.MW-sludge, WS.WW-AG.SM-sludge, WS.WW-
WS.SW-sludge)

The amounts of sludge arising from public and non-public wastewater treatment and their modes of
disposal are surveyed by the Federal Statistical Office every three years (DESTATIS 2017b). Due to
changes in methodology, the data for 2013 can only be compared with earlier years to a limited extent,
so that the N-flows in Tab. 9-5 are determined using data only for 2013. The data on the N-contents of
sludges recycled in agriculture (45.1 g Ny, kg! TS, after DESTATIS 2017b) is drawn from the sludge
reports of the federal states. Only 0.4 % of sludge is exported, and this very small amount is not shown
separately.
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Table 9-6: Sludge disposal from public and non-public wastewater treatment, for 2013 (DESTATIS
2017b; Tab. 1.1) and allocation to N-flows.
Flow code Description Sludge N- N-flow
1000t TS species kt Na??
WS.WW-AG.SM-sludge |Material recycling in agriculture 551.6 N(tot) 24.9
WS.WW-HS.MW-sludge | Material recycling in landscaping 280.4 N(tot) 12.6
measures °
WS.WW-HS.MW-sludge | Other material recycling 412.7 N(tot) 18.6
WS.WW-WS.SW-sludge | Thermal disposal 1605.4 N(tot) 72.4
WS.WW-WS.SW-sludge | Disposal site ¢ 207.1 N(tot) 9.3
WS.WW-WS.SW-sludge | Other direct disposal © 13.1 N(tot) 0.6
WS.WW-WS.SW-sludge | Disposal as hazardous waste ¢ 154.3 N(tot) 7.0
WS.WW-WS.SW-sludge | Other disposal / unknown ¢ 154.3 N(tot) 7.0
Total direct sludge disposal 3379.6 152.4

@ N-contents: 45.1 kg Niwot/t TS (after DESTATIS 2017b; Tab. 2.4, mean 2011 - 2014) of sludge for use in agriculture
b E.g. Re-cultivation, composting

¢ E.g. Building materials, soilification, fermentation

4 Only sludge from chemical-physical non-public wastewater treatment

¢ Public wastewater treatment: Including amounts sent to drying plant where the subsequent disposal is unknown.
Non-public wastewater treatment: E.g. depositing, where still permissible. Including amounts sent to drying plant
where the subsequent disposal is unknown.

For the calculation of the N-flows, the uses “Material recycling in landscaping measures” and “Other
material recycling” are assigned to the “Material World” sub-pool, which also receives all the N-flows
onto settlement areas. The disposal routes “Disposal site”, “Other direct disposal”, “Disposal as
hazardous waste” and “Other disposal/unknown” are all assumed to end up as landfill waste.

9.2.3 N-discharge into surface waters from settlement wastewater management

Tab. 9-7 shows a summary of the MoRE-results for N-discharge into surface waters from settlement
wastewater management. The modelling methods are described in detail in Fuchs et al. (2010) and
Fuchs et al. (2017a).
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Table 9-7: Nitrogen discharge into surface waters from municipal wastewater treatment plants and
sewerage systems (settlement wastewater management) on the basis of MoRE
modelling, annual mean for 2010 — 2014 (Fuchs et al. 2016, 2017a).

N-discharge into surface waters N-species N-flow
(Outflow from wastewater treatment plants and sewerage system) kt Na?
N-discharge from municipal wastewater treatment plants N(tot) 82.2
N-discharge via sewerage systems, of which: 23.5

- Mixed-water overflows N(tot) 10.4

- Discharge from stormwater sewers N(tot) 8.3

- Areas that are only connected to sewers N(tot) 2.4

- Areas with septic tanks N(tot) 2.4
N-discharge from non-public wastewater treatment plants (industrial N(tot) 8.6
direct dischargers)
Total N-discharges from settlement water management 114.3

9.2.4 Denitrification in municipal and non-public wastewater treatment plants (WS.WW-AT-
N2)

Denitrification occurs in the anoxic basins or zones of wastewater treatment plants. Nitrate or nitrite
ions act as terminal hydrogen or electron acceptors instead of oxygen. The denitrifying bacteria reduce
the oxidised N-compounds (nitrite, nitrate) to molecular nitrogen (Nz), which escapes into the atmo-
sphere.

No results have been found in the literature on denitrification performance of public wastewater treat-
ment plants. As a rough estimate, a load of 90.8 kt N a is assumed for the outflow from municipal and
non-public wastewater treatment plants (see Section 9.2.3, Tab. 9-7; Fuchs et al. 2016). With a mean
total-elimination of nitrogen (by denitrification and retention in the sludge) of ~80 % (according to
DWA 2017), this gives a load of 454 kt N a-in the inflow of the wastewater treatment plants. Of this,
152.4 kt N a1 remains in the sludge (see Tab. 9-6). For the total system of municipal and non-public
wastewater treatment plants this gives an estimated N-flow with denitrification of [454 - (90.8 +
152.4)] =211 kt N a'L. The result of 34 % of the nitrogen remaining in the sludge (152.4 kt N a'* from
454 kt N a1) is somewhat higher than the 25 % given by DWA (2011) as a rule-of-thumb value.

9.3 Summary of N-flows for the “Waste” (WS) pool
Tab. 9-8 shows the N-flows of the “Waste” pool.
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Table 9-8: Incoming and outgoing N-flows of sub-pools in the “Waste” pool, annual mean for 2010
—2014.
Pool(ex) Pool(in) Flow code Description N- N-flow
species kt Na?
Sub-Pool “Solid Waste” (WS.SW)
EF.EC WS.SW |EF.EC-WS.SW- Waste from the production of fuels and N(org) 1.6
waste refinery products
MP.FP  |WS.SW | MP.FP-WS.SW-fuel | Bone meal for thermal recycling N(org) 18.8
MP.OP |WS.SW |MP.OP-WS.SW- Waste from Other producing industry N(org) 48.4
waste
HS.HB WS.SW | HS.HB-WS.SW- Domestic waste (food waste) N(org) 127.9
waste
HS.MW |WS.SW |HS.MW-WS.SW- Waste from consumer goods N(org) 45.9
waste
WS.WW |WS.SW | WS.WW-WS.SW- |Sludge for depositing, disposal as N(org) 23.9
sludge hazardous waste, or other disposal
WS.WW |WS.SW | WS.WW-WS.SW- |Sludge for thermal recycling N(org) 72.4
sludge
RW WS.SW |RW-WS.SW-waste |Import of waste materials N(org) 9.1
WS.SW |AT WS.SW-AT-gasEM | NOy and N,O emissions from waste NOx, 0.1
incineration plants and waste disposal N20 0.6
sites
WS.SW |AT WS.SW-AT-gasEM | NH; emissions from waste incineration NH; 2.9
plants and waste disposal sites
WS.SW |AT WS.SW-AT-N2 Waste incineration N2 181.6
WS.SW |AT WS.SW-AT-N2 Thermal recycling (incineration) of sludge | N2 72.4
WS.SW |AT WS.SW-AT-N2 Bone meal for thermal recycling N2 18.8
WS.SW |MP.OP |WS.SW-MP.OP- Recycling of waste materials (material N(org) 349.2
waste recycling)
WS.SW |AG.SM | WS.SW-AG.SM- Compost (from municipal green waste) for | N(org) 23.4
compost agriculture
WS.SW |SINK?® WS.SW-SINK-waste | Depositing waste N(org) 61.6
WS.SW |SINK?® WS.WW-SINK- Sludge for depositing, disposal as N(org) 23.9
sludge hazardous waste, or other disposal
WS.SW |RW WS.SW-RW-waste |Export of waste materials N(org) 2.8
Sub-Pool “Wastewater” (WS.WW)
HS.HB WS.WW | HS.HB-WS.WW- Sewage from households N(tot) 350
sewage
HS.MW |WS.WW |HS.MW-WS.WW- |Wastewater from settlement areas (sealed | N(tot) 30.0
sewage areas)
EF.EC WS.WW | EF.EC-WS.WW- Wastewater from energy conversion N(tot) 8.1
sewage
MP.FP WS.WW | MP.FP-WS.WW- Wastewater from food and feed industry | N(tot) 36.3
sewage
MP.NC |WS.WW |MP.FP-WS.WW- | Wastewater from Nitrogen chemistry N(tot) 68.6
sewage
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Pool(ex) Pool(in) Flow code Description N- N-flow
species kt N a?
MP.OP |WS.WW | MP.FP-WS.WW- Wastewater from Other producing N(tot) 21.5
sewage industry
WS.WW |AT WS.WW-AT-gasEM | NO, and N,O emissions from wastewater | NOX, n.r.
treatment plants N20 1.1
WS.WW |AT WS.WW-AT-N2 Denitrification in municipal and non-public | N2 211.0
wastewater treatment plants
WS.WW |HS.MW |WS.WW-HS.MW- |Sludge for use in landscaping measures N(org) 31.2
sludge
WS.WW |AG.SM |WS.WW-AG.SM- |Sludge for recycling in agriculture N(org) 24.9
sludge
WS.WW |WS.SW | WS.WW-WS.SW- |Sludge for depositing, disposal as N(org) 23.9
sludge hazardous waste, or other disposal
WS.WW |WS.SW | WS.WW-WS.SW- | Thermal recycling of sludge N2, NOx 72.4
sludge
WS.WW |HY.SW |WS.WW-HY.SW- N-discharge into surface waters from N(tot) 114.3
discharge wastewater treatment plants and the
sewerage system ° (settlement wastewater
management)

n.r.: not relevant.
@ On Pool(in) “SINK” see Section 9.4.
b N-inflow in discharge from municipal wastewater treatment plants, mixed-water overflows, and stormwater sewers,

areas only connected to the sewerage system, areas only connected to septic tanks, and industrial direct dischar-
gers.

