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Abstract

Zusammenfassung

This work describes the methods used for the calculation of
gaseous emissions from protein production using a mass flow
analysis of cattle herds of highly productive German Holsteins
and the relevant energy requirements. This includes cows, the
animals required for reproduction as well as female and male
beef cattle. Both milk and beef production are considered.
Those parameters which can be modified by the farmer receive
special attention: such as grazing versus housing; performance and productive life span of the cows; diseases and livestock losses in the entire herd; manure management. In addition, the respective plant production (including fertilizing,
conservation and the respective losses, biogas production) is
dealt with. Emissions from fertilizer production and emissions
from feed processing are considered, as are emissions from
the provision of water, natural gas, diesel and electricity.
The complex model allows for the identification, quantification and valuation of potential emission reductions
(effects and side effects) for the production of edible protein.
As far as possible, our approach prefers scaled data and avoids
the use of default values. The same input data are used to calculate emissions of greenhouse gases and reactive nitrogen
species. Emissions arising from the erection and maintenance of buildings, production plant and machinery, the production and application of pesticides, feed additives, veterinary medicine as well as storage and transport of feeds are
not included. The work avoids the use of imported feeds.
The results are communicated in companion papers
(Dämmgen et al., 2016 a, b).

Gasförmige Emissionen bei der Eiweißerzeugung mit Deutschen Holsteins – eine
Analyse der Energie- und Stoffflüsse der
gesamten Produktionskette
1. Ziele, Methoden und Eingangsdaten

Keywords: cattle herd, emissions, greenhouse gases, ammonia,
mass flow analysis

Schlüsselwörter: Rinderherde, Emissionen, Treibhausgase,
Ammoniak, Stoffflussanalyse

Vorliegende Arbeit beschreibt die Methoden zur Erfassung der
Stoffströme und der sie treibenden Energieströme in kompletten
Rinderherden bei der intensiven Milch- und Rindfleischerzeugung
mit Deutschen Holsteins bei variierter Haltung, Leistung und Nutzungsdauer der Milchkühe sowie Krankheiten und Verlusten in
der Herde. Abgebildet werden Wirtschaftsdüngermanagement,
die vorgelagerte pflanzliche Erzeugung sowie die Emissionen aus
der Düngerproduktion, der Futtermittelverarbeitung und der
Bereitstellung von Wasser, Erdgas, Diesel und elektrischer Energie.
Diese Methoden erlauben das Erkennen und Bewerten von
Emissionsminderungspotentialen in der Erzeugung von essbarem Protein mit Rinderherden. Die Emissionen von Treibhausgasen (THG) und von stickstoffhaltigen Gasen werden aus den
gleichen Datensätzen berechnet. Nicht betrachtet werden Emissionen aus der Erstellung und Erhaltung von Gebäuden, Produktionsanlagen und Maschinen, aus der Anwendung und Produktion von Pflanzenschutzmitteln, Futtermittelzusatzstoffen oder
Tierarzneimitteln und aus Lagerung und Transport von Futtermitteln. Der Einsatz importierter Futtermittel wird vermieden.
In weiteren Arbeiten (Dämmgen et al., 2016 a, b) werden
zugehörige Ergebnisse mitgeteilt.

*			 Johann Heinrich von Thünen Institute (TI), Institute for Climate-Smart Agriculture, Bundesallee 50, 38116 Braunschweig, Germany
**			 University of Veterinary Medicine Hannover (TiHo), Institute for Animal Breeding and Genetics, Bünteweg 17p, 30559 Hannover, Germany;
			 present affiliation: Leibniz Institute for Farm Animal Livestock Biology (FBN), Wilhelm-Stahl-Allee 2, 18196 Dummerstorf, Germany
***			 Friedrich Loeffler Institute (FLI), Institute of Animal Nutrition, Bundesallee 50, 38116 Braunschweig, Germany
****		 Faculty of Science and Engineering, MI Building, City Campus – South Wulfruna St, Wolverhampton WV1 LY, United Kingdom
*****		 Federal Environment Agency (UBA), Wörlitzer Platz 1, 06844 Dessau-Rosslau, Germany
****** Leibniz Institute for Farm Animal Livestock Biology (FBN), Wilhelm-Stahl-Allee 2, 18196 Dummerstorf, Germany
Contact: ulrich.daemmgen@daemmgen.de

162

U. Dämmgen, W. Brade, U. Meyer, H.-D. Haenel, C. Rösemann, H. Flessa, J. Webb, M. Strogies, M. Schwerin · Landbauforsch  

1 Introduction
Climate change and its adverse effects call for reductions of
the emissions of those gases that cause changes in the
atmosphere’s energy balance. Such a reduction is likely to
change agricultural production processes. Emission reduction therefore has to look at livestock production in the first
place, and identify and quantify reduction potentials. The
pathways which produce greenhouse gases (GHG), in particular methane (CH4), are closely interlinked with those of nitrogen (N) and the emissions of N species such as ammonia
(NH3), nitric oxide (NO), nitrous oxide (N2O) and di-nitrogen
(N2). Of these, NH3 is of special importance as air pollutant. In
2013, Germany’s agricultural livestock and crop production
contributed 6.7 % to national of GHG emissions. If fertilizer
production, energy and water consumption are taken into
account, 15 % of national GHG emissions can be attributed to
agriculture. In 2013 agriculture’s share of NH3 emissions was
94.4 % of the national total (UBA, 2015 b). About half of the
agricultural emissions originate from cattle herds. Milk and
beef production systems therefore have priority in emission
reduction research. At present, climate change targets have
yet to be agreed on, while for NH3, EU legislation aims at a
reduction to 95 % of the 2005 emissions. The long-term goal
is a reduction to 71 % of 2005 by 2030 (EU, 2016).
In a society where protein consumption is well above
nutritional requirements (DGE, 2012), a reduction of animal
numbers might be a wise decision. However, Germany
expects additional exports, resulting in increased animal
numbers and higher animal performance, in particular higher milk yields per cow (Offermann et al., 2014). Hence measures to use nutrient and energy fluxes more efficiently have
to be identified. Any unnecessary inputs into the system are to
be avoided. For cattle, grazing, even for high performance dairy
cows, might be an option for emission reduction. The preservation of grasslands or even their extension is considered (carbon
preservation). In a densely populated country land utilization
and landscape aspects are topics to be considered. On the other
hand, the society asks for high-quality food at moderate prices,
and farmers need to generate an adequate income.
Any compromise has to include complex treatments of
the agricultural production system; mono-causal approaches are insufficient and may even lead to false estimation and valuation of emission reduction measures. Therefore, a comprehensive mass flow analysis as recommended
by OECD (2008) for the cattle herd with milk and meat as
their joined products is aimed at in this paper. The findings of
other authors dealing with these sectors has been taken into
account including reviews (e.g. Flachowsky et al., 2011;
Havlik et al., 2014) or papers dealing with performance and
breeds (Zehetmeier et al., 2011; Bell et al., 2013), feed and
feed additives (Kirchgeßner et al.,1993; Johnson et al., 2002;
van Zijderveld et al., 2011), housing and grazing (Jiao et al.,
2014; Rotz et al., 2010; Yan et al, 2013; O’ Brien et al., 2014) or
dairy farm economics (van Middelaar et al., 2014).
This paper deals primarily with those parameters which
can be modified in agricultural production systems by persons
responsible, such as:
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yy animal performance (dairy cows: milk yield; beef cattle:
growth)
yy housing and grazing
yy productive lifespan, animal health and welfare
yy feed production (including use of mineral fertilizers)
Parameters which are not within this scope, such as soil properties, amounts and composition of precipitation, are considered constant.
In order to reduce the number of input data, we confine
our reflections to Holstein herds in Northern Germany. For
this region (Schleswig-Holstein, Niedersachsen, Mecklenburg-Vorpommern, Brandenburg, Nordrhein-Westfalen),
data sets are available for numerous input parameters which
makes the use of default values unnecessary (which are often
incompatible).
The paper at hand is restricted to the description of
methods and input data. Results are presented in Dämmgen
et al. (2016a; b).

2 Materials and methods
2.1 Margins of balancing
The goal of this work is the quantification of emissions from
processes governing protein production by dairy cow herds.
This includes:
yy emissions from animal metabolism (CH4) and from
manure management (CH4 as well as NH3, NO and N2O,
yy NH3, NO, N2O and N2 emissions from the plant soil system
during feed production,
yy carbon dioxide (CO2), CH4 and N2O emissions from the
combustion of diesel fuel and GHG emissions from CH4
combustion,
yy GHG, NH3 and particulate ammonium N (NH4-N) emissions from fertilizer production,
yy GHG emissions from processing of feeds (silage production, processes in grain and oil mills as well as sugar beet
factories including electrical energy),
yy emissions from the provision of water and fuels.
It does not include
yy emissions from the construction and maintenance of
buildings and production plants or machinery,
yy emissions from the application and production of active
substances (e.g. pesticides), feed additives (e.g., silage
inoculants) or veterinary drugs,
yy emissions originating from storage of feeds or from transport processes within and outside the farm,
yy emissions from human metabolism,
yy potential carbon sequestration.
CO2 released from animal metabolism and manure management is not considered an emission. This is because the CO2
emitted by the respiration of crops and livestock will have
been fixed during photosynthesis.
The margins of balancing N flows are illustrated in Figure 1. Mass balances can be carried out for the entire system
“herd” and its two sub-systems “plant/soil” and “animals”. In
principle, the total of the respective inputs, outputs and
changes in pools adds up to zero when the systems are in a
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steady state. Processes outside these systems but taken into
account are fertilizer production, cereal and oil mills and
sugar beet factories.

mineral fertilizer
production

N in mineral fertilizer

plant soil
subsystem
N in feed
intake
subsystem
animals

overall losses
(slaughtered and
perished
animals)

N in emissions

N in deposition

N in emissions
N in soil and plants mN,soil plant = 0

N in nonmarketable milk

N in animals

N in milk

Table 1
Example animal losses in dairy herds

N into ground water

N in excreta

mN,soil plant = 0

N in emissions

N in meat

Figure 1
N flows in the system “herd” (red broken frame) und the subsystems “plant soil” and “animals”

2.2 The herd
2.2.1 Animal numbers and losses
A differentiation is necessary between animals that have to
be fed, and the number of those born or utilized. Also, animal
losses have to be considered (Table 1) 1. The unit of time in
our investigation is “lactation”2.
The number of dairy cows in the herd is kept constant
(steady state). Animals taken out are slaughtered (utilized
animals) or perish. In Northern Germany, high losses during
the first lactation have been observed (Table 1 and Appendix 1)
(Fleischer et al., 2001; Krömker and Pfannenschmidt, 2005;
Fischer, 2007; Brade et al., 2008; Rudolphi et al., 2012; Harms
undated, b). Schwerin (2009) traces many of them back to
problems related to coping with the negative energy balance
after calving.
The term “entire herd” is used to describe all animals in
the category “cattle”, whereas the terms “calf herd”, “beef bull
herd”, etc. comprise the animals in the respective category.
The animals in the hypothetical herds are not “whole
animals”, expressed as integers. Fractions of animals are used
throughout.
The death of animals may happen at any time. It is considered a stochastic event. Hence we calculate the number of
animals to be fed as the mean of the numbers at the beginning and the end of the respective lifespan. We also assume
that the majority of dead animals can be utilized.

share of utilized
animals
(slaughtered
animals) ******

xloss

xutil

animal animal-1

animal animal-1

dairy cows, 1st lactation

0.20 *

0.92

dairy cows, subsequent lactations

0.07

0.92

calves (total)

0.15 **

0.0

female calves

0.12 ***

0.0

male calves

0.18 ***

0.0

dairy heifers

0.01 ****

0.6

beef heifers

0.03

0.6

beef bulls

0.06 *****

0.6

* see text above
** Fischer (2007); Rudolphi et al. (2012);
*** e.g. Kargo et al. (2014);
**** Harms (undated, a);
***** NIBIS (2013); Arbeitsgruppe BZA Bullenmast (2015).
****** expert judgement W. Brade reflecting literature data for dairy cows, bulls and
heifers. “Normal” illnesses affecting elder animals such as infertility, injuries of the
claws or weakness of limbs do not affect the carcass quality. Typical diseases of calves
are diarrhoea, pneumonia, emaciation and asthenia. Carcasses of calves are of little use
for meat production, and as a rule disposed of.

2.2.1.1 Dairy cows
Although the overall number of cows is kept constant (steady
state condition, 100 cow herd-1), calculations require additional information and differentiate among:
yy the mean population that is fed and milked,
yy the number of cows at the beginning of the lactation,
used for the calculation of calves born,
yy the number of cows at the end of the final lactation which
can be utilized by slaughtering and,
yy the number of cows that are culled prematurely (and the
share utilized thereof ).
The relations among these numbers are obvious from the
following example calculations for cow numbers in or after
three lactations (Figure 2).
The number of cows in this example herd with three
lactations is:
N cow = N cow, 1 + N cow, 2 + N cow, 3

								(1)

where
Ncow		 number of cows in the herd (in animal herd-1)
Ncow, 1 number of cows in 1st lactation (in animal herd-1) etc.
The numbers in the three lactations are obtained as:
N cow, 1 =

N cow
1 + 1 − xloss, cow, 1 + 1 − x loss, cow, 2 ⋅ 1 − x loss, cow, 1

(

) (

)(

)

																					(2a)
1

2

Losses comprise deaths due to “normal” illnesses. Losses in epidemics are
excluded, as are losses by preventive culling.
A “lactation” is defined as the time span between two successive calvings.
This time span is a function of milk yield (see Dämmgen et al., 2012a).