9.4 Balance and comments for the “Waste” (WS) pool

Determining N-flows for sub-pools “Solid Waste” and “Wastewater” involves a high degree of uncer-
tainty. In view of the completely different data situation and the absence of internal N-flows (apart
from sludge), these two sub-pools are dealt with separately (Tables 9-9 and 9-10).

The flow of primary waste materials through the various sorting and treatment stages, the recycling of
materials, and final disposal or incineration cannot be traced transparently on the basis of the stati-
stics about waste disposal (DESTATIS 2018). The outputs are classified as “Waste for recycling” or
“Waste for disposal” by the plant operator. The Federal Statistical Office has no information about the
further treatment of the waste flows, so it is not possible to determine quantities for the individual
types of waste or to make statements about material recycling (Federal Statistical Office, written
communication, 3 July 2018). For the calculation of plausible N-flows in this sector, the flows must be
broken down further to show various material groups to which plausible mean N-contents can then be
allocated. The Federal Statistical Office has addressed the shortcomings in the statistics about waste
disposal at least in part by developing a waste balance model which claims to provide a better des-
cription of the origins and fate of waste materials.

The assumptions made about the N-contents of the individual types of waste are somewhat specu-
lative. As a rule, the values for the N-flows in waste treatment therefore involve very considerable
uncertainties. The discrepancy in the case of consumer goods has already been mentioned (see Section
6.4). According to the statistics, 166 kt N a1 enters households in consumer goods (MP.OP-HS.MW-
prod), but the waste statistics only show a flow of 46 kt N a! from consumer goods to waste (HS.MW-
WW.SW-waste). Since there are no appreciable increases in stocks of commodities in the private
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households and no other outflow comes into question for consumer goods apart from Waste, these
two figures do not “match”. In the current form, Tab. 9-8 for the sub-pool “Solid Waste” therefore
functions primarily to list relevant N-flows and occupy this position in the N-flow system of NNB (ECE
2013).

Table 9-9: N inflows and outflows for the “Solid Waste” sub-pool, annual mean for 2010 — 2014,
Italics: N-flow calculated as difference.

Inflow Outflow ®
ktNa? tNa*
Waste (including 338.9 |Material recycling of waste and the use -372.6
sludge and bone meal) of sludge for landscaping
Net import 6.3 | Landfill of waste and sludge - 85.5
Reduction of N(org) to N, (with the -272.8
incineration of waste, bone meal and
sludge)
Total inflows 345.2 |Total outflows -731.6°

Difference: - 386.4

@ N-loads and types of flow see Table 9-3 (WS.SW-XX.XX, N-outflows of the sub-pool “Solid Waste”).

® Including 0.7 kt N a™* NOx and N0 emissions from waste incineration plants and waste disposal sites.

Anaerobic processes in landfill sites convert most of the reactive nitrogen in waste into NH3z, together
with traces of organic N-compounds. These nitrogen compounds are transported almost completely in
seepage water and only in very small amounts in landfill gas. The NHj3 in landfill gas is typically in the
range 10 to 50 mg m-3. There are also indications that NH3 in landfill gas rising through the aerobic
surface layers of waste depots can be oxidised biologically to N»0O, but further details are not available
at present (UBA, written communication, 04.07.2018). The seepage water in landfill sites is usually
pumped to municipal wastewater treatment plants and is therefore included in the N-flow “Waste-
water from industrial direct and indirect dischargers”.

Main N-flows for sub-pool “Wastewater” can only be estimated imprecisely. N; in discharges into
surface waters from public and non-public wastewater treatment plants can be calculated relatively
well on the basis of the quantities and the mean N-concentrations (Section 9.2.3). Good statistics are
available for N-quantities in sludge (Section 9.2.2). On the inflow side, in contrast, only rough esti-
mates can be made of the N-quantities in the sewage from households and from industrial indirect and
direct dischargers (Section 9.2.1). Overall, a mean value for the total elimination (by denitrification
and retention in sludge) can be assumed to be ~80 % for nitrogen in wastewater treatment plants
(after DWA 2017). With a different elimination rate, the N-load would differ correspondingly, as would
the denitrification (calculated as a difference). The effect would be carried on to the N-outflows from
the four sub-pools (EF.EC, MP.FP, MP.NC, MP.OP), to which the industrial direct and indirect dis-
chargers are allocated. The balances for these sub-pools would then also be changed. Tab. 9-10 shows
the inflows and outflows for the “Wastewater” sub-pool.
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Table 9-10: N inflows and outflows for the sub-pool “Wastewater”, annual mean for 2010 — 2014,
Italics: N-flow calculated as difference.

Inflow (N,-sources) N: outflow
ktNa? tNa*
Wastewater (sewage from households, 514.4 |Discharge into surface waters from -114.3
industrial direct and indirect wastewater treatment plants and
dischargers, sealed areas) sewerage system
Sludge (without incineration) -80.0
Sludge for thermal disposal (incineration) -72.4
Denitrification in Wastewater treatment -211.0
plants
NOx and N,O emissions from wastewater -1.1
treatment plants
Total inflows 514.4 |Total outflows -478.8

Difference: 35.6

The plausibility of the N-mass balance for public and non-public wastewater treatment in Section
9.2.1, we can refer to the national comparison of the performance of municipal wastewater treatment
plants for 2016 (DWA 2017):

Annual volume of wastewater 8,728 million m? a1
Mean population equivalent 106.7 million PE
Mean N-concentration 50.3 mg Ny L.

For the wastewater treatment plants included in the DWA comparison, this gives a mean population
equivalent N load of 11.3 g d-1, which compares quite well with the per capita load of 12 g d-! we use
(see Section 9.2.1). Values in the literature for N0 emissions from wastewater treatment plants vary
widely. For large-scale wastewater treatment plants, N,O-load measurements range from 0.003 to
2.6 % of the N-inflow (Parravicini et al. 2015). Measurements for Austrian wastewater treatment
plants gave an emissions factor of 0.16 % N20-N/Niunow (median value according to Parravicini et al.
2015). With the N-flow of 1.1 kt N a1 for the N,O emissions from wastewater treatment plants as
shown in Tab. 9-10 (after the National Inventory Report, NIR, UBA 2016a) and a total inflow of 484 kt
N a'! (without outflow from sealed areas), the emissions factor for Germany is 0.23 % N20-N/Nixfiow,
which is somewhat higher than the median of the measurement values from Austria.

Nitrate leaching from landfill sites is not taken into consideration, because if these sites are built and
operated in accordance with regulations no water can find its way through to the groundwater.

9.5 Uncertainty assessment for the N-flows for “Waste” (WS) pool

Tab. 9-11 gives the uncertainties in the calculation of the N-flows for the “Waste” Pool.
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Table 9-11:

Uncertainties in the calculation of N-flows for “Waste” pool

Flow code

Description

N-species

Uncertainty Quantity structure

Uncertainty Coefficients

Sub-Pool “Solid Waste” (WS.SW)

EF.EC-WS.SW-waste Waste from various sub-pools N(tot) Medium to high; Material flows in High; Some assumptions about N- 4

MP.FP-WS.SW-waste Recycling of waste waste management are not clearly contents in waste materials are

MP.NC-WS.SW-waste Import and export of waste distinguished in terms of origin, speculative

MP.OP-WS.SW-waste treatment, and final disposal

HS.HB-WS.SW-waste

HS.MW-WS.SW-waste

RW-WS.SW-waste

WS.SW-MP.OP-waste

WS.SW-RW--waste

WS.WW-WS.SW-sludge |Sludge for thermal disposal N(tot) See sub-pool “Wastewater” 2
(incineration)

WS.SW-AT-gasEM NOy, N,O emissions Waste NOx See Tab. 3-11 2/4
incineration plants and waste N20
disposal sites

WS.SW-AG.SM-comp Compost for use in agriculture N(org) Low Low 2

WS.SW-AG.BG-waste Organic waste for digestion in N(org) Low Low 2
biogas plants

Sub-Pool “Wastewater” (WS.WW)

HS.HB-WS.WW-sewage |Domestic waste water N(tot) Low Medium 3

HS.MW-WS.WW- Wastewater from sealed areas N(tot) Medium High 4

sewage

MP.XX-WS.WW-sewage | Wastewater from industrial direct | N(tot) Medium High 4
and indirect dischargers

WS.WW-AT-gasEM NOx and N,O emissions from NOx, N20 |see Tab. 3-11 2/4

Wastewater treatment plants
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Flow code Description N-species Uncertainty Quantity structure Uncertainty Coefficients Level®
WS.WW-AT-N2 Denitrification in municipal and N2 High; calculated as a difference 4
non-public wastewater treatment
plants
WS.WW-HS.MW-sludge |Sludge - N(org) Very low (see DESTATIS 2014: Survey |Low 2
WS.WW-AG.SM-sludge |All forms of use or recycling of public wastewater — Quality report)
WS.WW-WS.SW-sludge
WS.WW-HY.SW- N(tot) discharge into surface N(tot) Low Low 2
discharge waters from wastewater treatment
plants and the sewerage system

2 Level of uncertainty in accordance with Tab. 2-3.
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10 Hydrosphere (HY)

The “Hydrosphere” pool includes inflows and transport of nitrogen in inorganic and organic forms in
the hydrosphere; Tab. 10-1 gives an overview of the relevant nitrogen flows. There are three sub-
pools:

» Groundwater (HY.GW)
» Surface Waters (HY.SW)
» Coastal Waters (HY.CW).