(

N cow, 2 = N cow, 1 ⋅ 1 − xloss, cow, 1

)

									(2b)
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Table 3
Number of cows at the beginning of a lactation as a function of the productive lifespan

37.5
Ncow, 1B
35.0

productive lifespan of
dairy cows tpls

animals

Ncow, 1
Ncow, 2B

overall lactations
Ncow, 2

32.5
Ncow, 3
Ncow, 3B

30.0
1

Figure 2
Clarification of animal numbers. Red lines: mean cow numbers,
Ncow n, in the n-th lactation (here in 1st, 2nd and 3rd lactations), mean cow numbers, Ncow nB, at the beginning of the
n-th lactation. Green dotted lines illustrate the development
of numbers between the beginning and the end of a lactation period.

(

)

									(2c)

where
Ncow, 1 number of cows in 1st lactation (in animal herd-1)
Ncow		 animals in the cow herd (in animal herd-1)
xloss, cow, 1 loss rate between 1st and 2nd lactations
			(xloss, cow, 1 = 0.20 animal animal-1)
xloss, cow, 2 loss rate between 2nd and 3rd lactations
			(xloss, cow, 2 = 0.07 animal animal-1)

3

50.0

44.7

3

39.1

33.5

31.8

30.3

4

30.2

25.9

24.6

23.4

22.2

5

24.8

21.3

20.2

19.2

18.3

4

5

6

17.3

cows
animals in lactation no
1

2

3

4

2

52.6

47.4

3

36.3

32.7

31.0

4

28.0

25.2

24.0

22.8

5

23.0

20.7

19.7

18.7

The number of utilizable cows at the end of the 3rd lactation
amounts to
xloss, cow, 3 

 							(3)
N util, cow, 3E = N cow, 3 ⋅ 1 −

2



where
Nutil, cow, 3E number of utilizable cows (i.e. cows that can
				 be slaughtered) at the end of the 3rd lactation
				(in cow herd-1)
Ncow, 3		 mean number of cows in the 3rd lactation
				(in cow herd-1)
xloss, cow, 3		 loss rate of cows in the 3rd lactation
				(xv, cow, 3 = 0.07 cow cow-1)

N util, cow, 1 = N cow 1 ⋅ x loss, cow, 1 ⋅ x util

Table 2
Composition of the cow herds as function of the number of
the productive lifespan (animals fed; 10 % losses in 1st lactation, 5 % losses in subsequent lactations)

overall lactations

2

55.3

The number of animals (culled and perished) that is utilized
during the 1st lactation is:

These numbers (Ncow, 1 etc.) are used to quantify feed requirements, excretions and milk produced. For 2 to 5 lactations
they are collated in Tables 2 and 3.

productive lifespan of dairy cows tpls

1

2

3

2
lactation

N cow, 3 = N cow, 2 ⋅ 1 − x loss, cow, 2

cows
animals at the beginning of lactation no

							(4)

where
Nutil, cow, 1		 number of utilized cows in the 1st lactation
				 (slaughtered and culled) (in cow herd-1)
N cow, 1		 number of cows in the 1st lactation (in cow herd-1)
xloss, cow, 1		 loss rate in the 1st lactation
				(xloss, cow, 1 = 0.20 cow cow-1)
xutil utilization rate of lost animals (xutil = 0.92 cow cow -1)
Other lactations are treated accordingly. Animals that cannot
be utilized are taken to the knacker’s yard.

2.2.1.2 Calves
5

17.8

These numbers differ from the numbers at the beginning of
the respective lactation. The number of animals at the beginning of lactation n equals that of the end of lactation n-1. For
details of the calculations, see Appendix 4.

We assume that each cow gives birth to one calf at the beginning of the lactation period. The number of twins is set to
zero. A calving rate of 98 % accounts for losses by abortion.
The number of calves born in the herd is:

(

)

N calf, B = N cow, 1B + N cow, 2B + ... ⋅ x C

							(5)

where
Ncalf, B		 number of calves born in the herd
				(in calf herd-1 lactation-1)
Ncow, 1B		 number of cows at the beginning of the
				 1st lactation (in cow herd-1 lactation-1)
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Ncow, 2B number of cows at the beginning of the
			 2nd lactation (in cow herd-1 lactation-1) etc.
xC			 calving rate (xC = 0.98 calf cow-1)
The number of surviving calves results from the number of
calves born and calf losses.
N calf, E = N calf, B ⋅ (1 − x loss, calf ) 									(6a)
N Fcalf, E = N Fcalf, B ⋅ (1 − x loss, Fcalf ) 								(6b)
N Mcalf, E = N Mcalf, B ⋅ (1 − x loss, Mcalf ) 							(6c)

where
Ncalf, E number of calves at the end of their lifespan 3
			(in calf herd-1 lactation-1)
Ncalf, B number of calves born (in calf herd-1 lactation-1)
xloss, calf loss rate of calves (in calf calf-1)
NFcalf, E number of female calves at the end of their lifespan
			(in calf herd-1 lactation-1)
NFcalf, E number of surviving female calves
			(in calf herd-1 lactation-1)
xloss, Fcalf loss rate of female calves (in calf calf-1)
NMcalf, E number of male calves at the end of their lifespan
			(in calf herd-1 lactation-1)
NMcalf, E number of surviving male calves
			(in calf herd-1 lactation-1)
xv, Mcalf loss rate of male calves (in calf calf-1)
The number of calves to be fed is:
N calf =

N calf, B + N calf, E
2

												(7)

where
Ncalf		 number of calves to be fed (in calf herd-1 lactation-1)
Ncalf, B number of calves born (in calf herd-1 lactation-1)
Ncalf, E number of surviving calves (in calf herd-1 lactation-1)
Dead calves are given to the knacker’s yard.

2.2.1.3 Dairy heifers
The number of heifers needed to replace cows (so-called
dairy heifers, “Dheifers”) amounts to:
N DH, B = N cow, B1 ⋅ (1 + x loss, DH ) 									(8)

where
NDH, B		 number of dairy heifers at the beginning of their
			lifespan 4 (in Dheifer herd-1 lactation-1)
Ncow, B1 number of cows at the beginning of the 1st lactation
			(in cow herd-1 lactation-1)
xv, DH		 loss rate of dairy heifers (in Dheifer Dheifer -1)
As above, the number of dairy heifers to be fed is:
3
4

The lifespan of a calf ends, when it is considered a heifer or bull.
The lifespan of a cow begins with her 1st lactation.

N DH =

N cow, B1 + N DH, B
2
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											(9)

where
NDH		 number of dairy heifers to be fed (in Dheifer herd-1
			lactation-1)
Ncow, B1 number of cows to be replaced (in cow herd-1
			lactation-1)
NDH, B		 number of dairy heifers at the beginning of their
			 lifespan (in Dheifer herd-1 lactation-1)
Here we assume that 60 % of heifers lost are utilized by the
butcher.

2.2.1.4 Beef heifers
The number of beef heifers depends on the number of dairy
heifers required for replacement of cows. As the ratio of
female and male calves is assumed to be 1, their number can
be obtained from:

1
N BH, B = ⋅ N Fcalf, E − N DH, B
								
2
																					(10)
1
= ⋅ N Fcalf, B ⋅ (1 − xloss, Fcalf ) − N DH, B
2
where
NBH, B		 number of beef heifers at the beginning of fattening
			(in Bheifer herd-1 lactation-1)
NFcalf, E number of surviving female calves (in calf herd-1
			lactation-1)
NDH, B number of dairy heifers at the beginning of their
			 lifespan (in Dheifer herd-1 lactation-1)
NFcalf, B number of female calves born (in calf herd-1
			lactation-1)
xloss, Fcalf loss rate of female calves (in calf calf-1)
Of these the following quantity can be used for protein production:

(

N BH, E = N BH, B ⋅ 1 − xloss, BH

where
NBH, E		
			
NBH, B		
			
xloss, BH

)

										(11)

number of beef heifers at the end of the fattening
period (in Bheifer herd-1 lactation-1)
number of beef heifers at the beginning of the
fattening period (in Bheifer herd-1 lactation-1)
loss rate for beef heifers (in Bheifer Bheifer-1)

The number of animals to be fed is:
N BH =

N BH, B + N BH, E
2

												(12)

where
NBH		 number of beef heifers to be fed (in Bheifer herd-1
			lactation-1)
NBH, E		 number of beef heifers at the end of the fattening
			 period (in Bheifer herd-1 lactation-1)
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NBH, B number of beef heifers at the beginning of the
			 fattening period (in Bheifer herd-1 lactation-1)
60 % of losses are assumed to be utilized by the butcher.

2.2.1.5 Beef bulls
At the beginning of the fattening period the number of beef
bulls is:
N BB, A = N Mcalf, E

														(13)

where
NBB, A		 number of beef bulls at the beginning of the
			 fattening period (in Bbull herd-1 lactation-1)
NMcalf, E number of surviving male calves (in calf herd-1
			lactation-1)
For protein production the following number can be used:

(

N BMB, E = N BB, A ⋅ 1 − x loss, BB

where
NBB, E		
			
NBB, B		
			
xloss, BB

)

									(14)

number of beef bulls at the end of the fattening
period (in Bbull herd-1 lactation-1)
number of beef bulls at the beginning of the
fattening period (in Bbull herd-1 lactation-1)
loss rate for beef bulls (in Bbull Bbull-1)

Again, 60 % of losses are assumed to be utilized by the
butcher.

2.2.2 Animal performance
2.2.2.1 Dairy cows
This paper describes Holstein herds with high milk yields.
Milk yields and composition, live weights as well as feed
composition are adapted from experimental data derived
from a grazing experiment described in Beeker et al. (2006).

Table 4
Dairy cows, performance data
variable

unit

live weight at beginning
final live weight

Here, animal performance data for animals housed during
summer did not differ from those of grazed animals. The data
in Table 4 are used for our calculations.
Feed intake and excretion rates are calculated according
to Dämmgen et al. (2009, 2012a). The N content of the whole
cow is set to 0.025 kg kg-1 (DLG, 2014).

2.2.2.2 Calves
”Standard calves” of the German national emission inventory
(described in Dämmgen et al., 2013) are used. Their final
weights are 125 kg calf-1.

2.2.2.3 Dairy heifers
The start weight of dairy heifers is the final weight of calves
(125 kg calf-1), their final weights the start weight of dairy
cows (625 kg cow-1). The mean weight gain is 685 g Dheifer-1 d-1.
Dairy heifers may be grazed in the 2nd summer of their lives.
The age of first calving is 27 months, reflecting German
practice. The model used to quantify energy requirements
and feed intake is described in Dämmgen et al. (2015 b); feed
composition data are taken from Weiss et al. (2005).

2.2.2.4 Beef heifers
Heifers not needed for replacement are fattened and sold as
beef heifers. We assume a constant weight gain of 1000 g
Bheifer-1 d-1 and a final weight of 535 kg Bheifer-1. Detailed
information on the model will be found in Dämmgen et al. (in
preparation). There, ME intake rates agree with information
provided by Steinwidder (2012) for intensive fattening. The N
content of weight gained is 0.025 kg kg-1 (DLG, 2014).

2.2.2.5 Beef bulls
All male cattle are fattened. In accordance with convention,
we set the start of fattening to a weight of 175 kg bull-1. We
fixed the final weight to 675 kg bull-1 and the weight gain to
1250 g bull-1 d-1. The gap between standard calf and beef bull
is closed by assuming mean ME requirements of 50 MJ bull-1 d-1
(KTBL, 2014). A customary mix of grass silage, maize silage
and concentrates (“Rindermastfutter”) is fed (Frickh et al.,
2002, Kirchgeßner et al., 2008). The N content of weight
gained is 0.025 kg kg-1 in accordance with DLG (2014).

1st lactation

subsequent
lactations

kg cow-1

625

675

kg cow

675

725

2.2.3 Grazing
The grazing period is set to 180 d a-1. Dairy cows are grazed
8 h d-1, dairy heifers 24 h d-1.

-1

milk yield (nominal milk yield)*
7000

-1

kg cow a

6300

7350

8000

kg cow-1 a-1

7200

8400

9000

kg cow-1 a-1

8100

9450

10000

kg cow-1 a-1

9000

10500

11000

kg cow a

-1

9900

11550

milk fat content

kg kg-1

0.0395

0.0405

milk protein content

kg kg

0.0333

0.0330

-1

-1

-1

* Nominal milk yield is the mean 305 day yield (according to German practice) of 1st,
2nd and 3rd lactations.

2.2.4 Protein produced
2.2.4.1 Milk protein
The amount of milk protein produced per lactation is:
 N cow, 1 ⋅ Ymilk, 1 ⋅ x XP, milk,1 
⋅γ
YXP, milk = 

 + N cow, 2 ⋅ Ymilk, 2 ⋅ x XP, milk, 2 

						(15)
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where
YXP, milk		 protein produced with milk (in Mg herd-1
				lactation-1)
Ncow, 1		 number of cows milked in 1st lactation (cow herd-1
		
		lactation-1)
Ymilk, 1		 milk yield in 1st lactation (in kg cow-1 lactation-1)
xXP, milk, 1		 protein content of milk in 1st lactation (in kg kg-1)
Ncow, 2			 number of cows milked in subsequent lactations
				(cow herd-1 lactation-1)
Ymilk, 1		 milk yield in subsequent lactations (in kg cow-1
				lactation-1)
XXP, milk, 2		 protein content of milk in subsequent lactations
				(in kg kg-1)
γ				 unit conversion factor for mass units
				(γ = 0.001 Mg kg-1)

where
YXP, milk, calf milk protein fed to calves (in Mg herd-1 lactation-1)
Ncalf			 number of calves to be fed (in calf herd-1
				lactation-1)
mmilk, calf		 milk fed to calves (mmilk, calf = 387 kg calf-1)
xXP, milk, 1		 protein content of milk in 1st lactation
				(xXP, milk, 1 = 0.0333 kg kg-1)
t1				 timespan of 1st lactation (t1 = 1 lactation)
tpls 			 productive lifespan of cows (in lactation)
xXP, milk, 2		 protein content of milk in 2nd lactation
				(xXP, milk, 2 = 0.0330 kg kg-1)

For milk yields and protein contents see Table 4.
The decisive entity in our calculations is the amount of
milk sold, which additionally takes into account the milk fed
to calves, the reduced milk yields during illnesses and the
milk that has to be discharged due to contamination. Hence,
the amount of milk marketed is:

ΔYdepr, n = Ymilk, n ⋅ I sick, n ⋅ xdepr, n

YXP, milk, mark =

YXP, milk − (ΔYXP, milk, calf + ΔYXP, milk, depr + ΔYXP, milk, dis )

			(16)

where
YXP, milk, mark marketable milk protein (in Mg herd-1 lactation-1)
YXP, milk		 produced milk protein (in Mg herd lactation-1)
ΔYXP, milk, calf milk protein fed to calves (in Mg herd-1 lactation-1)
ΔYXP, milk, deprmilk protein not produced due to yield depression
				 caused by illness (in Mg herd-1 lactation-1)
ΔYXP, milk, dis discharged milk protein due to contamination
				(in Mg herd-1 lactation-1)
The amount fed to calves is:
∆YXP, milk, calf = N calf ⋅ m milk, calf

(

(

)

)

⋅ x XP, milk, 1 ⋅ t1 + t pls − t1 ⋅ x XP, milk, 2 ⋅

1
t pls

		(17)

Sick cows produce less milk than healthy ones. This yield
depression is depending on the type and frequency of illness
and the age of the cow. 5 It is quantified as follows:

																					(18)
= Ymilk, n ⋅ X depr, n
where
ΔYdepr, n		 yield reduction caused by mastitis and other
				 illnesses in n-th lactation (in Mg herd-1 lactation-1)
Ymilk, n
nominal milk yield in n-th lactation (in Mg herd-1
				lactation-1)
Isick, n			 incidence for mastitis and other illnesses in
				 n-th lactation (in cow cow-1)
xdepr, 1 		 yield depression related to incidences in
				 n-th lactation (in kg kg-1)
Xdepr, n		 cumulative yield depression in n-th lactation
				(in kg kg-1)
The relevant entities are collated in Table 5.
Non-marketable milk contains pathogens or medicine
(including metabolites). It is discharged to the slurry store. By
far the most frequent illness is mastitis. Rudolphi et al. (2012)
evaluated data from almost 38000 lactations in Mecklenburg-Vorpommern; the share of discharged milk was 2.2 %.
We decided that half the incidences result in non-marketable milk (see Hogeveen, 2005; Spohr, 2005; Hellerich, 2008).
Non-marketable milk amounts to:

Table 5
Incidences and yield depression rates for diseased cows (high losses *) (for the deviation of the data set see Appendix 1)
lactation number

frequency of illness
(incidence)

relative yield depression*

fraction of cows whose
treatment results in
non-marketable milk **

fraction of
non-marketable milk

Isick, n

Xdepr, n

½ Isick, n

Xmilk, dis, n

cow cow

kg kg

cow cow

kg kg-1

1st

0.713

0.0139

0.357

0.0113

2nd

0.771

0.0334

0.386

0.0104

3rd

0.771

0.0315

0.386

0.0101

4th and more

0.881

0.0295

0.441

0.0117

-1

-1

-1

* data base: Rudolphi et al. (2012);
** assumptions due to missing experimental data: 50 % of all treatments result in non-marketable milk

5

Yield is also a function of ambient temperature and humidity. However,
these parameters are not taken into account.
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1
ΔYmilk, dis, n = Ymilk, n ⋅ ⋅ I sick, n ⋅ xmilk, dis, n ⋅ N cow, n
					(19)
2
= Ymilk, n ⋅ X milk, dis, n ⋅ N cow, n

the national emission inventory; they were taken from DLG
(1997) and Beyer et al. (2004). They are collated in Table 7.

where
ΔYmilk, dis, n amount of milk discharged due to illnesses in
				 n-th lactation (in Mg herd-1 lactation-1)
Ymilk, n
milk yield of animals in n-th lactation (in Mg cow-1
				lactation-1)
Isick n			 frequency of relevant illnesses n-th lactation
				(in cow cow-1)
xmilk, dis, n		 incidence related fraction of milk that has to be
				 discharged in n-th lactation (in kg kg-1)
Ncow, n		 number of cows in n-th lactation (in cow herd-1)
Xmilk dis, n		 overall fraction of milk that has to be discharged
				 in n-th lactation (in kg kg-1)

2.4 Determination of excretion and emissions rates
2.4.1 Excretion rates

Non-marketable milk is discharged to the slurry store. Volatile solids (VS) and N contributions to the respective amounts
in slurry are accounted for. For further details see Appendix 2.

CH4 excretions (emissions) from enteric fermentations were
quantified using the respective procedures in the national
emission inventory calculations (for dairy cows see
Dämmgen et al., 2012a, for calves Dämmgen et al., 2013,
for dairy heifers Dämmgen et al., 2015b, for beef heifers
and bulls Dämmgen et al., in preparation). In contrast to
IPCC (2006b), emission rates are not deduced from gross
energy (GE) intake rates but from the feed intake rates and
specific feed properties according to Kirchgessner et al. (1994).

2.2.4.2 Meat protein
The amounts of edible meat protein produced with meat are
obtained as follows:
YP, meat, i = wfin, i ⋅ xcd, i ⋅ x XP, i

All matter leaving the animals’ bodies is treated as excretion,
i.e. CH4 and CO2 from digestion processes as well as organic
matter (“volatile solids”) and N excreted with urine and
faeces. By convention, CO2 from digestion (and subsequent
stages of the manure management) is not treated as emission to be accounted for, as this amount was fixed by photosynthesis (see Chapter 2.1). However, this does not apply to
the CO2 released from lime in feed.

2.4.1.1 Methane from enteric fermentation

										(20)

where
YXP, meat, i		 meat protein per utilized animal and category i
				(in kg animal-1)
wfin, i			 final weight of an animal in category i
				(in kg animal-1)
xcd, i			 carcass dressing percentage in category i
				(in kg kg-1)
xXP, i			 protein content of utilized carcasses in category i
				(in kg kg-1)
Carcass dressing percentages as evaluated in Dämmgen et
al. (2015 c) are listed in Table 6.

Table 6
Carcass dressing percentage, carcass and meat protein
weights
final
weight

carcass
dressing
percentage

carcass
weights

meat
protein

kg animal-1

%

kg animal-1

kg animal-1

cows (utilized)

725

47.4

390.1

60.9

beef heifers

535

47.5

285.5

44.6

beef bulls

675

55.0

391.5

61.2

2.3 Feed properties
The quantification of excretions presupposes the knowledge
of feed properties. In this paper, we use the same values as in

2.4.1.2 Carbon dioxide
As stated above, CO2 from respiration of animals and microbes is not considered a relevant emission. Emissions from
lime in feed have to be dealt with. In principle, the amounts
of lime needed as nutrients can be estimated from the
overall calcium (Ca) balance of the herd. Here, a simpler
approach is chosen:
Ca is supplied with concentrates. Its overall amounts are
governed by the requirements of dairy cows. For these, a
share of 0.01 kg kg-1 lime (considered to be pure calcium
carbonate, CaCO3) is considered normal (LfL, 2014). This
approach is then transferred to the other animal categories.
Hence we derive the amounts and emissions as follows:
E CO2, Flime, herd = EFCO2, calcite ⋅ M Flime, herd
M Flime, herd = M conc, herd ⋅ x CaCO3, conc

					(21)

							(22)

where
ECO2, Flime, herd CO2 emissions of the herd originating from lime
					 in feed (Flime) (in Mg herd-1 lactation-1 CO2)
EFCO2, calcite		 CO2 emission factor for calcite
					(EFCO2, calcite = 0.44 kg kg-1)
MFlime, herd		 amount of lime in feed (in Mg herd-1 lactation-1)
Mconc, herd			 amount of concentrates fed (in Mg herd-1
					lactation-1)
xCaCO3, conc		 lime content of concentrates
					(xCaCO3, conc = 0.01 kg kg-1)

-1

0.88

0.87

0.87

0.87

0.87

0.88

0.90

0.91

0.90

0.90

0.77

0.79

1.00

0.18

0.18

0.35

0.35

0.86

0.85

barley

oat

maize (grain)

triticale

wheat

wheat bran

linseed extraction meal

rape seed extraction meal

sugar beets shreds

sugar beets shreds molasses

molasses

standard concentrate (MLF 18/3)

mineral supplements

pasture grass 1

pasture grass 2

grass silage

maize silage

hay

straw

kg kg

DM

18.10

18.00

17.99

18.50

18.00

17.90

18.70

15.23

17.49

18.20

19.24

19.55

19.14

18.50

18.26

18.88

19.14

18.60

6.40

9.50

10.70

10.00

10.45

10.00

12.30

11.47

11.78

11.90

11.39

11.92

10.76

13.20

13.06

13.86

11.29

12.90

MJ kg
-1

MJ kg
-1

ME

GE
-1

3.80

5.50

6.45

6.30

6.27

6.30

7.60

7.63

7.77

7.40

7.12

7.54

6.80

9.00

8.95

9.65

7.36

8.20

MJ kg

NEL
-1

0.47

0.68

0.73

0.72

0.74

0.72

0.83

0.85

0.86

0.80

0.79

0.79

0.71

0.880

0.87

0.90

0.73

0.88

MJ MJ

XDOM

ash

-1

0.070

0.115

0.045

0.099

0.089

0.105

0.067

0.110

0.075

0.055

0.080

0.070

0.055

0.020

0.021

0.017

0.035

0.025

kg kg

Xash
-1

0.450

0.270

0.201

0.245

0.247

0.215

0.117

0.000

0.155

0.200

0.150

0.105

0.100

0.030

0.023

0.027

0.120

0.110

kg kg

XFi

fibre

NfE

-1

0.425

0.400

0.641

0.452

0.445

0.450

0.557

0.840

0.660

0.645

0.345

0.425

0.625

0.785

0.807

0.802

0.665

0.730

kg kg

XNfE
-1

0.038

0.180

0.081

0.162

0.152

0.190

0.218

0.050

0.105

0.095

0.400

0.380

0.175

0.145

0.134

0.117

0.130

0.115

kg kg

XXP

protein

0.017

0.035

0.032

0.042

0.039

0.040

0.042

0.000

0.005

0.005

0.020

0.020

0.045

0.020

0.015

0.037

0.050

0.035

kg kg-1

XF

fat

U. Dämmgen, W. Brade, U. Meyer, H.-D. Haenel, C. Rösemann, H. Flessa, J. Webb, M. Strogies, M. Schwerin · Landbauforsch   

Appl Agric Forestry Res · 3 2016 (66)161-192

169

Table 7
Feed properties (DLG, 1997, and Beyer et al., 2004)
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2.4.2 Manure management and resulting emissions of CH4, NH3, NO, N2O und N2, biogas carbon
credit
The guidelines for the construction of national emission
inventories for GHG and the N species relevant for mass
balances (IPCC, 2006b; EMEP, 2013) are used in modified versions reflecting the national situation (Dämmgen et al.,
2012b). If necessary, excretions are split into excretions in the
house and on pasture, using the respective times spent
indoors as the key.
In Germany, considerable amounts of slurry are treated
in biogas plants, as a rule in co-fermentation with other substrates. The amount of CH4 produced herein is taken to be the
maximum CH4 producing capacity (IPCC, 2006b; KTBL, 2010).
In this work, we use the entire volume of CH4 released to produce electricity with Otto gas engines 6 and alternators. The
fermented slurry is assumed to be stored in gas-tight tanks.
In Dämmgen et al. (2016a), the share of digested slurry is
a variable in the scenarios considered.
Our calculations make use of the following constants:
energy content (calorific value) of CH4			 50 MJ kg-1
electrical efficiency 										38 %
energy units transformation factor					 0.2778 kWh MJ-1
Feed into the national grid yields a credit in the national GHG
balance as it substitutes electric energy produced with fossil
fuels. Our calculations take this into account by subtracting
the same amount of GHG from the balance that would be
released by its conventional generation (i.e. 0.595 kg kWh-1
CO2-eq).
The conditions in the digester favour the mineralization
of organic N which leads to increased NH4-N contents in slurry.
In addition, the pH of slurry increases. Biogas slurries have a
higher NH3 vapour pressure than undigested slurry. However, due to lack of reliable information there are no specific
NH3 emission factors for untreated slurry to estimate emissions from slurry application.

2.4.3 Greenhouse gas potentials
Emissions of CO2, CH4 and N2O have an adverse effect on the
energy balance of the atmosphere, albeit with different
intensities. This is reflected by the use of their respective global
warming potentials (GWP) which state how efficient a gas is
in comparison with CO2. GWP depends on the time span considered. For standard calculations, it is customary to use a
time span of 100 a. IPCC (2007) propose:
GWPCH4 = 25 kg kg-1
GWPN2O = 298 kg kg-1
Cumulative GHG emissions are therefore given in so-called
CO2 equivalents (CO2-eq).

6

In contrast to other engines (e.g. pilot injection engines), the gas Otto
engine does not need extra fuel.
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2.5 Production of forage crops
The calculation of the amounts of feeds is based on energy
requirements, expressed as metabolizable energy (ME) or
net energy lactation (NEL) requirements for each livestock
category. Together with the respective diet composition and
the yields of the forage crops, the cropped areas can be
deduced.