In contrast to the other pools (with the exception of “Atmosphere” pool) all key N-flows in the “Hydro-
sphere” pool are modelled using MoRE (Modelling Regionalized Emissions; Fuchs et al. 2017a, 2017b),
which estimates the inputs of materials (e.g. nutrients, heavy metals) into surface waters via various
pathways. The approach was developed by Behrendt et al. (1999). MoRE distinguishes between point
sources (municipal wastewater treatment plants, industrial direct dischargers) and diffuse sources
and other processes (erosion, runoff, drainage, atmospheric depositions, stormwater sewers, mixed
wastewater overflows, groundwater, and cess pits). The complex modelling approaches require a wide
range of general and material-specific data with which the inputs into the Hydrosphere can be deter-
mined on an annual basis according to entry pathway and analysis areas. In general, input data is used
which is available uniformly for all of Germany. For our applications, mean annual figures were cal-
culated from the data for the period 2010-2014. MoRE uses hierarchical spatial resolutions. The basic
units are 2759 spatial analysis units (mean size 130 km?), determined on the basis of hydrological and
administrative criteria (Fuchs et al. 2010). The aggregate of the results corresponds to the total for
Germany.

Measurements of water flows from surface waters, soils and groundwater and of the concentrations of
N-compounds in waters therefore only included indirectly in the following results. Firstly, the
measurements are used for calibration and validation of the MoRE model. Secondly, the modelled
annual N-loads in running waters are adjusted using the measured outflow volumes.

Table 10-1: Incoming and outgoing N-flows for the “Hydrosphere” sub-pools ®.
Pool(ex) Pool(in) Flow code Description N-species Chapter
Sub-Pool “Groundwater” (HY.GW)
HS.MW |HY.GW |AG.MW-HY.GW- Nitrate leaching from settlements and the |NO3 10.1.1
leach transport infrastructure
AG.SM |HY.GW |AG.SM-HY.GW- Nitrate leaching from agricultural areas NO3 7.2.4
leach
FS.FO HY.GW | FS.FO-HY.GW-leach | Nitrate leaching from forest areas NO3 8.1.4
FS.OL HY.GW | FS.OL-HY.GW-leach | Nitrate leaching from Other land NO3 8.2.3
HY.GW |AT HY.GW-AT-N2 Denitrification in the unsaturated zone and | N2 10.1.2
in groundwater
HY.GW |HS.HB HY.GW-AG.SM- NOs in groundwater abstracted for NO3 10.1.2
abstr drinking water supplies
HY.GW |AG.SM HY.GW-AG.SM- NOs in groundwater used for irrigation NO3 7.2.2
irrig
HY.GW |HY.SW HY.GW-HY.SW- NOs in groundwater flowing into surface |NO3 10.1.2
waters
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Pool(ex) Pool(in) Flow code Description N-species Chapter
Sub-Pools “Surface Waters” (HY.SW)
AT HY.SW | AT-HY.SW-atmDep |Atmospheric N-deposition on surface NHy, NOx | 3.2.1
waters
AG.SM |HY.SW AG.SM-HY.SW- NOs™ flows into surface waters from NO3 10.2.1
runoff agricultural areas N(org)
WS.WW |HY.SW WS.WW-HY.SW- N flows into surface waters from NH3, NO3 | 9.2.3
sewage settlement wastewater management N(org)
HY.GW |HY.SW HY.GW-HY.SW- NOs in groundwater flowing into surface |NO3 10.1.2
waters
RW HY.SW RW-HY.SW- N(tot)-load in trans-boundary inflow (from | NO3, 10.2.3
discharge up-stream neighbouring countries) N(tot)
HY.SW |AT HY.SW-AT-N2 Denitrification (retention) in surface N2 10.2.2
waters
HY.SW |RW HY.SW-RW- N(tot)-load in trans-boundary outflow (to |NO3, 10.2.3
discharge down-stream neighbouring countries) N(tot)
HY.SW |MP.FP HY.SW-MP.FP-fish |Inland fisheries N(org) 7.1.2
Sub-Pool “Coastal Waters” (HY.CW)
AT HY.CW  |AT-HY.CW-atmDep | Atmospheric N-deposition on coastal NHy, NOx | 3.2.1
waters
HY.SW |HY.CW |HY.SW-HY.CW- N(tot)-load in inflow into coastal seas NO3, 10.2.3
discharge N(org)
HY.CW | MP.FP HY.CW-MP.FP-fish |Sea fishing (landings) N(org) 10.2.4

2 N-Retention in coastal waters is not included.

Note: The transport of sediment particles containing nitrogen into waters or the retention in the
benthic zone is not considered in MoRE because the data are inadequate. We do not consider the
import/export of nitrogen between the coastal seas (as system boundary for the national nitrogen
budget) and the open seas, because as a rule these N-flows are not relevant for the evaluation of the
national N balance. The production of fish in aquaculture is included under the “Animal Husbandry”
sub-pool of the “Agriculture” pool.

10.1 Sub-pool “Groundwater” (HY.GW)

10.1.1 Nitrate leaching (AG.XX-HY.GW-leach, FS.XX-HY.GW-leach)

In the MoRE model, nitrate leaching is only considered for agriculture. As a simplification, the nitrate
load in groundwater is modelled as the N. flow from the agricultural area minus the gaseous N:
emissions (NHs, NOy, N2O) totalling 1113.2 kt N a-1, and this value is taken as (potential) nitrate
leaching. The reduction of the N-load (as a result of denitrification in the root zone, in the unsaturated
zone and in aquifers) is not compartmentalised in the MoRE model (see Section 10.1.2; cf. Fuchs et al.
2017a).

For the national nitrogen budget, the total of 1113.2 kt N a1 is made up of 121.9 kt N a-! lateral NO3-
inflow into surface waters, 233.9 kt N a1 denitrification in the root zone of agricultural soils, and 757.1
kt N (as a difference quantity) which is attributed to nitrate leaching from agricultural areas below the
root zone and which is an inflow for the “Hydrosphere” pool (see Tab. 7-6). With a mean percolation
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rate of 220 mm a'! on agricultural areas in Germany, this gives a mean nitrate concentration in
leachate (below the root zone) of ~90 mg NO3- I-L.

Nitrate leaching from settlements and the transport infrastructure (unsealed urban areas) is equated
to the atmospheric NOy and NHy deposition rate totalling 18 kg N hal a-1 (Tab. 3-6) plus the surface
potential of roads (from falling leaves, animal excrement, etc.) of 4 kg N ha! a-! (after Behrendt et al.
1999). For total unsealed urban areas of 16,372 km? (EEA 2014, 2016), the nitrogen leaching is
therefore 36.0 kt N a-L. Percolation rate on unsealed urban areas is ~148 mm a1, so that the mean
nitrate concentration in the leachate from unsealed urban areas is about 66 mg NO3- 1.

For the nitrate leaching from forest areas and other land, the estimates from Sections 8.1.4 and 8.2.3
are used (but not including nitrate leaching from Wetland).

Nitrate leaching from settlements and the transport infrastructure, and from forests and other land is
not reduced to allow for denitrification in the root zone. For these uses, the leaching below the root
zone is estimated as an independent quantity or determined from measurements.

Table 10-2: Nitrate leaching in the sub-pool “Groundwater”.
Pool(ex) Pool(in) Flow code Description N- N-flow
species ktNal

HS.MW |HY.GW |AG.MW-HY.GW- |Nitrate leaching from settlements and the |NO3 36.0
leach transport infrastructure

AG.SM |HY.GW |AG.SM-HY.GW- Nitrate leaching from agricultural areas NO3 757.1
leach (below the root zone)

FS.FO HY.GW | FS.FO-HY.GW- Nitrate leaching from forest areas NO3 60.8
leach

FS.OL HY.GW | FS.OL-HY.GW- Nitrate leaching from Other land NO3 33
leach

Total nitrate leaching into groundwater 857.2

Note that the land use categories in the MoRE model and the areas used for the various land use
classes (in particular the agricultural areas) differ from those in Tab. 3-2, which among other things
form the basis for calculating atmospheric depositions. However, these differences do not affect the
interpretation and the further use of the results.

10.1.2 N-flows from groundwater (HY.GW-AT-N2, HY.GW-AG.SM-abstr, HY.GW-AG.SM-irrig,
HY.GW-HY.SW-discharge)

The nitrogen discharge into surface waters from groundwater (HY.GW-HY.SW-discharge) is calculated
in the MoRE model from the nitrogen concentrations in the groundwater and the groundwater out-
flow. Both quantities are determined for the 2759 analysis areas (cf. Fuchs et al. 2010, 2016, 2017a).
To model the N-concentration in the groundwater, MoRE uses the N-inputs from agricultural areas,
forest areas, and other land. For the estimates here an additional N-input of 3.9 kt N a-1 is included
from unsealed urban areas (assuming a nitrogen concentration of 1 mg N 1! in groundwater under
unsealed urban areas). In MoRE, the nitrogen retention - mainly due to denitrification - in the unsa-
turated zone (below the root zone) and in groundwater is estimated for the agricultural areas using an
empirically derived equation which takes into account the leaching rate and the hydrogeological site
conditions (5-level classification); for details see Fuchs et al (2010). Using this approach, the model
gives an NO3- input of 268.2 kt N a1 into surface waters from groundwater outflow.
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In order to calculate the nitrate in groundwater abstracted for drinking water, the annual abstraction
rate is set at 2,725 million m? a-! (DESTATIS, 2015c). As a simplification, for the estimation of this N-
flow (HY.GW-AG.SM-abstr) a mean concentration is used of 25 mg NO3 I'1 or 5.6 mg N I-%. The nitrate in
groundwater extracted for field irrigation in agriculture (HY.GW-AG.SM-irrig) is discussed in Section
7.2.2. The N-outflows from groundwater are summarised in Tab. 10-3.

With an inflow into sub-pool “Groundwater” of 857.2 kt N a-! (Tab. 10-2), N-outflow with the abstrac-
tion of groundwater for drinking water and irrigation water of 17.0 kt N a1 (Tab. 10-3) and the N-flow
of groundwater into surface waters of 268.2 kt N a1, then the difference of 572 kt N a-! can be accoun-
ted for by denitrification in the unsaturated zone and in groundwater. This approach involves the
assumption that the amount of nitrogen in the groundwater is constant over time, i.e. that NO3- inflow
with leachate, denitrification, and NO3z- outflow into surface waters are in dynamic equilibrium, so that
there is no change in the NO3- stock in the aquifers.

Table 10-3: Nitrogen discharge from the sub-pool “Groundwater”.
Pool(ex) Pool(in) Flow code Description N- N-flow
species ktNal
HY.GW |AT HY.GW-AT-N2 Denitrification in the unsaturated zone and | N2 572.0
in groundwater
HY.GW |HS.HB HY.GW-AG.SM- NOs in groundwater abstracted for NO3 15.4
abstr drinking water
HY.GW |AG.SM HY.GW-AG.SM- NOs- in groundwater abstracted as NO3 1.6
irrig irrigation water for agriculture
HY.GW |HY.SW HY.GW-HY.SW- NOs in groundwater discharged into NO3 268.2
discharge surface waters

10.2 Sub-pools “Surface Waters” (HY.SW) and “Coastal Waters” (HY.CW)

Due to the small number of separate N-flows in the “Coastal Water” sub-pool and the close links with
the “Surface Waters” sub-pool, the two sub-pools are considered together.

10.2.1 Run-off from agricultural areas into surface waters (AG.SM-HY.SW-runoff)

Nitrogen enters surface waters from the “Agriculture” pool with runoff, soil erosion, and drainage. The
three paths are modelled separately in MoRE. Tab. 10-4 shows the results. For the presentation of the
N-flows, the three paths are combined as the N-inflow with lateral transport.

Table 10-4: Nitrogen flows into surface waters from the “Agriculture” pool by lateral transport
according to MoRE-modelling, annual mean for 2010 — 2014.

Flow code Description N-species
AG.SM-HY.SW-runoff Runoff NO3 29.7
Erosion NO3 9.9
N(org) 8.2
Drainage NO3 74.1
Total 121.9
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10.2.2 Denitrification in surface waters and coastal waters (HY.SW-AT-N2, HY.CW-AT-N2)

Various transformation, retention and loss processes in surface waters (e.g. nitrification, denitrifi-
cation, uptake by plants, sedimentation) reduce the amount of reactive nitrogen flowing into the
hydrosphere. As a simplification, they are referred to here collectively under denitrification, because
this is the dominant process. The denitrification of nitrogen in surface waters is determined as the
difference between the total N-flows into the river basins according to the MoRE estimate of 576.5 kt
N a1 (see Tab. 10-6) minus the N-load in the outflow from Germany into downstream neighbours and
coastal seas of 500.6 kt N a1 (see Tab. 10-5) giving a result of 75.9 kt N a'..

No plausible data are available from which to estimate denitrification in the coastal seas, and this N-
flow is not considered further here.

10.2.3 Trans-boundary inflows and outflows (RW-HY.SW-discharge, HY.SW-RW-discharge)

The N(tot) loads in trans-boundary inflow in running waters from upstream neighbours, transboun-
dary outflow to downstream neighbours, and from the river mouths or estuaries into the North Sea
and Baltic Sea were determined for the larger rivers (Rhine, Danube, Elbe, Weser) using the measured
outflows and substance concentrations (Tab. 10-5). Outflow data is available for the Laender (collated
by the German Federal Institute of Hydrology (BfG)) together with outflow data of the Federal Water-
ways and Shipping Administration (also available from BfG). The data from quality measurement
points consists of the data from the LAWA Water Working Group measurement network (collected
annually by UBA) and from selected Laender measuring stations. The BfG method was used to
calculate the loads using the measurement data (BfG 2013). A correction factor was included to allow
for the different positions of the outflow water gauges and quality measuring points. The results are
presented in Table 10-5.

Table 10-5: N-load in the trans-boundary inflow and outflow of surface waters, mean 2010 — 2014.

River basin Upstream source or measuring N(tot) N(tot) in outflow °

station /River mouth or ininflow?® 7o downstream  In North Sea
to Germany neighbour and Baltic Sea
ktNa™ kt N a! kt N a’

downstream measuring station

Donau DE / Black Sea (Jochenstein) 99.5
Eider DE / North Sea 4.9
Elbe Schmilka (CZ) / North Sea 54.8 115.0
(Seemannshoft)
Ems DE / North Sea 14.5
Maas DE/ NL 41
Oder Poland / Baltic Sea 5.0°¢
Rhine Ohringer (CH) / Kleve-Bimmen (NL) 12.5 209.7
Schlei/Trave DE / Baltic Sea 6.3
Warnow/Peene |DE / Baltic Sea 14.3
Weser DE/ North Sea (Bremen) 27.2
Total 67.3 313.4 187.2

)

o

o

N(tot)-load in the trans-boundary inflow (from upstream neighbours).

N(tot)-load in the trans-boundary outflow (to downstream neighbours or into the North Sea or Baltic Sea).

For the River Oder separating Poland and Germany a different approach had to be adopted to calculate the load

transported from federal territories.
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For the catchments of smaller rivers in coastal areas which flow directly into the North Sea or Baltic
Sea, area-specific N-loads were calculated on the basis of an assumed load of 1 kt N km-2 a-1 (derived
on the basis of the observed loads for selected quality measurement stations of the river basin districts
of the Danube, Elbe, Rhine and Weser).

Comparing the N-load in the inflows from upstream neighbours (67.3 kt N a-1) and in the outflow from
Germany into the coastal seas or to downstream neighbouring countries (combined 500.6 kt N a'1), the
increase in N(tot)-load in surface waters in their passage through Germany is 433.3 kt N a-1. The N(tot)
inflows directly into the North Sea and Baltic Sea from German territory in rivers (measured loads)
and from coastal areas (modelled N-loads) total 187.2 kt N a-1,

10.2.4 Sea fishing (HY.CW-MP.FP-fish)

In the Annual Statistics on Food, Agriculture and Forests (BMEL 2018; Tab. 281), the annual mean for
German landings from coastal and deep-sea fishing (2010-2014) were:

Coastal and deep-sea fishing: 226,560 t round weight x 2.8 % N (ECE 2013, Annex 6, Table 12)
=6.3ktNal

10.3 Summary of N-flows for the “Hydrosphere” (HY) pool

Tab. 10-6 gives a summary of the N-flows for the “Hydrosphere” pool.

Table 10-6: Incoming and outgoing N-flows for the sub-pools of the “Hydrosphere” pool; annual

mean for 2010 — 2014.