2.5.1 Feed requirements
Step 1 is the calculation of the respective energy requirements for each livestock category as a function of their performance. The methods applied are described in Dämmgen
et al. (2009) for dairy cows, Dämmgen et al. (2013) for calves,
Dämmgen et al. (2015b) for dairy heifers and Dämmgen et al.
(in preparation) for beef heifers and bulls.
The overall area needed to produce a single crop is calculated from the yield per unit area, considering losses. If the
seeds are fed in concentrates, the amounts of seed needed to
cultivate the crop have to be taken into account.
For crops where generative parts (seeds) are fed, the area
needed for cultivation is quantified using Equation (23a). If
conserved forage (e.g. silage) is fed, this is accounted for in
Equation (23b). Crops whose vegetative parts (leaves or
roots) are fed are treated in Equation (23c). The respective
constants for seed requirements and conservation are listed
in Tables 8 and 9.
A j, veg =

A j, sil =

M FM, j
Y j ⋅ x DM, j

(

(

M FM, j ⋅ 1 + x KV, j

A j, gen =

)

⋅ 1 + x w, j ⋅ γ F ⋅ f all, j

Y j ⋅ x DM, j
M FM, j

					(23a)

)(
⋅ 1 + x w, j ) ⋅ γ F ⋅ f all, j

(Y j − M SG, j )⋅ xDM, j ⋅ (1 + x w, j )⋅ γ F ⋅ f all, j

		(23b)

		 (23c)

where
Aj, veg		 area for a crop j where vegetative parts are used
			(in ha herd-1 lactation-1)
MFM, j		 required amount of a feed constituent (fresh matter)
			 produced from a crop j (in Mg herd-1 lactation-1 FM)
Yj			 mean yield of a crop j (in Mg ha-1 a-1 FM
xDM, j		 dry matter content of a crop j (in kg kg-1)
xw, j		 fraction that is wasted (in kg kg-1)
fall, j		 allocation factor for joint products (in ha ha-1)
			(see Chapter. 2.5.5)
Aj, sil		 area for a crop j before conservation (in ha herd-1
			lactation-1)
xKV, j		 conservation losses (in kg kg-1)
Aj, gen		 area for a crop j whose generative parts are used
			(in ha herd-1 lactation-1)
MSG, j		 fraction of harvest that has to be used as seed
			(in Mg ha-1 a-1 FM)
γF			 assumed time units conversion factor for feed
			production (γF = 1 lactation a-1)
We assume that the feed required for one lactation is produced in one vegetation period.
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In accordance with the rules of good practice, feed is not
wasted. Feed that has not been utilized by dairy cows is used
to feed other cattle, in particular dairy heifers. It appears justified to assume that xw, j = 0 kg kg-1 (expert judgement U.
Meyer).

2.5.2 Conservation losses during drying and ensiling
2.5.2.1 Drying – hay making
Losses during the production of hay comprise those from
mowing (1 to 5 % DM), from leaching after rain events (up to
15 %), from crumbling during gathering (up to 10 %) as well
as losses during storage (see Appendix 3, Table A6). The
losses used in this paper are shown in Table 8.

2.5.2.2 Ensiling and conservation losses
Losses in the production of silage comprise losses on the
field as well as losses from ensiling, storage and during removal of silage from the store. Losses on the field depend on
the duration of wilting and weather conditions, being increased by rainfall. Fermentation during ensiling (of grass
and maize) leads to some losses of organic matter and energy (ME or NEL): the heterolactic formation of lactic acid produces CO2 from the degradation of sugars and other simple
carbohydrates (fructose, glucose, citrate, maleate) (e.g.
McGechan, 1990). Further losses result from the penetration
of oxygen into the silage and from loss of liquids (effluent).
Losses strongly increase with decreasing dry matter contents
and from the fermentation process itself, in particular from
the application of an inoculant. Silage exposed to oxygen
must be rejected during emptying of the store. It is then
stored separately and treated (stored, applied) in the same
way as solid manure. For details, in particular conservation
losses, see Appendix 3.

2.5.3 Seeding material
Some of the harvest of cereals and oilseeds has to be used as
seeding material. 7 This fraction is determined as follows:
M SG, j = d SG, j ⋅ TGW j ⋅ γ 1 ⋅ γ 2 ⋅ η 										(24)

where
MSG, j		 fraction of harvest crop used as seeding material
			(in Mg ha-1 a-1 FM)
dSG, j		 sowing density for a crop j (in grains m-2, see Table 9)
TGWj 1000 grain weight of a crop j (in kg (1000 grains)-1, 		
			see Table 9)
γ1			 conversion factor for single grain masses
			(γ1 = 1∙10-3 kg kg-1)
γ2			 conversion factor for mass units (γ2 = 1∙10-3 Mg kg-1)
η			 conversion factor for area units (η = 10000 m2 ha-1)
The relevant masses and sowing densities in Table 9 are
taken from KTBL (2014) (the respective means of the ranges
provided therein).

Table 9
Properties of seeding material and amounts needed for sowing
1000 grain weight

sowing density

mass of
seeds
required

kg (1000 grain)-1

grain m-2

Mg ha-1 a-1

to

mean

from

to

mean

winter barley 0.043

from

0.054

0.0485

220

350

285

0.138

oats

0.030

0.045

0.0375

260

450

355

0.133

maize

0.200

0.450

0.3250

7

10

8.5

0.028

triticale

0.034

0.048

0.0410

250

350

300

0.123

winter wheat 0.040

0.055

0.0475

200

400

300

0.143

Table 8
Conservation losses considered in this work
overall losses *

losses during emptying

kg kg-1 DM

kg kg-1 DM

grass silage

0.18

0.20

grass clover silage

0.17**

0.20

maize silage

0.14

0.20

hay

0.20***

feed

2.5.4 Crop yields and fertilizer requirements
We use mean crop yields reported by official statistics for
Mecklenburg-Vorpommern and the years 2007 to 2012 with
the exception of oil flax. The latter are taken from Graf et al.
(2005). Dry matter contents of all crops are taken from Beyer
et al. (2004). Data are listed in Table 10.

*comprises conservation and emptying;
** inoculation is presupposed;
*** includes transport losses

7

This work assumes that all processes dealt with happen on a single farm.
Hence the production of seeding material is included.
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Table 10
Yields and fertilizer requirements
mean
yield
(FM) *
Mg ha-1 a-1

DM
content
kg kg-1

mean
yield
(DM)

fertilizer
N **

lime***

Mg ha-1 a-1 kg ha-1 a-1 Mg ha-1 a-1

barley

6.80

0.880

5.99

177

1.0

oat

4.96

0.880

4.36

122

1.0

grain maize

9.85

0.880

8.67

213

1.0

triticale

5.80

0.880

5.10

178

1.0

wheat

8.23

0.880

7.24

213

1.0

linseed

1.50

0.910

1.37

93

0.0

rapeseed

3.68

0.880

3.24

190

1.0

sugar beet

65.10

0.230

14.98

170

1.0

pasture grass

48.00

0.180

8.64

290

0.0

grass for silage

53.60

0.180

9.65

249

0.0

maize for silage

47.40

0.350

16.58

207

1.3

* data for Mecklenburg-Vorpommern (StatBA, 2014 ff, means for 2007 to 2012).
** Calculated according to German fertilizer enactment (“Düngeverordnung”, DüV;
DüV, 2007).
*** Lime as separate treatment (sweetener). Further lime inputs with calcium ammonium nitrate and in connection with acidifying N fertilizers such as urea. For details
see Chapter 2.5.9.2.

2.5.5 Consideration of joint products – allocation
of areas for cultivation
The areas needed for joint products such as rape seed extraction meal or wheat bran are treated separately as an allocation of the emissions has to be drawn up. Allocation makes
use of the gross energy (GE) contents of the joint products.
The results are compiled in Table 11.
f áll, j = X fc, j ⋅

η GE, fc, j
η GE, crop, j

											(25)

where
fall, j		 allocation factor for emissions from feed constitu			 ents from the production of a crop j
			(in kg kg-1 MJ MJ-1)
Xfc, j		 mass fraction of the relevant feed constituent
			(in kg kg-1 DM)
ηGE, fc, j GE content of the feed constituent (in MJ kg-1)
ηGE, F, j GE content of crop j (in MJ kg-1)
The resulting area of cultivation that has to be considered in
emission determinations is:
E X, j, all = E X, j ⋅ f all, j

												(26)

where
EX, j, all fraction of emissions of a trace gas X that is allocated
			 to crop j (in kg herd-1 lactation-1)
EX, j		 emissions from the cultivation of a crop j (in kg herd-1
			lactation-1)
fall, j		 allocation factor for a feed constituent produced
			 from a crop j (in kg kg-1 MJ MJ-1)

2.5.6 Energy requirements in plant production
(diesel fuel)
The diesel fuel needed to operate tractors and other machinery is compiled in Table 12 for standard procedures in conventional farming including ploughing. Data are taken from
KTBL (2014).
BDF =

∑ A j ⋅ VDF, j

where
BDF		
Aj			
VDF, j
			

													(27)

diesel fuel required (in l herd-1 a-1)
cultivated area for crop j (in ha herd-1 a-1)
volume of diesel fuel consumed per area for the
production of a crop j (in l ha-1)

Table 11
Allocation factors *
feed constituent

crop

mass fraction of
harvested product

GE content crop

GE content feed
constituent

allocation
factor

XFB, j

ηGE, F, j

ηGE, FB, j

fall, j

kg kg-1

MJ kg-1

MJ kg-1

kg kg-1 MJ MJ-1

linseed extraction meal

linseed

0.629

26.75

19.55

0.460

rapeseed extraction meal

rapeseed

0.575

27.82

19.24

0.398

wheat bran

wheat grains

0.260

18.50

19.14

0.269

sugar beet shreds

sugar beet

0.277

15.83

18.19

0.318

sugar beet shreds molasses

sugar beet

0.370

15.83

17.49

0.409

molasses

sugar beet

0.027

15.83

15.23

0.026

* see Appendix 5 for further information. GE contents from Beyer et al. (2004).
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γF			 assumed time conversion factor for the cultivation of
			 crops for feed production (γF = 1 lactation a-1)

Table 12
Diesel fuel consumption per ha (rounded values)
diesel

diesel

VDF

VDF

crop

l ha-1

crop

l ha-1

cereals

82.9

pasture grass

28.6

grain maize

81.6

silage grass

78.1

linseed

34.7

maize for silage

88.9

rapeseed

51.4

sugar beet

96.8

hay

106.5

2.5.7 Fertilizer N requirements and mineral
fertilizer consumption
2.5.7.1 Requirements
In principle, N requirements of the crops are to be quantified
using the element balance (Figure 1), accounting for mean
yields and including sources such as N fixation by legumes
and atmospheric deposition. However, the German fertilizer
enactment (DüV, 2007) does not consider deposition; it
accounts for a share of inputs with manure N (expressed as
mineral fertilizer equivalent) and it allows excess fertilization
of up to 60 kg ha-1 a-1 N. In regions where Holstein cattle are used,
these 60 kg ha-1 a-1 are exploited in practice (see Appendix 6).
The amounts of mineral fertilizer N applied are calculated
as follows:

 ∑ M F, N, j −M NMa ⋅ f MFE 
 ⋅ γ 						(28)
M NMF = 
+ M + M * ⋅ A  F
∑ j
AD
DEx


(

)

where
MNMF N applied with mineral fertilizer (in kg herd-1
			lactation-1)
MF, N, j N required by crop j (in kg herd-1 lactation-1)
MNMa		 N input with manures (in kg herd-1 lactation-1)
fMFE		 mineral fertilizer equivalent (in kg kg-1)
MAD		 atmospheric N deposition (in kg ha-1 lactation-1)
MDex* excess N input (in kg ha-1 lactation-1)
Aj			 cultivated area of a crop j (in ha herd-1 lactation-1)

According to the fertilizer enactment, the amount of N required by crops is quantified as follows:
M F, N, j =

Bj
x DM, j ⋅ Y j

⋅ M E, j

											(29)

where
MF, N, j N fertilizer required for crop j (in kg herd-1 lactation-1)
Bj 		 amount of crop j required (DM) (in kg herd-1
			lactation-1)
xDM, j		 dry matter content of crop j (in kg kg-1)
Yj			 mean yield of crop j (fresh matter, FM) (in kg ha-1 a-1)
ME, j		 recommended yield-dependent amount of N
			 fertilizer for a crop j (related to FM) (in kg ha-1 a-1)
and

(

)

M E, j = M F, N, DüV, j ⋅ Yexp, j − YDüV, j ⋅ f corr, DüV, j

(30)

where
ME, j		 yield dependent amount of N fertilizer recom			 mended by German fertilizer enactment (Dünge			 verordnung, DüV) for a crop j (related to FM)
			(in kg ha-1 a-1)
MF, N, DüV, j recommended standard amount of N fertilizer for
			 mean yield to be applied to crop j (in kg ha-1 a-1 N) 8
Yexp, j		 expected yield of crop j (in Mg ha-1 DM) (see Table 10)
YDüV, j		 standard yield of crop j used in the enactment
			(in Mg ha-1 a-1 DM)
fcorr, DüV, j correction factor used in the enactment to adjust
			 fertilizer amounts to yields (in kg Mg-1)
DüV correction factors are 15 kg Mg-1 for cereals and linseed,
7.5 kg Mg-1 for rapeseed, 1.5 kg Mg-1 for sugar beet, 3 kg Mg-1
for silage maize and 26 kg Mg-1 for grass.
Atmospheric N deposition is provided by the German
Environment Agency (UBA, 2015a, data base for 2009). For
rural regions in Northern Germany so-called background
deposition inputs for pastures and arable land amounts to

Table 13
Duration of N uptake by crops, share of individual growth period xAD, j (data from KTBL, 2014, adjusted)
growth period

fraction of growth period
xAD, j (in a a-1)

beginning

harvest

winter cereals

September to November

July and August

0.83

winter rapeseed

August

July

0.95

grain maize

April

October

0.58

silage maize

April

September/October

0.56

sugar beet

March

September/October

0.60

oil flax

April

September

0.50

grassland (pastures, hay meadows)

utilized for several years

0.95
8

The recommended fertilizer amounts those suggested by the N balance
(Figure 1) by far.
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15 kg ha-1 a-1 N. For crops whose vegetation period is less
than 1 a, a correction is applied.
M AD =

∑ M AD, j

														(31)

M AD, j = M AD, r ⋅ A j ⋅ x AD, j

										(32)

where
MAD		 atmospheric N deposition (in kg herd-1 a-1)
MAD, j		 atmospheric N deposition for a crop j (in kg herd-1 a-1)
MAD, r		 mean regional deposition to short vegetation
			(in kg ha-1 a-1)
Aj			 area cultivated for crop j (in ha herd-1 lactation-1)
xAD, j		 fraction of year considered as growth period for crop
			 j (in a a-1)
With respect to these data, it appears practical to use a constant amount of 10 kg ha-1 a-1 N for the whole farm considered in this work to simplify the calculation process.