N-flow
kt N a*

Flow code

Pool(ex) Pool(in)

Description N-
species

Sub-Pool “Groundwater” (HY.GW)

HS.MW |HY.GW |AG.MW-HY.GW- |Nitrate leaching from settlements and the |NO3 36.0
leach transport infrastructure
AG.SM |HY.GW |AG.SM-HY.GW- Nitrate leaching from agricultural areas NO3 757.1
leach
FS.FO HY.GW | FS.FO-HY.GW- Nitrate leaching from forest areas NO3 60.8
leach
FS.WL HY.GW |FS.WL-HY.GW- Nitrate leaching from Other land NO3 33
leach
HY.GW |AT HY.GW-AT-N2 Denitrification in the unsaturated zone and | N2 572.0
in groundwater
HY.GW |HS.HB HY.GW-AG.SM- NOs in groundwater abstracted for NO3 15.4
abstr drinking water
HY.GW |AG.SM HY.GW-AG.SM- NOs in groundwater abstracted for NO3 1.6
irrig agricultural irrigation
HY.GW |HY.SW HY.GW-HY.SW- NOs in groundwater flows into surface NO3 268.2
waters
Sub-Pool “Surface Waters” (HY.SW)
AT HY.SW AT-HY.SW- Atmospheric N-deposition on surface NHy 33
atmDep waters NOx 15
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Pool(ex) Pool(in) Flow code Description N- N-flow
species ktNa*

AG.SM |HY.SW AG.SM-HY.SW- N inflow into surface waters due to runoff, | NO3 113.7

runoff erosion and drainage from agricultural N(org) 8.2
areas

WS.WW | HY.SW WS.WW-HY.SW- | N(tot)-inflow into surface waters from N(tot) 114.3
sewage settlement water management

HY.GW |HY.SW HY.GW-HY.SW- NOs in groundwater flows into surface NO3 268.2

waters

RW HY.SW RW-HY.SW- N(tot)-load in trans-boundary inflow (from | N(tot) 67.3
discharge upstream neighbours)

HY.SW |AT HY.SW-AT-N2 Denitrification in surface waters N2 75.9

HY.SW |RW HY.SW-RW- N(tot)-load in trans-boundary outflow (to | N(tot) 3134
discharge downstream neighbours)

HY.SW |HY.CW HY.SW-HY.CW- N(tot)-load in the outflow into coastal seas | N(tot) 187.2
discharge

Sub-Pool “Coastal Waters” (HY.CW)

AT HY.CW  |AT-HY.CW- Atmospheric N-deposition on coastal NHy 13
atmDep waters NOx 0.6

HY.SW |HY.CW HY.SW-HY.CW- N(tot)-load in inflow to the coastal seas N(tot) 187.2
discharge

HY.CW |MP.FP HY.CW-MP.FP-fish | Sea fishing (landings) N(org) 6.3

10.4 Balance and comments for the “Hydrosphere” (HY) pool

Tab. 10-7 shows inflows and outflows for the pool “Hydrosphere”. The difference of some 182.8 kt N a1
is nearly identical with the N-load of 187 kt N a-! discharged into the North Sea and Baltic Sea. This N-
flow is not treated as an export in the NNB system, because the coastal seas are included under
national territories. For future nitrogen budgets it is recommended that the system boundary should
be the limnic/marine transition points, analogous to the boundary transition points for the flows to
downstream neighbouring countries.

The denitrification is calculated as a difference value under the premise that the nitrogen amount of in
the groundwater in Germany is constant over time (see Section 10.1.2). This necessarily results in a
(near) balanced budget for the “Hydrosphere” pool (not including the coastal seas). In view of the inad-
equate knowledge about the actual denitrification rates in the root zone (of agricultural areas), in the
unsaturated zone, in the aquifers, and in the surface waters, the figures in Tab. 10-7 should not be
interpreted as estimates reflecting the real situation, but rather as indicators of the level of denitri-
fication that would be necessary to reduce N; to molecular N; in order to avoid an increase of N in the
hydrosphere (mainly in the form of NO3).
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Table 10-7: Nitrogen inflows and outflows for the “Hydrosphere” pool, annual mean for 2010 —
2014, italics: estimate or difference between N-flows.

Inflow (N,-sources) Outflow (N;-use)

kt N a? tNa?
Atmospheric deposition 6.7 |NOs; removed with water extraction 17.0
NOs" inflow from agricultural areas @ 121.9 | Denitrification in the unsaturated zone 572.0

and in groundwater

Inflow from wastewater treatment 114.3 | Denitrification (retention) in surface 75.9
plants and the sewerage system waters
Nitrate leaching (below the root zone) 857.2 |Sea fishing 6.3
Load in the flow from upstream 67.3 |Load in the flow to downstream 313.4
neighbouring countries neighbouring countries
Total inflows 1167.4 |Total outflows -984.6

Difference: 182.8

2 By runoff, erosion and drainage flows.

10.5 Uncertainty assessment for the N-flows of “Hydrosphere” (HY) pool

Tab. 10-8 shows the uncertainties in the calculation of the N-flows for the “Hydrosphere” pool.
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Table 10-8: Uncertainties in the calculation of the largest N-flows for the “Hydrosphere” pool.
Flow code Description N-species Uncertainty Quantity Uncertainty Coefficients Level®
structure
Sub-Pool “Groundwater” (HY.GW)
HS.MW-HY.GW-leach | Nitrate leaching from settlements and | NO3 High; NOs™ load in leachate: Value estimated 4
transport infrastructure
AG.SM-HY.GW-leach | Nitrate leaching from Agricultural NO3 Groundwater replenishment NOs concentration in leachate: MoRE 4
areas rates from Agricultural areas: Model calculation: high
medium
FS.FO-HY.GW-leach | Nitrate leaching from forest areas NO3 see Tab. 8-9
FS.WL-HY.GW-leach |Nitrate leaching from Other land NO3 High; NOs" load in leachate: Value estimated
HY.GW-AT-N2 Denitrification in the unsaturated N2 High; calculated as the difference between highly uncertain values 4
zone and in Groundwater
HY.GW-AG.SM-abstr | NOs in groundwater abstracted for NO3 Low Medium; NOs™ concentration in abstracted 3
drinking water water estimated
HY.GW-HY.SW-leach |NOjs inflow into surface waters with | NO3 Groundwater outflow: Medium |NO;™ concentration in groundwater 4
groundwater outflow outflow: MoRE Model calculation: high
Sub-Pool “Surface Waters” (HY.SW)
AT-HY.SW-atmDep | Atmospheric N-deposition on surface | NHy see Tab. 3-11 3
waters NOx
AG.SM-HY.SW-runoff | NOs™ inflow into surface waters from |NO3 NOs" loads for runoff, erosion and drainage: MoRE Model calculation: high 4
Agricultural areas N(tot)
WS.WW-HY.SW- N(tot)- discharge into surface waters |N(tot) Discharge amounts: medium N-concentrations in discharge: medium 3
sewage from settlement water management (Evaluation of wastewater (Evaluation Wastewater treatment plants,
treatment plant registers) self-monitoring
HY.GW-HY.SW- NOs inflow into surface waters with | NO3 Groundwater outflow rates: NOs concentration in the groundwater- 4

groundwater outflow

medium

outflow: MoRE Model calculation: high
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Flow code

Description

N-species Uncertainty Quantity

structure

Uncertainty Coefficients

RW-HY.SW-discharge | N(tot)-load in trans-boundary inflow | N(tot) Flow measurements: Low N-concentration in the outflow: Low (for 2
(from upstream neighbours) the larger flows)
HY.SW-AT-N2 Denitrification in surface waters N2 High; calculated as the difference between uncertain values 4
HY.SW-RW-discharge | N(tot)-load in trans-boundary outflow | N(tot) Flow measurements: Low N-concentration in the outflow: Low (for
(to downstream neighbours) the larger flows)
Sub-Pool “Coastal Waters” (HY.CW)
AT-HY.CW-atmDep |Atmospheric N-deposition on coastal | NHy see Tab. 3-11 3
waters NOx
HY.SW-HY.CW- N(tot)-load in discharge into coastal |N(tot) Flow measurements: Low; N-concentration in outflow: Low (for the 2
discharge seas For small rivers without flow larger flows)
measurements: Model results
HY.CW-MP.FP-fish Sea fishing (landings) N(org) Very low Very low 1

2@ Level of uncertainty in accordance with Tab. 2-3.
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11 Trans-boundary N-flows (RW)

Trans-boundary N-flows consist of the N, imports to Germany and N; exports from Germany. These are
determined individually for each pool. Tables 11-1 and 11-2 show the summarised results.

Table 11-1: Imports and exports (incoming and outgoing N-flows) in the “Trans-boundary N-flows”
pool, annual mean for 2010 — 2014.
Pool(ex) Pool(in) Flow code Description ® Section N-species N-flow
ktN a*
RW AT RW-AT-gasN Atmospheric transport of gaseous N-| 3.5 |NHy 103.7
compounds NOx 114.7
RW EF.EC RW-EF.EC-fuel Import of fuels 4.1.1 |N(org) 1735.0
RW MP.FP RW-MP.FP-food |Food industry imports @ 5.1.6 |[N(org) 890.0
RW MP.NC  |RW-MP.NC-prod |Import of nitrogenous chemical 5.2.4 |NH3,NO3,| 2262.2
products N(org)
RW MP.OP RW-MP.OP-prod |Imports consumer goods industry 5.3 |N(org) 311.4
RW AG.SM RW-AG.SM- Imports of manure ? 7.2.1 [N(org) 14.3
manure
RW FS.FO RW-FS.FO-wood |Import von round wood 8.1.5 |[N(org) 4.3
RW WS.SW  |RW-WS.SW- Import of waste materials 9.1.3 [N(org) 9.1
waste
RW HY.SW RW-HY.SW- N load in trans-boundary inflows 10.2.3 [NO3, 67.3
discharge N(org)
Total Imports 5512.0
AT RW AT-RW-gasN Atmospheric transport of gaseous N-| 3.5 |[NHy 248.8
compounds NOx 280.5
EF.EC RW EF.EC-RW-fuel Export of fuels and mineral oil 4.1.1 |N(org) 62.7
products
MP.FP RW MP.FP-RW-food |Food industry exports @ 5.1.6 |[N(org) 635.2
MP.NC [RW MP.NC-RW-prod |Export nitrogenous chemical 5.2.4 |NH3,NO3,| 1797.1
products N(org)
MP.OP [RW MP.OP-RW-prod |Export consumer goods industry 5.3 |N(org) 308.9
FS.FO RW FS.FO-RW-wood |Exports of round wood 8.1.5 [N(org) 2.2
WS.SW |RW WS.SW-RW- Exports of waste materials 9.1.3 |N(org) 2.8
waste
HY.SW |RW HY.SW-RW-load |N-load in trans-boundary outflows 10.2.3 [NO3, 313.4
N(org)
Total Exports 3651.6

2 Note: With the exception of imports of manure, agricultural imports and exports are included in the sub-pool “Food

and feed processing”.
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Tab. 11-2 shows the trans-boundary N-flows summarized for the most important pools and sub-pools.