2.5.7.2 Mineral fertilizer type applied
Mineral fertilizers differ with respect to their NH3 emissions.
Hence, detailed calculations should also refer to the type of
fertilizer used. However, the German fertilizer enactment
does not mention the fertilizer types to which their data is
related. The authors’ impression is that the recommended
amounts are in any case “on the safe side”. On the contrary, a
balance orientated approach should consider NH3 emissions.
This work is without a strict balance-orientated calculation due to the many potential pitfalls. In Dämmgen et al.
(2016a) the N balance is used to value different fertilizer regimes. The knowledge of fertilizer types is a prerequisite for
emissions calculations. In Table 14, the frequency distribution of mineral fertilizers in Mecklenburg-Vorpommern is
presented together with the fertilizer-specific NH3 emission
factors.

2.5.8 Direct emissions from mineral fertilizer
application
2.5.8.1 N species released after mineral fertilizer
application
Application of mineral N fertilizers leads to emissions of NH3,
NO, N2O and N2. The emissions are related to the amounts of
the different fertilizers using specific emission factors (see
Table 14). Emissions are quantified in different ways according to the different guidance documents (IPCC, 2006b;
EMEP, 2013). For NH3 emissions, the relation used is:
E NH3, MF =

∑ E NH3, MF, k

ENH3, MF, k = EFNH3, MF, k ⋅ M MF, k ⋅ γNH3
= EFNH3, MF, k ⋅ M MF ⋅ xMF, k ⋅ γNH3

fertilizer sold
% of N

EFNH3, MF, k
kg NH3 (kg N)-1

calcium ammonium nitrate (CAN)

26.4

0.022

urea ammonium nitrate solution
(UAN)

6.9

0.125

mineral fertilizer

urea (U)

37.4

0.243 *

other straight fertilizers

22.5

0.022 **

NP fertilizer

5.5

0.113

NK and NPK fertilizer

1.3

0.037

* The urea emission factor is controversial and under discussion. We use the emission
factors for urea and UAN as in the national emission inventory (Haenel et al., 2016).
** In accordance with the national inventory the value for CAN is used.

						(34)

where
ENH3, MF		 overall NH3 emissions from mineral fertilizer
				application (in kg herd-1 lactation-1 NH3)
ENH3, MF, k NH3 emissions from application of fertilizer k
				(in kg herd-1 lactation-1 NH3)
EFNH3, MF, k emission factor for mineral fertilizer k
				(in kg NH3 (kg N)-1)
MMF, k		 amount of mineral fertilizer k applied
				(in kg herd-1 lactation-1 N)
γNH3			 stoichiometric conversion factor
				(γNH3 = 17/14 kg kg-1 kmol kmol-1)
MMF			 overall amount of mineral fertilizer applied
				(in kg herd-1 lactation-1 N)
xMF, k			 share of mineral fertilizer k (related to N)
				(in kg kg-1)
For NO emissions, EMEP (2013) provides a simple methodology which determines emissions irrespective of the fertilizer
used.
E NO, MF = EFNO, MF ⋅ γ NO ⋅

Table 14
Shares of various N fertilizers sold in Mecklenburg-Vorpommern (related to N, mean for years 2010 to 2014) (StatBA,
2014) and NH3 emission factors (related to N applied) (EMEP,
2013)

											(33)

n

∑ M MF, k

							(35)

k =1

where
ENO, MF		 NO emissions from mineral fertilizer application
				(in kg herd-1 lactation-1 NO)
EFNO, MF		 NO-N emission factor for mineral fertilizer
				application (EFNO, MF = 0.026 kg kg-1 N)
γNO			 stoichiometric conversion factor
				(γNO = 30/14 kg kg-1 kmol kmol-1)
MMF, k		 amount of mineral fertilizer k applied
				(in kg herd-1 lactation-1 N)
N2O emissions are quantified from N inputs without any consideration of (comparatively rapid) NH3 emissions using the
methodology provided in IPCC (2006b).
E N2O, MF = EFN2O, MF ⋅ γ N2O ⋅

n

∑ M MF, k

						(36)

k =1

where
EN2O, MF		 N2O emissions after mineral fertilizer application
				(in kg herd-1 lactation-1 N2O)
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EFN2O, MF N2O-N emission factor for mineral fertilizer
			(EFN2O, MF = 0.01 kg kg-1 N2O-N)
γN2O		 stoichiometric conversion factor
			(γN2O = 44/28 kg kg-1 kmol kmol-1)
MMF, k amount of mineral fertilizer k applied
			(in kg herd-1 lactation-1 N)
Equation (36) is applied by analogy to N2 emissions. The
emission factor used EFN2, MF 0.03 kg kg-1 N2, i.e. thrice
EFN2O, MF. (For background information see Haenel et al.
(2016) and the literature cited therein.)

2.5.8.2 CO2 emissions from urea

The complete hydrolysis of urea releases half a mol CO2 for
each mol N applied.
These emissions have to be considered as follows:

(

E CO2, U = EFCO2, U ⋅ M U + x U, UAN ⋅ M UAN

)

					(37)

where
ECO2, U CO2 emissions from the application of urea
			(in kg herd-1 lactation-1 CO2)
EFCO2, U emission factor
			(EFCO2, U = 44/(2 ∙ 14) kg kg-1 kmol kmol-1)
MU		 amount of urea applied (in kg herd-1 lactation-1 N)
xU, UAN share of urea in UAN (xU, UAN = 0.5 kg kg-1 N for
			customary fertilizers)
MUAN		 amount of UAN applied (in kg herd-1 lactation-1 N)
The application of CAN also leads to CO2 emissions. These are
treated as emissions from liming (Chapter 2.5.9).

2.5.8.3 N species emitted from the application of
livestock manures

 xcalcite ⋅ EFCO2, calcite

 ⋅ M Slime
E CO2, Slime = 

x
EF
+
⋅
magnesite
CO2, magnesite 

																					(38)
= EFCO2, Slime ⋅ M Slime
where
ECO2, Slime CO2 emissions from lime applied
				(in kg herd-1 lactation-1 CO2)
xcalcite			 calcite fraction in lime (xcalcite = 0.80 kg kg-1)
EFCO2, calcite CO2 emission factor for calcite
				(EFCO2, calcite = 0.44 kg kg-1)
xmagnesite		 magnesite fraction in lime (xmagnesite = 0.05 kg kg-1)
EFCO2, magnesite CO2 emission factor for magnesite
				(EFCO2, magnesite = 0.52 kg kg-1)
MSlime			 amount of lime applied (in kg herd-1 lactation-1)
EFCO2, Slime overall CO2 emission factor for lime
				(EFCO2, Slime = 0.38 kg kg-1)

2.5.9.2 Additional liming to compensate for
acidifying properties of certain mineral fertilizers –
“Kalkwert”
The calculation of additional lime application in this work
follows KTBL (2014). The amounts recommended there are
based on N fertilization with CAN. In order to compensate for
its acidifying properties 55 kg CaO per 100 kg N have to be
applied. However, these are obviously contained in the
amount of lime in KTBL standard applications. For fertilizers
with an increased acidifying capacity such as urea or UAN a
correction application of 100 kg CaO per 100 kg N is necessary (“Kalkwert”). For these fertilizers, the amounts of lime
increase by 45 kg CaO or 80 kg CaCO3 or 94 kg of lime per
100 kg N (LWK-NRW, 2015). No data are available for other
fertilizers. In accordance with the NH3 emission factors they
are treated in the same way as CAN.
The additional lime amounts to:

Emissions from manure N are related to the amounts of N
(MNMa) entering soil. These are quantified in the calculations
of matter fluxes in manure management of the various livestock categories. The IPCC (2006b) methodology uses the
approach as in Equation (36) with the same emission factor
(EFN2O, Ma = EFN2O, MF = 0.01 kg kg-1). In accordance with the
national emission inventory NO and N2 emissions are determined using emission factors of one tenth and three times
that of N2O: EFNO-N, Ma = 0.1 EFN2O-N, Ma; EFN2, Ma = 3 EFN2O-N, Ma).

where
MSlime, N		
				
MMF, UAN		
MMD, U		
flime, N 		

2.5.9 Emissions from the application of lime
2.5.9.1 Composition of limestone

2.5.9.3 Calcium ammonium nitrate as source of
CO2 emissions

Lime used to reduce soil acidity (soil sweetener, Slime) contains variable proportions of CaCO3 and MgCO3, other minerals and small quantities of water. This work assumes a composition of 0.80 kg kg-1 CaCO3 (calcite) and 0.05 kg kg-1 MgCO3
(magnesite). CO2 emissions are related to these shares as in
Equation (38).
CaCO3
MgCO3

→
→

CaO + CO2
MgCO3 + CO2

(

)

M Slime, N = M MF, UAN + M MF, U ⋅ f lime, N

					(39)

additional lime amount cause by acidifying
N fertilizers (in kg herd-1 lactation-1)
amount of UAN applied (in kg herd-1 lactation-1 N)
amount of urea applied (in kg herd-1 lactation-1 N)
correction factor (flime, N = 0.8 kg (kg N)-1 CaCO3)

As a rule, amounts of CAN applied are given as amounts of N.
However, CAN contains 0.24 kg kg-1 lime in addition to
0.27 kg kg-1 N. Hence, emissions are to be quantified using
Equation (40).
E CO2, CAN = M N, CAN ⋅

x lime, CAN
x N, CAN

⋅ EFCO2, Slime

				(40)
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where
ECO2, CAN		 CO2 emission from the application of CAN
				(in Mg herd-1 lactation-1 CO2)
MN, CAN		 amount of CAN applied (in Mg herd-1 lactation-1 N)
xlime, CAN		 lime content of CAN (xlime, CAN = 0.24 kg kg-1)
xN , CAN		 N content of CAN (xN, CAN = 0.27 kg kg-1)
EFCO2, Slime CO2 emission factor for lime
				(EFCO2, Slime = 0.38 kg kg-1)

2.5.10 Emissions from crop residues
Decaying crop residues release N2O, NO and N2. No method
to quantify NO emissions is provided by EMEP (2013) or IPCC
(2006b). N2O and N2 emissions are treated in the same way as
emissions from fertilizers. However, the amounts of above
and below ground biomass liable to decay have to be determined as follows:
E N2O, CR = EFN2O, CR ⋅ M CR ⋅ γ N2O

								(41)

where
EN2O, CR		 N2O emissions from crop residues
				(in kg herd-1 lactation-1 N2O)
EFN2O, CR N2O emission factor for crop residues
				(EFN2O, CR = 0.01 kg kg-1 N2O)
MCR			 N in crop residues (in kg herd-1 lactation-1 N)
γN2O			 stoichiometric conversion factor
				(γN2O = 44/28 kg kg-1 kmol kmol-1)
and
M
j

Variables are collated in Table 15. For crop yields see Table 10.

2.6 Emissions from the provision of mineral
fertilizers and lime
This work considers those emissions from the production of
mineral fertilizers containing nitrogen, phosphorus and
potassium as well as lime (feed and soil) that are released
during the production process itself, e.g. NH3 and particulate
NH4NO3 from the production of ammonium nitrate. It also
deals with emissions related to the use of fossil fuels for fertilizer production. We refer to Jenssen and Kongshauk (2003)
as well as EMEP (2013) for short descriptions of the processes
involved.

=

CR
																					(42)

∑A

xrenew, j		 share of the crop j that is harvested annually
				(in ha ha-1)
xmow, j			 1 / number of harvests of crop j per year
				(dimensionless)
Yj				 yield of crop j (FM) (in Mg ha-1)
xY, DM, j
dry matter content of crop j (in kg kg-1)
aabove, j		 share of above ground plant residues related to
				 amount harvested (in kg kg-1)
xDM, above, j dry matter content of above ground parts of crop j
				(in kg kg-1)
abelow, j		 share of below ground plant residues related to
				 the amount harvested (in kg kg-1)
xN, below, j		 N content of below ground residues related to DM
				(in kg kg-1 N)

j

⋅ x renew, j ⋅ x mov, j ⋅ Y j ⋅ (x Y, DM, j + a above, j ⋅ x DM, below, j ) ⋅ a below ⋅ x N, below

where
MCR			 amounts of N in crop residues
				(in Mg herd-1 lactation-1 N)
Aj				 area cultivated with crop j (in ha herd-1 lactation-1)

2.6.1 Ammonium nitrate
Ammonium nitrate (AN, NH4NO3) is the neutralisation product of nitric acid (HNO3) and NH3.
The ammonia synthesis (Haber Bosch process) is the starting point of the entire N fertilizer production process. The
process is energy intensive. However, the NH3 emission factor

Table 15
Variables used for the determination of N2O emissions from crop residues
xrenew

xmow

ha ha-1

xY, DM, j

xAGR, DM, j

aabove, j

xN, above, j

abelow, j

xN, below, j

kg kg-1

kg kg-1

kg kg-1

kg kg-1 N

kg kg-1

kg kg-1 N

barley

1

1

0.86

0.86

0.7

0.0050

0.22

0.014

oat

1

1

0.86

0.86

1.1

0.0050

0.25

0.008

grain maize

1

1

0.86

0.86

1.0

0.0038

0.22

0.007

triticale

1

1

0.86

0.86

0.9

0.0050

0.22

0.008

wheat

1

1

0.86

0.86

0.8

0.0050

0.23

0.009

oil flax

1

1

0.91

0.86

1.5

0.0053

0.22

0.010

rape

1

1

0.91

0.86

1.7

0.0070

0.22

0.010

sugar beet

1

1

0.23

0.18

0.7

0.0040

0.20

0.014

pasture grass

0.1

0.33

0.20

0.20

0.3

0.0050

0.80

0.012

silage grass

0.4

0.33

0.28

0.28

0.0

0.0038

0.22

0.007

silage maize

1

1

0.20

0.20

0.3

0.0048

0.80

0.012
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as preliminary product in the AN synthesis is so small that it is
ignored. In contrast, NO emissions have to be accounted for.
The other reactant, HNO3, originates from an aqueous
solution of nitrogen oxides generated by combustion of NH3.
Intermediate reactions release N2O. EMEP (2013) provides
emission factors for NH3, NO2 and for particles (total suspended particles, TSP) (see Table 16). GHG emissions can also be
quantified (Brentrup and Pallière, 2008).