Table 11-2: Imports and exports of reactive nitrogen for pools or sub-pools, annual mean for 2010 —-
2014.
Pool or Sub-pool ? N-species Import ® Balance®
ktN a* ktN a*
AT Atmosphere NHy, NOx 218 -529 -311
EF.EC Energy conversion ¢ N(org) (1735) (63) (1672)
MP.FP Food and Feed Processing N(org) 904¢ -635 269
- of which Feed (405)° e 405¢
MP.NC | Nitrogen chemistry N(org) 2262 - 1797 465
- of which Fertiliser 1028 -580 448
MP.OP, |Other producing industry f N(org) 325 -314 11
WS.SW | Solid waste
HY.SW Surface waters NOs’, N(org) 67 -313 - 246
Totals € (not including energy conversion) 3776°¢ - 3588 ¢ 188 ¢

2 Pools or sub-pools that are not included have low or no imports and exports; Agriculture imports and exports fall
under the “Material and Products in Industry” pool.

N-flows are rounded to whole numbers; negative value show exports or net exports; discrepancies are due to
rounding.

Imports and exports for energy conversion are not included here on the assumption that the combustion of fuels
only releases relatively small amounts of NOx and N0 into the environment.

Including manure imports.

e

Exports not shown, statistics are already net imports (taken from the BMEL statistics).

Including import or export of round wood.

Pools in Germany show a slight net import of 188 kt N a-! (not including the N-flow with fuels, see
Table 11-2, Footnote c). However, two opposing components are involved. With the atmospheric
transport of gaseous N; and the downstream N-outflow in rivers, Germany exports (net) -557 kt N a1
of reactive nitrogen (NOs-, NH3, NO,) in the hydrosphere and the atmosphere to neighbouring
countries. Including the N-load of 187 kt N a'! that is discharged into the North Sea and Baltic Sea
(which is not an export under the NNB system), gives an outflow of -744 kt N a-! from German
territories via the biosphere. On the other hand, there are net-imports of 745 kt N a-! in the form of
products in food and feed processing and in the chemical industry (not including fuels). Therefore the
import-export balance in total is balanced.

The “Agriculture” pool is not shown in Tab. 11-2 because all trans-boundary N-flows in this sector are
registered under the sub-pools “Food and Feed Processing” and “Nitrogen Chemistry” in accordance
with the NNB system (ECE 2013). The N,-flows relating to Germany’s imports, however, end up to a
large extent in the “Agriculture” pool. In sub-pool “Food and Feed processing”, feed accounts for 45 %
of the N, net imports; in foreign trade with products of the chemicals industry, mineral fertiliser
accounts for 45 % of the N, imports and 32 % of N, exports.

Concerning the trade balance for sub-pool “Food and Feed Processing”, it should be noted that agri-
culture records feed imports of 405 kt N a1, which is about 20 % of the total amount of nitrogen (or
crude protein) in the total amount of feed deployed. But on the other hand, Germany is also a relevant
exporter of unprocessed and processed agricultural products (grain, meat, dairy products), so that
food and feed only accounts for a relatively small trade deficit of 269 kt N a-L.
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12 Presenting N-flows with STAN

Pools, sub-pools and N-flows are presented with the Substance Flow Analysis program STAN 2.6.801
(TU Vienna, www.stan2web.net). Figure 12-1 shows the overall system of the National N-Balance with
eight pools and the N-flows between the pools. Trans-boundary N-flows are shown as imports and
exports.

Figure 12-1: Nitrogen-pools, sub-pools and N-flows (in kt N a?, annual mean for 2010 — 2014) of the
German national nitrogen budget.
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National N-budget with the eight pools “Atmosphere” (AT), “Energy and Fuels” (EF), “Material and Products in
Industry” (MP), “Humans and Settlements” (HS), “Agriculture” (AG), “Forest and semi-natural vegetation” (FS),
“Waste” (WS), and “Hydrosphere” (HY), including N-flows between the pools (in kt N a). Trans-boundary N-flows are
shown as exports and imports. The thickness of the arrow is proportional to the magnitude of the flow. The colour of
the flow corresponds to that of the source pool. Data sources: see Chapters 3 to 11.
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Figures 12-2 to 12-9 show the eight pools described in Chapters 3 to 10 and their sub-pools with

nitrogen inflows and outflows.

Figure 12-2: “Atmosphere” pool with nitrogen inflows and outflows (in kt N a!, annual mean for

2010 - 2014).
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“Atmosphere” (AT) pool with nitrogen inflows and outflows in accordance with Chapter 3. Rounded values in kt N a?
per flow. The thickness of the arrow is proportional to the magnitude of the flow. The colour of the flow corresponds

to that of the source pool, see Fig. 12-1. Data sources: see Chapters 3 to 11.
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Figure 12-3: “Energy and Fuels” pool and its sub-pools with nitrogen inflows and outflows (in kt N a?,
annual mean for 2010 — 2014).
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“Energy and Fuels” (EF) pool with the sub-pools “Energy Conversion” (EF.EC), “Manufacturing Industries and
Construction” (EF.IC), “Transport” (EF.TR), and “Other Energy and Fuels” (EF.OE), as well as inflows and outflows of
nitrogen in accordance with Chapter 4. Rounded values in kt N a’ per flow; the thickness of the arrow is proportional
to the magnitude of the flow. The colour of the flow corresponds to that of the source pool, see Fig. 12-1. Data

sources see Chapters 3 to 11.
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Figure 12-4: “Material and Products in Industry” pool and its sub-pools with nitrogen inflows and
outflows (in kt N a, annual mean for 2010 — 2014).
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“Material and Products in Industry” (MP) pool with the sub-pools “Food and Feed Processing” (MP.FP), “Nitrogen
Chemistry” (MP.NC) and “Other Producing Industry” (MP.OP), as well as inflows and outflows of nitrogen in
accordance with Chapter 5. Rounded values in kt N a* per flow; the thickness of the arrow is proportional to the
magnitude of the flow. The colour of the flow corresponds to that of the source pool, see Fig. 12-1. Data sources see
Chapters 3 to 11.
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Figure 12-5: “Humans and Settlements” pool and its sub-pools with nitrogen inflows and outflows (in
kt N a1, annual mean for 2010 — 2014).
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“Humans and Settlements” (HS) pool with the sub-pools “Human Body” (HS.HB, inluding pets) and “Material World”
(HS.MW) , as well as inflows and outflows of nitrogen in accordance with Chapter 6. Rounded values in kt N a* per
flow; the thickness of the arrow is proportional to the magnitude of the flow. The colour of the flow corresponds to
that of the source pool, see Fig. 12-1. Data sources see Chapters 3 to 11.
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Figure 12-6: “Agriculture” pool and its sub-pools with nitrogen inflows and outflows (in kt N a?,
annual mean for 2010 — 2014).
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“Agriculture” (AG) pool with the sub-pools “Animal Husbandry” (AG.AH), “Soil Management” (AG.SM) and “Biogas
Production” (AG.BG), as well as inflows and outflows of nitrogen in accordance with Chapter 7. Rounded values in kt N
a* per flow; the thickness of the arrow is proportional to the magnitude of the flow. The colour of the flow
corresponds to that of the source pool, see Fig. 12-1. Data sources see Chapters 3 to 11.
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Figure 12-7: “Forest and Semi-natural Vegetation” pool and its sub-pools with inflows and outflows
(in kt N a, annual mean for 2010 — 2014).
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“Forest and Semi-natural Vegetation” (FS) pool with the sub-pools Forest” (FS), Wetland (FS.WL) and Other Land
(FS.OL) as well as quantitatively relevant inflows and outflows in accordance with Chapter 8. Rounded values in kt N
a! per flow; the thickness of the arrow is proportional to the magnitude of the flow. The colour of the flow
corresponds to that of the source pool, see Fig. 12-1. Data sources see Chapters 3 to 11.
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Figure 12-8: “Waste” pool and its sub-pools with inflows and outflows (in kt N a%, annual mean for

2010 —2014).
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“Waste” (WS) pool with the sub-pools “Solid waste” (WS.SW) and “Wastewater” (WS.WW) , as well as inflows and
outflows in accordance with Chapter 9. Rounded values in kt N a! per flow; the thickness of the arrow is proportional
to the magnitude of the flow. The colour of the flow corresponds to that of the source pool, see Fig. 12-1. Data

sources see Chapters 3 to 11.
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Figure 12-9: “Hydrosphere” pool and its sub-pools with inflows and outflows (in kt N a!, annual
mean for 2010 — 2014).
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Pool “Hydrosphere” (HY) with the sub-pools “Surface waters” (HY.SW), “Coastal waters” (HY.CW) and “Groundwater”
(HY.GW) as well as inflows and outflows in accordance with Chapter 10. Rounded values in kt N a™* per flow; the
thickness of the arrow is proportional to the magnitude of the flow. The colour of the flow corresponds to that of the
source pool, see Fig. 12-1. For data sources see Chapters 3 to 11.
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13 Overview and balance of N-flows for Germany

A national nitrogen budget can help to determine how much reactive nitrogen is newly generated or is
introduced into the nitrogen cycle every year, and how much of the N, is reduced or oxidised to
molecular nitrogen (Nz). Tab. 13-1 shows a summary of the sources and sinks of N, in Germany.

Table 13-1: Sources and sinks of reactive nitrogen in Germany, annual mean for 2010 — 2014.
Process N-species N-flow ?®
kt N a?

NHs synthesis (Haber-Bosch process)® NH; 2695
Domestic extraction and (net-)import of fossil fuels N(org) 2335
- of which: Crude oil 930
N-fixing in soil (agriculture, forest, semi-natural areas) N(org) 308
Formation of thermal NO* NOy 192
Trade balance (net import) Food and Industry ¢ all N, 745
Total Sources 6275
Combustion of fossil and regenerative fuel and flue gas denoxing N2 -1893¢
(oxidation/reduction of N; in fuel to N,)¢
N: “loss” in crude oil refining f N, -818f
Denitrification total, N> -1107
of which in - Soils (agriculture, forest, semi-natural areas) - 248

- Waters (groundwater &, surface waters ") - 648

- Solid waste (Wastewater treatment plants) -211
Waste landfill N(org) - 86
Net-export via atmosphere -311
Net export with river discharge -433
Total Sinks -4648
Difference between source and sink flows 16271

@ N-flows are rounded.

Including synthesis of calcium cyanamide.

¢ Approx. 50 % of total NOx, see Section 4.1.2 (Tab. 4-4).
Not including Energy Conversion, see Tab. 11-2.

Combustion of fossil fuels and denoxing of flue gases (Section 4.1.5) as well as combustion of regenerative fuels,
waste (Tab. 9-3), sludge (Tab. 9-3), bone meal (Tab. 5-5) and wood (private households, Tab. 8-4)

On “loss” see Section 4.1.1.

& Denitrification of 572 kt N a* in the unsaturated zone (below the root zone) and in groundwater.

h Retention of 75.9 kt N a* in surface waters is allocated to denitrification.

i Contrary to Section 10.3 and Table 11-2, water discharge into the coastal seas is already treated as export here.

i For the difference to "Total reactive nitrogen emissions from anthropogenic sources" of 1547 kt N a in Table 13-3
see text.
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Ammonia synthesis accounts for some 43 % of the total of 6275 kt N, that is newly generated or
brought into circulation every year. Slightly less is introduced into the nitrogen cycle by the extraction
and net imports of fuels containing nitrogen (lignite, coal, crude oil). The combustion of these fuels at
high temperatures forms 192 kt N, a1 as thermal NOy (N from the air is oxidised to NOy). The natural
process of nitrogen fixation in soils generates 308 kt N, a1, which is only 5 % of the annual total.

The most important sink is energy conversion: the denoxing of flue gases from the combustion
processes with fossil fuels (coal, lignite, oil products) and the incineration of waste, sludge, bone meal
and wood converts 1893 kt N; a1 into Ny, and the refining of crude oil converts another 818 kt N, a'1.
As a natural process, denitrification in the hydrosphere, soils and wastewater treatment plants total-
ling 1107 kt N a1 accounts for some 24 % of the conversion of N, to molecular N;. A total of 744 kt N a'!
(net) is imported in chemical products and the produce of food and feed processing, whereas 557 kt N
a'l (net) is exported to neighbouring countries via the hydrosphere and the atmosphere, so that the
trade balance is 188 kt N a1, with regard to the North Sea and Baltic Sea as system boundary of the
NNB. If, contrary to ECE (2013) and Table 11-2, the NNB system boundary the is already drawn at the
coast or at the river estuaries, the import-export balance is equalized.

The annual addition to the amount of reactive nitrogen (including extraction and net imports) is 6275
kt Ny, but the figure for the annual reduction is 26% lower, at 4648 kt N.. There are two explanations
for this difference of 1627 kt N..

» The difference corresponds to the surplus in Germany’s National N budget, i.e. the amount of
reactive N in the environment is increased annually by this amount (“accelerating the N-
cascade”).

» The difference may be the result of uncertainties in determining N-flows due to inadequate
statistics about goods flows and the N-contents of commodities, and the lack of knowledge
about factors influencing the biochemical processes with which nitrogen is bound and
denitrified.

Furthermore, changes in N stocks (mainly in soils) that are not considered as sources or sinks of N-
flows in the NBB calculation scheme can also contribute to the difference.

Theoretically, the totals of the nitrogen inflows and of the outflows should be nearly equal both for
each individual pool and for the national nitrogen budget (as aggregate of the pools). However, Tab.
13-2 shows that this is not the case for most pools and sub-pools. In the two cases where no
differences are shown (sub-pool “Nitrogen chemistry” and the “Agriculture” pool), the inflows and
outflows were made to balance by introducing difference values in the calculations.

The increase or decrease in N-stocks in agriculture, the food industry, energy conversion, and
commodity production over a five-year period is negligible, as the evaluated statistics show. For the
“Forest” pool a reduction of the N-stock of 293 kt N a1 is reported for the forest soils (Section 8.1.6),
which would have to be included in the nitrogen budget as an input (mobilisation of N;), but this would
only further increase the difference.

The addition of 17 kt N a1 in timber stocks in forests by no means compensates for this decrease in
stocks in soils. According to preliminary estimates (Section 7.5.2), the depletion of N-stocks in utilised
agricultural mineral and moor soils is in the order of 500 kt N a-1. However, this value in not included
in the nitrogen budget due to the uncertainty of the estimates. The greatest uncertainty with regard to
changes in N-stocks relates to the movements of nitrates in the “root zone - unsaturated zone -
groundwater” system. The amount of NO3z- in these compartments in Germany as a whole is unknown,
and it is impossible to make plausible estimates of the changes resulting from water exchanges and/or
denitrification.
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Table 13-2:
for 2010 — 2014.

Comparison of the nitrogen inflows and outflows of the pools or sub-pools, annual mean

Pool or Sub-pool Inflow Outflow Difference ®
kt N a? kt N a? kt N a?
Atmosphere 1271 - 1062 209
Energy Conversion 2662 - 2632 30
Sub-pool Food and Feed Processing 2568 - 2684 - 116
Sub-pool Nitrogen chemistry 4989 -4989 0
Sub-pool Other Producing Industry 2078 - 558 1520
Sub-pool Human Body (and pets) 683 -479 204
Sub-pool Material world (and settlement areas) 302 -112 190
Agriculture 3320 - 3320 0
Forest and semi-natural vegetation 308° -126° 181
Sub-pool Solid waste 345 -732 - 386
Sub-pool Wastewater 514 -479 36
Hydrosphere 1167 - 985 183
Rest of World 3776 - 3588 188
Totals inflow, outflow and difference 23983 -21746 2237

3 Not including the reduction in N-stock of 293 kt N a* in forest soils.

b Discrepancies are due to rounding.

In view of these uncertainties in the national nitrogen budget, the results must be interpreted with
some caution. For more reliable values or for future updates, the statistical data basis for a number of
N-flows must be improved, which will require the support of experts from the relevant institutions.
However, despite these reservations, the annual net introduction of reactive nitrogen in Germany is in
the order of 1600 kt N a-1. It is not possible to determine the species of reactive nitrogen involved, or
the environmental media in which they accumulate. However, there can be little doubt that urgent
measures are needed that bring about considerable reductions in the emissions of reactive nitrogen

into the environment.

Table 13-3 provides a summary of emitting groups and the quantities and percentages of N, emissions
from anthropogenous sources into air and surface waters. The sum of 1547 kt N a-! differs from the
1627 kt N a't given in Table 13-1 because Table 13-3 is based on different system boundaries: Table
13-1 shows the difference between sources and sinks, i.e. the uncertainties in the totals are included in
the difference, whereas in Table 13-3 only the anthropogenic emissions are presented. Furthermore,
in Table 13-1 the net export to surface waters is accounted, while in Table 13-3 the NO3 input to
groundwater is considered as emission. The values show that agriculture accounts for two-thirds of all
reactive nitrogen released in Germany and remains by far the most important source of N, emissions
into both the atmosphere and the hydrosphere. Indeed, in view of the greater reductions of N, emis-
sions in the other sectors in recent decades, agriculture now accounts for an even higher proportion
than in previous calculations (for 2008-2010, see Table 2 in UBA 2015). This finding emphasises the
urgent need for effective reduction measures in this sector.
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Table 13-3: Emitting groups, and quantities # and percentages of key N, emissions from
anthropogenous sources ° into air and surface waters, annual mean for 2010 — 2014.