2.6.2 Calcium ammonium nitrate
CAN is obtained from well ground limestone added to molten
NH4NO3. The product contains 0.27 kg kg-1 N and 0.24 kg kg-1
lime. No emission factors are available for this process. However, the overall emissions from CAN production may be
determined as follows:
E NH3, CAN = EFNH3, CAN ⋅ M NH4- N, CAN ⋅ γ NH3

				(43)

E NH4- N, CAN = EFNH4- N, CAN ⋅ M NH4- N, CAN

					(44)

E NO3- N, CAN = EFNO3- N, CAN ⋅ M NO3- N, CAN

					(45)

				(in kg herd-1 lactation-1)
The amounts of NH4-N and NO3-N are obtained according to:
M NO3- N, CAN = M NH4- N, CAN =

1
M N, CAN 					(46)
2

where
MNH4-N, CAN amount of NH4-N in CAN applied
				(in kg herd-1 lactation-1)
MNO3-N, CAN amount of NO3-N in CAN applied
				(in kg herd-1 lactation-1)
MN, CAN		 amount of N in CAN applied (in kg herd-1
				lactation-1)
NH3 emission can only occur simultaneously with HNO3 emission, which will be deposited immediately and next to its
source and will not be transmitted to ambient air.
The amount of AN as precursor of CAN is then determined as:

( (

))

(47)

M AN- N = 1 + EFNH3, CAN + EFNH4- N, CAN ⋅ M N, CAN

where
ENH3, CAN gaseous NH3 emission from CAN production
				(in kg herd-1 lactation-1)
EFNH3, CAN NH3 emission factor for CAN production
				(EFNH3, CAN = 0.030 kg kg-1)
MNH4-N, CAN amount of NH4-N in CAN applied
				(in kg herd-1 lactation-1)
γNH3			 stoichiometric conversion factor
				(γNH3 = 17/14 kg kg-1 kmol kmol-1)
ENH4-N, CAN particulate NH4-N emission from CAN production
				(in kg herd-1 lactation-1)
EFNH4-N, CAN emission factor for particulate NH4-N for CAN
				production (EFNH4-N, CAN = 0.035 kg kg-1)
ENO3-N, CAN particulate NO3-N emission from CAN production
				(in kg herd-1 lactation-1)
EFNO3-N, CAN emission factor for particulate NO3-N for CAN
				production (EFNO3-N, CAN = 0.035 kg kg-1)
MNO3-N, CAN amount of NO3-N in CAN applied

where
MAN-N
amount of AN used as educt in CAN production
				(in kg herd-1 lactation-1)
EFNH3, CAN NH3 emission factor (gaseous) for CAN production
				(EFNH3, CAN = 0.030 kg kg-1)
EFNH4-N, CAN NH4-N emission factor (particulate) for CAN
				production (EFNH4-N, CAN = 0.035 kg kg-1)
MN, CAN
amount of CAN applied as fertilizer (in kg herd-1
				lactation-1)
The amount of HNO3-N needed for the AN synthesis is:
M HNO3- N =

1
M AN- N ⋅ 1 + EFNO2- N, HNO3
2

(

)

					(48)

where
MHNO3-N		 amount of N in HNO3 for AN synthesis (in kg herd-1
				lactation-1)
MAN-N		 amount of the NH4NO3-N to be produced

Table 16
Emission factors for the compounds emitted in the manufacture of nitrogen fertilizers (N species from EMEP, 2013; GHG
from Brentrup and Pallière, 2008)
NH3

NO2

NH4-N particulate*

NO3-N particulate

GHG **

kg kg-1

kg kg-1

kg kg-1

kg kg-1

kg kg-1 CO2-eq

ammonia

0.00001

0.001

---

---

nitric acid

---

0.010

---

---

0.035

0.035

1.18

---

---

1.00

ammonium nitrate
calcium ammonium nitrate
urea

0.030
---

---

0.0025

* calculated from TSP (total suspended particles) emissions;
** related to the final product, includes precursors.
*** NO2 emission related to HNO3 produced.
**** The emission factor provided for TSP is 0.2 kg kg-1; NH4NO3-TSP contains 0.35 kg kg-1 N. Hence the emission factor for N with TSP is 0.070 kg kg-1.

notes

***

5.15

****
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				(in kg herd-1 lactation-1)
EFNO2-N, HNO3 emission factor for NO2 in HNO3 production
				(EFNO2 = 0.010 kg kg-1 related to HNO3)
γ
EFNO2- N, HNO3 = EFNO2, HNO3 ⋅ HNO3
γ NO2

							(49)

where
EFNO2-N, HNO3emission factor for NO2-N in HNO3 production
				(in kg kg-1, related to N)
EFNO2, HNO3 emission factor for NO2 in HNO3 production
				(EFNO2 = 0.010 kg kg-1, related to HNO3)
γHNO3			 stoichiometric conversion factor
				(γHNO3 = 63/14 kg kg-1 kmol kmol-1)
γNO2			 stoichiometric conversion factor
				(γNO2 = 46/14 kg kg-1 kmol kmol-1)

MDAP			 amount of DAP-N applied (in kg herd-1 lactation-1)
EFGHG, DAP GHG emission factor
				(EFGHG, DAP = 11.27 kg (kg-1 N) CO2-eq)
NPK fertilizers are characterized by their N content. The emissions are calculated in the same way as for DAP.

2.6.5 Emissions from the provision of P and K
fertilizers
For the production of crops, KTBL (2014) recommends the
application of P and K fertilizer which are characterized by
their respective P and K contents, given as P2O5 and K2O.
Brentrup and Pallière (2008) provide GHG emission factors
for triple superphosphate (Ca(H2PO4)2∙H2O) and potash (KCl),
from which emissions can be deduced:

2.6.3 Urea
In Germany, urea is produced in a combination of NH3 synthesis (synthesis gas process, e.g. Kellogg process) and a high
pressure urea synthesis (e.g. Stamicarbon process). Natural
gas, air and water are reactants in the NH3 synthesis:
9 CH 4 + 12 H 2 O + 3 O 2 + 10 N 2

→
		

9 CO 2 + 20 NH 3

The reaction of NH3 with CO2 consumes more CO2 than is
released in NH3 formation: urea production is a sink for CO2.
20 NH 3 + 9 CO 2 (from H 2 - synthesis) + 1 CO 2 (additional ) →
10 (H 2 N )2 CO + 10 H 2 O

2.6.4 Emissions from the production of NP
fertilizers
The most common NP fertilizer is di-ammonium phosphate
(DAP). The pure compound, (NH4)2HPO4, has 0.21 kg kg-1 N
and 0.54 kg kg-1 P2O5. The technical product has less nutrients. Brentrup and Pallière (2008) give 0.18 kg kg-1 N.
EMEP (2013) provides an emission factor for TSP, from
which an emission factor for NH4-N can be deduced. Brentrup and Pallière (2008) report a GHG emission factor for DAP.
From this data emissions can be calculated as follows:
E NH4- N, DAP = M DAP ⋅ EFTSP, DAP ⋅ x N, DAP

					(50)

where
ENH4-N, DAP particulate NH4-N emissions from the production
				 of DAP (in kg herd-1 lactation-1)
MDAP 		 amount of DAP applied (in kg herd-1 lactation-1)
EFTSP, DAP DAP emission factor for particles (TSP)
				(EFTSP, DAP = 0.0003 kg kg-1)
xN, DAP		 N in DAP (xN, DAP = 0.18 kg kg-1)
E GHG, DAP = M DAP ⋅ EFGHG, DAP

E GHG, P2O5, j = A j ⋅ M PKF ⋅ x P2O5 ⋅ EFP2O5
E GHG, K2O, j = A j ⋅ M PKF ⋅ x K2O ⋅ EFK2O

						(53)

where
GGHG, P2O5, j GHG emissions from P fertilizers applied to a crop j
				(in kg herd-1 lactation-1 CO2-eq)
Aj				 area cultivated with crop j (in ha herd-1 lactation-1)
MPKF			 PK fertilizer applied (taken from KTBL, 2014)
				(in kg ha-1)
xP2O5			P2O5 content of PK fertilizer (in kg kg-1)
EFP2O5		 GHG emission factor for P2O5 production
				(EFP2O5 = 0.56 kg kg-1 CO2-eq)
and
xK2O			K2O content of PK fertilizer (in kg kg-1)
EFK2O		 GHG emission factor for K2O production
				(EFK2O = 0.43 kg kg-1 CO2-eq)

2.6.6 Lime
Quarrying of lime, the subsequent crushing, grinding and
screening are energy intensive processes. Scholz et al. (1994)
reported that 0.032 GJ Mg-1 diesel fuel, 0.007 GJ Mg-1 in explosives and 192 MJ Mg-1 of electrical energy are needed for
these operations. 9

2.7 Emissions from combustion engines and boilers
2.7.1 Diesel engines
Diesel engines are used in crop production. Mean area-related fuel consumptions are available for most crops (see
Table A2). Diesel fuel is also used in lime production or the
drying of oilseeds.
Emissions of CH4 and CO2 can be determined using information provided in IPCC (2006a) and of NH3 and NOx in
EMEP (2013).

								(51)

where
EGHG, DAP GHG emissions during the production of DAP
				(in kg herd-1 lactation-1 CO2-eq)

					(52)

9

Scholz et al. (1994) do not mention particle sizes.
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2.7.1.1 Carbon dioxide emissions
CO2 emissions can be quantified according to Equations (54)
and (55):
E CO2, DF =

∑ ECO2, DF, j

											(54)

E CO2, DF, j = EFCO2, DF ⋅ A j ⋅VDF, j ⋅ η E, DF ⋅ ρ DF ⋅ β 			(55)

where
ECO2, DF CO2 emissions from diesel fuel combustion
			(in kg herd-1 lactation-1 CO2)
ECO2, DF, j CO2 emissions from fuel combustion for the
			 production of crop j (in kg herd-1 lactation-1 CO2)
EFCO2, DF CO2 emission factor for diesel fuel combustion
			(EFCO2, DF = 74.1 kg GJ-1)
Aj			 area cultivated for crop j (in ha herd-1 lactation-1)
VDF, j		 area related fuel consumption for a crop j (in l ha-1)
ρDF		 density of diesel fuel (ρDF = 0.83 kg l-1)
ηE, DF		 calorific value of diesel fuel (ηE, DF = 35.73 MJ l-1)
β			 conversion factor for energy units (β = 0.001 GJ MJ-1)

2.7.1.2 Methane and nitrous oxide
Calculations of CH4 and N2O emissions from the combustion
of diesel are made by analogy using:

EMEP (2013) reports emission factors related to the state of
the art. This work uses emission factors for Stage III according
to EU legislation (EU, 2004).

E NOx - N, DF =

∑ M DF, j ⋅ EFNOx-N, DF ⋅ γ NO2

Sugar beet factories use natural gas or heavy fuel oil as an
energy source. This work assumes natural gas as sole source.
Fritsche (2003) published a GHG emission factor for CH4 provision to characterize the mix of origins of natural gas used in
Germany of 0.432 kg kWh-1 CO2-eq. We used this factor to calculate the CH4 emissions from energy use in sugar beet factories.

The specific energy consumption for kibbling depends on
species and DM content. It is appropriate to use 5 kWh Mg-1
as mean energy requirement (expert judgement H. Kleine
Klausing).

2.7.1.3 Ammonia and nitrogen oxides

∑ M DF, j ⋅ EFNH3, DF ⋅ γ NH3

2.7.2 Natural gas fired boilers

2.8 Emissions from processing of feeds
2.8.1 Kibbling of cereals

EFCH4, DF CH4 emission factor for diesel fuel combustion
			(EFCH4, DF = 0.00415 kg GJ-1)
EFN2O, DF N2O emission factor for diesel fuel combustion
			(EFN2O, DF = 0.0286 kg GJ-1)

E NH3- N, DF =

where
ENH3-N, DF NH3-N emission from diesel fuel combustion
				(in Mg herd-1 lactation-1)
MDF, j			 amount of diesel fuel used for the production of
				 crop j (in kg ha-1)
EFNH3, DF NH3 emission factor for diesel fuel combustion
				(EFNH3, DF = 8 g Mg-1)
γNH3			 stoichiometric factor for NH3-N emissions
				(γNH3 = 14/17 kg kg-1 kmol kmol-1)
ENOx-N, DF NOx-N emission from diesel fuel combustion
				(in Mg herd-1 lactation-1)
EFNOx, DF NOx emission factor for diesel fuel combustion
				(EFNOx, DF = 13594 g Mg-1)
γNO2			 stoichiometric factor for NO2-N emission
				(γNO2 = 46/14 kg kg-1 kmol kmol-1)

					(56)
					(57)

2.8.2 Production of rape and linseed extraction
meals
Rapeseed and linseed extraction meals are joint products of
the production of rapeseed and linseed oils. BIOGRACE
(2012) gives specific energy consumption numbers for a
selection of fossil fuels (Table 17).