Emitting group Pool/ Air Surface Total
Sub-pool waters °
NO\ NH; N.O \[oFy
ktNa? ktNa' ktNa! kt Na* kt Na*
Agriculture AG 36.0 558.0 65.4 |Runoff 113.7 1041.3 67 %
GW ¢ 268.2

Transport EF.TR 159.6 11.5 3.0 0.0 174.1 11%
Industry / Energy EF (minus 184.2 16.6 11.7 29.9 242.4 16 %
Conversion © EF.TR); MP

Households / HS 0.1 2.9 2.1 84.4 89.5 6 %

wastewater treatment | WS
plants / urban areas f

Total 379.9 589.0 82.2 496.2 1547.3

Proportion 25% 38% 5% 32% 100 %

@ [talics: Data taken from other publications; other values were determined in the course of this study.
Emissions from Forest and semi-natural vegetation are not included.

¢ The total input from wastewater treatment plants/settlement water management (114.3 kt N/a) is divided between
HS and EF+MP proportional to their inputs into wastewater treatment plants. Cf. Section 9.2.3.

Input from Agriculture: only NOs", without N(org).

GW-Groundwater. As a simplification, the entire NOs3" load in groundwater is included under Agriculture.

¢ Including gaseous emissions from waste incineration and wastewater treatment plants.

Gaseous emissions from combustion installations in households are included in pool EF.

In addition to determining the N-flows in Germany, the remit of the DESTINO Project was also to
develop an integrated nitrogen indicator for Germany which characterises the current situation across
sectors and media (see DESTINO Report 1, UBA 2020). On the basis of a national nitrogen target value
which reflects the critical limits, the integrated nitrogen indicator would also quantify the necessary
reduction of N, emissions. The N; emissions for the nitrogen indicator were in part determined using
different methodological approaches, and over different time windows than the period 2010-2014 we
have used here. The N-quantities in Table 13-3 are therefore not always directly comparable with
those in Table 10 of Report 1 (UBA 2020). The integrated nitrogen indicator and the N-flow balance,
while addressing the issue of reactive nitrogen from different perspectives, both demonstrate clearly
that this topic, alongside climate change, is one of the most pressing environmental problems current-
ly faced.
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Figure 13-1:

Emissions of reactive nitrogen from anthropogenous sources into the air (NOy, NHs, N>O)
and surface waters (NOs’) according to nitrogen-species and emitter groups, annual
mean for 2010 - 2014.
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14 Conclusions

How much reactive nitrogen is introduced into the nitrogen cycle each year, and where does it come
from? Where does this N go? How reliable are the results about the N-flows?

These are the central questions regarding the national budget for reactive nitrogen flows. A well-
founded result of the nitrogen balance is that ammonia synthesis in Germany currently introduces
8-10-times more N; into the nitrogen-cycle than the natural process of nitrogen fixation in soils.
Human intervention is greater in the nitrogen cycle than in any other global geochemical cycle. As a
further illustration of the size of the problem, in Germany ammonia synthesis alone (2690 kt N a-1)
produces more reactive nitrogen every year than the total amount stored in German forest trees
(~2260 kt N).

The comparison of sources and sinks of reactive nitrogen in Germany (Table 13-1) shows a net annual
release of reactive nitrogen in Germany in the order of 1600 kt N a-1. A more precise assessment in not
possible, firstly because the uncertain statistical data for the input material flows and their N-contents.
There is also insufficient knowledge about denitrification in soils, waters, and solid waste. Further
investigations are required if the national nitrogen budget is to provide more reliable results. How-
ever, the comprehensive registration of all nitrogen flows proves to be very demanding, and in a
number of cases large uncertainties are involved. With regard to the key issue of estimating the net
emissions of reactive nitrogen, it would seem more expedient in future to focus on the key components
of the nitrogen budget:

(i) The production of reactive nitrogen by technical means and by nitrogen fixation in soils; (ii) The
denitrification of nitrogen compounds in soil to form N3, both naturally and in technical systems, as
well as through fuel combustion processes; (iii) The (net) exports of reactive nitrogen; and (iv) Where
relevant, the change in the amounts of N, that become available in the short term as a result of stock
changes (soils, groundwater).

In this context, the importance of the reduction of NOs- to N; in waters, soils and wastewater treatment
plants should be noted. Denitrification is the only (!) process within the biosphere by which reactive
nitrogen can be converted to the molecular form. Surprisingly, there have been relatively few investi-
gations of the extent of denitrification in soils and groundwater, in surface waters, and in waste, and
the factors influencing it. Water management experts in Germany regularly draw attention to the lack
of knowledge about the denitrification capacity in the unsaturated zone and in groundwater in the
regions of Germany (Bergmann et al., 2013), and whether similar rates of underground nitrate reduc-
tion can be expected in the longer term (cf. UBA, 2017c). The importance of denitrification further
highlighted if the depletion of nitrogen stocks in utilised agricultural land - an estimated 500 kt N a-! -
is also taken into account. In view of the considerable uncertainty involved, this value has not been
included in the nitrogen budget.

The structure of the pools and sub-pools of a National Nitrogen Budget proposed by the ECE (2013)
was based on the UNFCCC system for reporting on greenhouse gas emissions. In the light of our
experience, this only seems to be of limited use for the registration of national nitrogen flows. The
allocation of N-flows to pools according to ECE (2013) is based primarily on the economic sectors in
which activities take place. We would find it more appropriate to structure the budget on the basis of
the material flows and/or the key N-turnover processes. Some examples illustrate this: (i) All material
flows involving the combustion of fuels containing nitrogen (e.g. fossil fuels, wood, sludge, waste, bone
meal) should be classified in a process-related pool “Fuel” (instead of separating combustion pro-
cesses between the sub-pools “Energy Conversion”, “Material World”, “Solid Waste”, etc.). (ii) The
material flows between “Agriculture”, “Food and Feed Processing” and “Human Body (and pets)” are
all much more closely related with each other than with the other sub-pools in the two pools “Material
and Products in Industry” and “Humans and Settlements”. These nitrogen flows can be combined in a
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single pool “Agriculture and Food”. (iii) Similarly, the material flows in consumer goods production
from the initial ammonia synthesis through to the consumer commodities could be considered
together in a “Goods production and consumption” pool.

As a further simplification, the nitrogen flows could be divided between the Biosphere and the Techno-
sphere.

In the Biosphere (with atmosphere, hydrosphere, agrosphere, human nutrition) the N-flows primarily
involve biomass or the inorganic N-products resulting from degradation. This sector is the source of
almost all environmentally relevant N emissions which impact on terrestrial ecosystems (NH3-concen-
tration in air, N-deposition on soils), groundwater (NO3- concentration), surface waters (N load),
climate (N0 emissions), and human health (N,O concentration).

In the Technosphere, nitrogen flows are primarily contained in technical goods. It is not possible at
present to accurately depict the internal conversions or the N-flows associated with goods production,
but this is not absolutely necessary. For our purposes, it would seem sufficient to register the transfers
of reactive nitrogen from the technosphere to the biosphere, which mainly take place in the form of N-
mineral fertilisation, discharges from wastewater, the material recycling of sludge, and atmospheric
deposition.

Information about the quantities, sources and the fate of (potentially) polluting N-compounds is
essential for the formulation of environmental policies and programmes. The environmental impacts
of reactive nitrogen differ for the individual N-species (NO3z-, NHz/NH4*, N20O, NO, NOz) and will also
depend on which vulnerable sector is considered (e.g. human health, climate, groundwater, surface
waters, or vegetation with low nitrophily). The environmental impacts of N-flows cannot be expressed
solely in terms of kilotonnes N per year. A differentiated interpretation must also take into account the
critical levels for each sector. An approach for the integrated evaluation of the emissions of reactive
nitrogen at the national level has been developed with the DESTINO nitrogen indicator for Germany
(see DESTINO Report 1; UBA 2020).

A nitrogen flow scheme can also depict the processes by means of which nitrogen is converted from
one N-species to another, including the conversion rates. This knowledge can be used to develop
differentiated strategies for the reduction of emissions and depositions of reactive nitrogen across
sectors and environmental media. An interesting future task could be to “dynamise” the national N-
flow scheme, i.e. to integrate the reaction of the system to interventions at individual points. This
would make it possible to estimate the measures needed to achieve given environmental goals, and to
predict possible trade-offs.

We have not compared our results with those of other countries, or with earlier work on N-flows in
Germany (UBA 20093, 2009b, 2015) because the differences in methodologies limit the comparability
both between one another and with our results. Internationally, NNBs may come to represent an
instrument for assessing the contribution of individual countries to the global nitrogen problem, and
possibly also for assessing the effectiveness of reduction measures. However, this would require the
statistical data on N-flows between the countries to be of a comparable quality. It does not seem likely
that reliable estimates of the extent of denitrification will be available in the foreseeable future, so that
it will probably not be possible to present fully balanced national nitrogen budgets. The difference
between the valid estimates for nitrogen inflows and outflows is in part denitrified, and the remainder
increases the amount of reactive nitrogen in the environment.
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