Table 17
Energy consumption of processes in rapeseed oil and expeller meal production
electrical energy
production step

amount

unit

drying
grinding

natural gas
related to

amount

unit

diesel (heating oil)
related to

0.0019

-1

MJ MJ

oil

0.0118

MJ MJ-1

oil

extraction

0.0011

MJ MJ-1

oil

0.062

MJ MJ-1

oil

total

0.0140

MJ MJ-1

oil

0.062

MJ MJ-1

0.0241

MJ MJ-1

seed

0.572

MJ kg-1

seed

0.901

MJ kg-1

equivalent to

15.9

kWh Mg

-1

seed

amount

unit

related to

0.00018

-1

MJ MJ

seed

oil

0.00018

MJ MJ-1

seed

seed

0.00430

MJ kg-1

seed
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This allows for the determination of direct emissions as follows:
E CO2, NG = EVCO2, NG ⋅ EFCO2, NG

								(58)

where
ECO2, NG		 CO2 emission resulting from combustion of CH4 in
				boilers (in kg GJ-1)
EVCH4, NG consumption of CH4 for combustion in boilers
				(in kg GJ-1)
EFCO2, NG CO2 emission factor for CH4 combustion in boilers
				(IPCC, 2006a: EFCO2, NG = 56.1 kg GJ-1)
Analogous equations are applied to determine CH4 and N2O
emissions. EMEP (2013) provides data for the calculation of
NOx emissions.
EFCH4, NG CH4 emission factor for CH4 combustion in boilers
				(IPCC, 2006a: EFCH4, NG = 0.001 kg GJ-1)
EFN2O NG N2O emission factor for CH4 combustion in boilers
				(IPCC, 2006a: EFN2O, NG = 0.001 kg GJ-1)
EFNOx NG NOx emission factor for CH4 combustion in boilers
				(EMEP, 2013: EFNOx, NG = 0.047 kg GJ-1)
A comparable methodology for calculation of emissions
from the respective linseed processes is not available. However, the essential properties of linseed are similar to those of
rapeseed; the technology applied is identical. It is justified to
treat linseed in the same way as rapeseed (expert judgement
G. Brantkatschk).

2.8.3 Production of sugar beet shreds and
molasses
Typically, sugar beet factories use combined heat and power.
The boiler house consumes 175 kWh per Mg of sugar beet.
The drying of beet shreds requires a further 75 kWh Mg-1
(Südzucker, 2014b). We assume that natural gas is also used
as the fuel for this process. It is state of the art to forward the
exhaust vapours (containing NH3) from juice purification to
the firebox of the shreds dryer. Hence, no NH3 emissions have
to be accounted for.

2.9 Provision of electric energy, diesel fuel and
natural gas
Electrical energy is used for many purposes in livestock buildings (lighting, milking, milk cooling, ventilation, manure
scrubbing, etc.). It is also required for the provision of water
in livestock and plant production.

2.9.1 Direct energy consumption in keeping
livestock
KTBL (2014) provides data for electric energy requirements
for the keeping of cattle. For dairy cows, dairy heifers and
beef cattle 50, 10 and 20 kWh place-1 a-1 are listed, respectively. 10
10

“place” stands as a unit for “livestock place”.

2.9.2 Energy requirements for the provision of
water
2.9.2.1 Drinking water for dairy cows
The relation given in Meyer et al. (2004) for water requirements of lactating Holstein cows is extrapolated to cover a
year.
M Wt, DC = α ⋅ δ ⋅ (a + b ⋅ t + c ⋅ YM + d ⋅ wDC + e ⋅ m Na ) 		 (59)

where
MWt, DC annual drinking water requirements of a dairy cow
			(in m3 cow-1 a-1)
α			 conversion factor for time units (α = 365 d a-1)
δ			 conversion factor for units of volume (δ = 1/1000 m3 l-1)
a			constant (a = -26.12 l cow-1 d-1)
b			coefficient (b = 1.516 l cow-1 d-1 K-1)
t			 ambient temperature (t = 20 °C)
c			coefficient (c = 1.299 l kg-1 cow-1)
YM			 mean milk yield (in kg cow-1 d-1)
d			coefficient (d = 0.058 l kg-1 d-1)
wDC		 mean live weight of the cow (in kg cow-1)
e			coefficient (e = 406 l kg-1)
mNa		 mean Na uptake (in kg cow-1 d-1)
Sodium (Na) uptake is related to milk yield. Table 4.1.1 in GfE
(2001) (10 pairs of values) can be transformed to Equation
(60) (r2 = 0.998):
m Na = f + g ⋅ YM															(60)

where
mNa		 mean Na uptake (in kg cow-1 d-1)
f			constant (f = 0.0077 kg cow-1 d-1)
g			coefficient (g = 0.000677)
YM			 mean milk yield (in kg cow-1 d-1)

2.9.2.2 Drinking water for dairy and beef heifers
KTBL (2009) lists values for daily drinking water requirements
as a function of animal weights (4 pairs of values). The resulting steady function (Equation (62), r2 = 0.993) allows for the
determination of the water requirements of the animal.
M Wt, He = θ He ⋅ δ ⋅ (h + l ⋅ wHe ) 										(61)

where
MWt, He dinking water requirements of a heifer (in m3 heifer-1)
θHe		 duration of the lifespan spent as heifer (in d)
δ			 conversion factor for units of volume (δ = 1/1000 m3 l-1)
h			constant (h = 6.458 l heifer-1 d-1)
l			coefficient (l = 0.0728 l kg-1 d-1)
wHe		 mean live weight of a heifer (in kg heifer-1)
With the performance data listed above, water requirements
of 24.1 m3 Dheifer-1 and 11.4 m3 Bheifer-1 can be obtained for
dairy and beef heifers, respectively.
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2.9.2.3 Drinking water for calves
The same table in KTBL (2009) allows for an estimate of the
drinking water required for the “standard calf” used in this
work. A mean amount of 10 l calf-1 d-1 adds up to 1.25 m3 calf-1
in a lifespan of 125 d.

2.9.2.4 Drinking water for beef bulls
Meyer et al. (2006) quantified drinking water requirements of
beef bulls and gave the following Equation (62):

M Wt, BB = θ BB ⋅ δ ⋅

1
ρW

(62)
⋅ ( p + q ⋅ t + r ⋅ mDM + s ⋅ x rough + u ⋅ x DM, rough + v ⋅ wBB )
																					
where
MWt, BB drinking water requirements of a beef bull
			(in m3 bull-1)
θBB		 duration of the lifespan of a beef bull (in d)
δ			 conversion factor for units of volume (δ = 1/1000 m3 l-1)
ρW			 density of water (ρW = 1.00 kg l-1
p			constant (p = -3.85 kg bull-1 d-1)
q			coefficient (q = 0.507 kg-1 bull-1 d-1 K-1)
t			 temperature in house (t = 20 °C)
r			coefficient (r = 1.494)
mDM		 dry matter intake (in kg bull-1 d-1)
s			coefficient (s = -0.141 kg bull-1 d-1)
xrough		 share of roughage in feed (in kg kg-1)
u			coefficient (u = 0.248 kg bull-1 d-1)
xDM, rough dry matter content of roughage (in kg kg-1)
v			coefficient (v = 0.014 d-1)
wBB		 mean live weight of a beef bull (in kg bull-1)
The bulls described in this work drink 9.5 m3 bull-1 water
during their lifespan.

2.9.2.5 Drinking water of the herd and water
losses
The overall amount of water required by the herd includes
losses by spillage. KTBL (2104) recommends assuming a spillage of 10 %.

M Wt =

				

 M Wt, DC ⋅ nDC + M Wt, calf ⋅ ncalf
																					(63)



+ M
Wt, He ⋅ (n DH + n BH ) + M Wt, BB ⋅ n BB 

⋅ (1 + xspilt, Wt )
where
MWt		 overall water required by the herd (in m3 herd-1
			lactation-1)
MWt, DC mean amount of drinking water required by a dairy
			 cow (in m3 cow-1 lactation-1) 11
nDC		 number of dairy cows in the herd in a given lactation
			(in cow herd-1)
11

Our calculations in Dämmgen et al. (2016a) differentiate between cows in
different lactations.
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MWt, calf drinking water required by a calf (in m3 calf-1)
ncalf		 number of calves fed (in calf herd-1 lactation-1)
MWt, He drinking water required by a heifer (in m3 heifer-1)
nDH		 number of dairy heifers fed (in heifer herd-1 lactation-1)
nBH		 number of beef heifers fed (in heifer herd-1 lactation-1)
MWt, BB drinking water required by a beef bull (in m3 bull-1)
nBB		 number of beef bulls fed (in bull herd-1 lactation-1)
xspilt, Wt losses by spillage (xspilt, Wt = 0.1 kg kg-1)

2.9.2.6 Process water requirements of dairy cows
Process water is required to clean the building and the
milking installations. A 100-cow unit needs 10 milking
machines (KTBL, 2014). For these KTBL (2009) estimates a
water consumption of 225 m3 herd-1 a-1. In addition, water is
used to clean and disinfect the house. Assuming an area per
cow of 7.77 m2 cow-1 (KTBL, 2014) and a water volume of
20 l m-2 a-1, a total of 15.5 m3 herd-1 a-1 can be determined.
This work assumes overall process water requirements of
240 m3 herd-1 a-1.

2.9.2.7 Process water requirements of heifers and
beef bulls
One single cleaning of the livestock building per production
cycle is assumed in accordance with KTBL (2014). With areas
of 10 m2 heifer-1 for dairy heifers and 5.4 m2 animal-1 for beef
heifers and bulls and 20 l m-2 for cleaning once in an animal’s
lifespan, process water requirements are 200 l animal-1 for a
dairy heifer and 108 l animal-1 for beef heifers and bulls.

2.9.2.8 Water requirements in plant production
KTBL (2014) suggests that each measure of crop protection
requires 300 l ha-1 water. The number of applications for the
crops under consideration is listed in Table A3.

2.9.2.9 Water requirements in sugar production
Sugar beets contain so much water that the process of sugar
production does not need extra water. However, water in the
cooling cycle has to be replaced. The amounts are of minor
importance and neglected in this work (Südzucker, 2014a).

2.9.2.10 Electric energy requirements of water
production
According to ATT et al. (2011) the provision of 1 m3 of drinking water in Germany requires 0.51 kWh. We assume that all
water dealt with in this work is drinking water from the
public water-supply.
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2.9.3 CO2-equivalents for the provision of electrical energy
The latest estimates of the GHG emissions connected to the
generation of electricity using the German mix of primary
fuels yielded 0.595 kg kWh-1 CO2-eq (Icha, 2014).

2.9.4 CO2-equivalents for the provision of diesel
fuel and natural gas
For diesel fuel, IFEU (2012) determined GHG emissions from
the diesel production chain to be 9944 kg TJ-1 CO2-eq. With a
calorific value of 42.96 MJ (kg diesel)-1, GHG emissions of
0.427 kg (kg diesel)-1 CO2-eq or 0.355 kg (l diesel)-1 CO2-eq
(density of diesel fuel 0.832 kg l-1) were obtained.
For natural gas, Fritsche (2003) calculated that the mean
GHG emissions from the provision of CH4 sold on the German
markets in 2000 amounted to 35.2 g kWh-1.
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ENH3-N, MP NH3-N emissions from the production of mineral
				fertilizers (in kg herd-1 lactation-1)
ENO-N, MP		 NO-N emissions from the production of mineral
				fertilizers (in kg herd-1 lactation-1)
ENH3-N, DE NH3-N emissions from the use of diesel engines
				and CH4 fired boilers (in kg herd-1 lactation-1)
ENO-N, DE		 NO-N emissions from the use of diesel engines
				and CH4 fired boilers (in kg herd-1 lactation-1)
EFN2O, AD emission factor for indirect N2O from atmospheric
				depositions (EFN2O, Dep = 0.010 kg kg-1 N)
γN2O			 stoichiometric conversion factor
				(γN2O = 44/28 kg kg-1 kmol kmol-1)
E N2O, leach = M N, soil ⋅ x leach ⋅ EFN2O, leach ⋅ γ N2O

and:
M N, soil = M N, MaM + M N, graz + M N, MF + M N, CR

2.10 Indirect nitrous oxide emissions
N2O emissions originate from N inputs other than intentional
fertilizing or as unintentional results of agricultural N inputs
from N transformation in soils or water bodies, such as:
yy the atmospheric deposition of gaseous NH3 and NO2 as
well as particulate NH4-N and NO3-N,
yy the transformation of N species in water bodies after surface run-off or leaching.
If agricultural sources contribute to these inputs, the emissions have to be accounted for as indirect agricultural
emission.
IPCC (2006b) give calculation procedures for both subsets (Equations (64) and (65)). In contrast to national emission inventory calculations, we attribute the respective emissions from fertilizer production, water supply and electricity
generation to agriculture as well.

(E NH3− N, MaM + E NO- N, MaM ) 


+ (E NH3− N, graz + E NO- N, graz )
																					(64)
E N2O, AD = + (E NH3− N, MF + E NO- N, MF )  ⋅ EFN2O, AD ⋅ γ N2O


+ (E NH3− N, MP + E NO- N, MP ) 


+ (E NH3− N, DE + E NO- N, DE ) 
where
EN2O, AD		 indirect N2O emissions from atmospheric deposition
				(in kg herd-1 lactation-1)
ENH3-N, MaM NH3-N emissions from manure management
				(in kg herd-1 lactation-1)
ENO-N, MaM NO-N emissions from manure management
				(in kg herd-1 lactation-1)
ENH3-N, graz NH3-N emissions during grazing (in kg herd-1
				lactation-1)
ENO-N, graz NO-N emissions during grazing (in kg herd-1
				lactation-1)
ENH3-N, MF NH3-N emissions from application of mineral
				fertilizers (in kg herd-1 lactation-1)
ENO-N, MF		 NO-N emissions from application of mineral
				fertilizers (in kg herd-1 lactation-1)

			(65)

		(66)

where
EN2O, leach indirect N2O emission from run-off and leaching
				(in kg herd-1 lactation-1)
MN, soil		 N available in soil (in kg herd-1 lactation-1)
xleach			 fraction of N leached (xleach = 0.30 kg kg-1)
EFN2O, leach emission factor for N2O from leached N
				(EFN2O, leach = 0.0075 kg kg-1 N)
γN2O			 stoichiometric conversion factor
				(γN2O = 44/28 kg kg-1 kmol kmol-1)
MN, MaM		 N input into soil from manure management
				(in kg herd-1 lactation-1)
MN, graz		 N input into soil during grazing (in kg herd-1
				lactation-1)
MN, MF		 N input into soil with mineral fertilizers
				(in kg herd-1 lactation-1)
MN, CR		 N input into soil from crop residues (in kg herd-1
				lactation-1)

2.11 Production characteristics (indicators)
2.11.1 Nitrogen balance
The area related N balance quantifies and helps to analyse
the potential N surplus. OECD (2001) defines this indicator
(„surface nitrogen balance indicator“) as the area related
difference between N inputs into the system and N outputs.
Our work uses the entire N from manure management for
plant production. It also takes account of areas for seed production. Hence, the methodology given in OECD (2001) is
reduced to Equation (67).
M A, diff =

(M N, MF + M N, Leg + M N, AD ) − (M N, milk + M N, car )
Acropped

																					(67)
where
MA, diff		 area related N mass difference of inputs and
				outputs (in kg ha-1)
MN, MF		 mineral fertilizer N applied (in kg herd-1 lactation-1)
MN, Leg		 N fixed by legumes (in kg herd-1 lactation-1)
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MN, AD		 N input with atmospheric deposition (in kg herd-1
				lactation-1)
MN, milk		 N output with milk (in kg herd-1 lactation-1)
MN, car		 N output with carcasses (in kg herd-1 lactation-1)
Acropped		 cropped area (in ha herd-1 lactation-1)

2.11.2 Nitrogen efficiency
Nitrogen efficiency is defined as the fraction of N used in products and the overall amount of N in inputs to the system.
OECD (2001) uses the indicator “efficiency of nitrogen use in
agriculture” to characterize resource protection and environmental compatibility in agricultural production.
ηN =

M N, milk + M N, car
M N, MF + M N, Leg + M N, AD

								(68)

where
ηN 		 nitrogen efficiency (in kg kg-1)
MN, milk N output with milk (in kg herd-1 lactation-1)
MN, car N output with livestock carcasses (in kg herd-1 lactation-1)
MN, MF N input with mineral fertilizers (in kg herd-1 lactation-1)
MN, Leg N fixed by legumes (in kg herd-1 lactation-1)
MN, AD N input with atmospheric deposition
			(in kg herd-1 lactation-1)

2.11.3 Allocation of emissions to milk and meat
protein production
Production of milk and meat is linked by nature and cannot
be separated. Keeping in mind the goal of this work, a formal
separation of total emissions can be based on the respective
amounts of protein produced:
E X, milk = E X, total ⋅

XP
XPmilk ............
E X, meat = E X, total ⋅ meat
XPtotal
XPtotal

																					(69)
where
EX, milk share of a trace gas X attributed to milk production
			(in kg herd-1 lactation-1)
EX, total overall emissions of a trace gas X (in kg herd-1 lactation-1)
XPmilk amount of protein in milk sold (in kg herd-1 lactation-1)
XPMtotal amount of protein sold with milk and carcasses
			(in kg herd-1 lactation-1)
EX, meat share of a trace gas X attributed to meat production
			(in kg herd-1 lactation-1)
XPmeat amount of protein in carcasses sold (in kg herd-1
			lactation-1)

3 Discussion
3.1 Limits of calculations – comparisons with
other published methodologies
This work limits itself to mass flows. The determination of
social and monetary characteristics or indicators (see Thomet
and Durgiai, 2008) is not dealt with. However, our work aims
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at a comprehensive approach, which exceeds the (usual)
treatment of the animals and their performance. It allows for
the determination of ecological characteristics for the coupled
processes of milk and meat production.
Our work is restricted to Holstein populations and
Northern Germany with high milk yields. In contrast,
Simmental herds are dual purpose herds with different characteristics. Our results may be transferable to other breeds
and regions in principle only.
It was not the goal of our work to establish CO2 footprints, but to describe relevant mass flows in the production
system “dairy herd”. This is a considerable expansion of the
system’s limits as compared with Hirschfeld et al. (2008),
Frank et al. (2013 a, b) or Müller-Lindenlauf et al. (2014). It
implies, however, that comparison of the results is hardly
possible.
Our work is much more detailed than Gerber et al. (2010)
and covers high-yield herds only. As milk and meat production are treated as a unit, the results of our work cannot be
compared directly with Flysjö (2012), Thoma et al. (2013) or
Vergé et al. (2013).
Comparisons with data from other investigations are
possible albeit limited. Their results will be discussed with
ours in Dämmgen et al. (2016a, b).

3.2 Uncertainties
Our calculation procedures make intensive use of the methodologies applied in national emission reporting. Here, uncertainties have to be addressed and communicated. Haenel et
al. (2016) report that the German inventory’s uncertainties
for GHG are 37.4 % (mainly due to uncertainties of N2O emissions), and about 17.3 % for NH3.
One final goal of our work is the comparison of scenarios
with different N inputs as well as livestock losses and illnesses. The relative differences between the results obtained
for the scenarios are likely to be smaller than the absolute
differences.

Appendices
Appendix 1
Productive lifespans, yield depressions due to
illnesses and non-marketable milk
A1.1 Productive lifespans
The data for the work at hand reflect the situation in Northern
Germany where Holsteins are the predominant breed.
The mean numbers of lactations observed is given in
Table A1.
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Table A1
Productive lifespans of dairy cows in North German federal
states (VIT, 2014)
region

Niedersachsen

number of
cows evaluated

It is obvious that the figures for productive lifespans in
months and lactations do not match the information on
losses given in Table 1 at first sight. With losses as in Table 1,
lifespans as in Table A1 can only be achieved if additional
heifers are bought. Harms (undated b) refers to this practice.
The use of sexed semen is another option. Here, the additional advantage is the reduction of the number of stillborn
calves at first calving (that are mainly male) (Detterer and
Meinecke-Tillmann, 2011).

productive lifespan
months

lactations

200337

37.3

2.70

Hessen

37867

36.0

2.61

Mecklenburg-Vorpommern

55134

34.3

2.48

Sachsen-Anhalt

38931

34.4

2.49

Brandenburg

49898

33.2

2.40

A1.2 Performance depression and non-marketable milk

Productive lifespans in the Mecklenburg-Vorpommern farms
investigated by Harms (undated b) varied considerably – between 2 and 7.7 years.

As a rule, illnesses of dairy cows cause milk yield depressions.
In addition, the share of milk contaminated with pathogens
or medicine and its metabolites cannot be sold and must be
discharged. (For further details see Appendix 2.)

Table A2
Incidences of illnesses that result in yield depression and non-marketable milk
source

illness

Østergaard and Gröhn (1999)

mastitis
afterbirth retention
milk fever
abomasum displacement

0.486
0.092
0.003
0.002

different breeds under research farm conditions

Fleischer et al. (2001)

mastitis
afterbirth retention
milk fever
abomasum displacement
foot lesions

0.257
0.099
0.101
0.013
0.231

single illnesses are considered independent of one another

Wilson et al. (2004)

mastitis
afterbirth retention
milk fever
abomasum displacement
lameness

0.241
0.106
0.035
0.026
0.317

2 herds with regular bST treatment *

Krömker and Pfannenschmidt (2005)

mastitis

0.452

organic farming

Stock et al. (2014)

mastitis
afterbirth retention
milk fever
abomasum displacement

0.476
0.104
0.047
0.026

early and late occurrences during a lactation

Zoche and Spilke (2012)

mastitis

0.362

weighted mean

Rudolphi et al. (2012)

share of all illnesses
within 10 d p.p.

0.481 (lac1**)
0.376 (lac2)
0.420 (lac3)
0.544 (≥lac4)

77.1 % and 71.3 % of all cows and heifers, resp., needed at
least 1 treatment. 88.1 % of cows after 4th lactation became
ill.

share of all illnesses between days 11 and 30 p.p.

0.178 (lac1)
0.196 (lac2)
0.198 (lac3)
0.164 (≥lac4)

Illnesses comprised

share of all illnesses between days 31 and 100 p.p.

0.162 (lac1)
0.220 (lac2)
0.201 (lac3)
0.159 (≥lac4)

fertility problems: 42.8 %;
foot and limbs lesions: 35.1 %;
mastitis: 32.2 %;
metabolism: 13.5 %

share of all illnesses after
day 100 p.p.

0.179 (lac1)
0.208 (lac2)
0.181 (lac3)
0.133(≥lac4)

dystocia 4.7 %

* bST: bovine somatotropin;
** lac1: 1st lactation, etc.

frequency
animal animal-1

remarks

mean frequency off
illnesses per cow: 2.8
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Table A3
Parameters characterizing milk yield depression due to diseases (overall number of cases) as function of the number of
lactations (after Rudolphi et al., 2012)
number of lactation

absolute (weighted) milk yield depression

mean milk yield of healthy cows relative yield depression frequency of illnesses

kg cow-1 lactation-1

kg cow-1 lactation-1

kg kg-1

cow cow-1

1st

-125*

9025

0.0139

0.713

2nd

-356*

10648

0.0334

0.771**

3rd

-345*

10948

0.0315

0.771**

≥ 4th

-319*

10823

0.0295

0.881

* weighted mean obtained from differentiated incidences in various periods of lactations and related depressions ** means given in Rudolphi et al. (2012)

Table A4
Estimate of milk losses (amounts of non-marketable milk) due to presence of pathogens or medicine or its metabolites
number of lactation

absolute yield depression per
mastitis infection

share of cows with treatments potentially causing
milk to be
discharged

amount of nonmarketable milk

mean milk yield of
healthy cows

fraction of milk to
be discharged

kg cow-1 lactation-1

%

kg cow-1 lactation-1

kg cow-1 lactation-1

kg kg-1

1st

287*

35.7**

102

9025

0.0113

2nd

287*

38.6**

111

10648

0.0104

3rd

287*

38.6**

111

10948

0.0101

≥ 4th

287*

44.1**

127

10823

0.0117

* according to Rudolphi et al. (2012) for clinical treatment of mastitis;
** assuming half of all treatments in the respective lactation (see Table A3)

The results of a survey of incidences are compiled in
Table A2. These incidences have to be combined with typical
yield depression data and with information on non-marketable milk.
Rudolphi et al. (2012) give detailed information on all first
illnesses and the affiliated yield depressions of sick cows in
comparison with healthy cows. From these data we were
able to deduce Table A3.
No information is yet available on the share of milk that has
to be discharged. Therefore we assume for the time being
that half of the incidences cause non-marketable milk. The
yield depression observed for mastitis (287 kg cow-1 lactation-1) is related to the milk yield of healthy cows. The results
are shown in Table A4.
Non-marketable milk primarily results from the treatment of mastitis infections with antibiotics. As a rule, treatments last for about five days. We use the absolute milk
depression to quantify the amount of non-marketable milk
assuming that 50 % of all illnesses (Table A3) need to be
treated in this way. Hence the amount of non-marketable
milk (that has to be discharged) for the data provided in
Table A4 is:
∆y milk, dis, n = m milk, depr ⋅

1
⋅ I sick, n
2

								(A1)

where
Δymilk, dis, n amount of milk discharged in n-th lactation
				(in kg cow-1 lactation-1)

mmilk, depr		 absolute milk depression per mastitis infection
				(in kg cow-1 lactation-1)
Isick, n			 frequency of illnesses n-th lactation (in cow cow-1)
The fraction of milk to be discharged is:
x dis, n =

∆y milk, dis, n
y milk, hc

													(A2)

where
xdis,, n		 fraction of milk that has to be discharged n-th
			 lactation (in kg kg-1)
Δymilk, dis, namount of milk discharged in n-th lactation
			(in kg cow-1 lactation-1)
ymilk, hc amount of milk produced by a healthy cow
			(in kg cow-1 lactation-1)

Appendix 2
Fate of discharged milk in the manure management
A2.1 Amounts of discharged milk
The amount of milk to be discharged per herd is:
∆Ymilk, dis, n = Ymilk, n ⋅

where

1
⋅ I sick, n ⋅ xdis, n
2

						(A3)
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ΔYmilk, dis, namount of milk discharged in n-th lactation
			(in Mg herd-1 lactation-1)
Ymilk, n milk yield in n-th lactation (in Mg herd-1 lactation-1)
Isick, n		 frequency of illnesses n-th lactation (in cow cow-1)
xdis,, n		 fraction of milk that has to be discharged n-th
			 lactation (in kg kg-1)

A2.2 CH4 emissions from manure management
of discharged milk
The amount of CH4 released from storage is estimates in
accordance with IPCC (2006b) as follows:
E CH4, herd, milk = VS milk, dis ⋅ Bo ⋅ ρ CH4 ⋅ MCF 						(A4)

where
ECH4, herd, milk CH4 emission from storage caused by dis				 charged milk (in Mg herd-1 lactation-1 CH4)
VSmilk, dis		 organic matter (VS) input with discharged milk
				(in Mg herd-1 lactation-1)
Bo				maximum CH4 producing capacity
				(Bo = 0.24 m3 CH4 (kg VS)-1
ρCH4			 density of CH4 under standard conditions
				(ρCH4 = 0.67 kg m-3)
MCF			CH4 conversion factor for storage tanks with
				natural crust (MCF = 0.1 m3 m-3)
and
1
VS milk, dis, n = Ymilk, n ⋅ ⋅ I sick, n ⋅ xdis, n ⋅
								(A5)
2

xDM, milk ⋅ (1 − xash, milk )

where
VSmilk, dis, n VS input with discharged milk in n-th lactation
				(in Mg herd-1 lactation-1)
Ymilk, n		 milk yield in n-th lactation (in Mg herd-1 lactation-1)
Isick, n			 incidence of illnesses in n-th lactation (in cow cow-1)
xv. n			 fraction of discharged milk in n-th lactation
				(in kg kg-1)
xDM, milk		 dry matter content of full-cream milk, 0.04 kg kg-1
				fat (xDM, milk = 0.132 kg kg-1)
xash, milk		 ash content of full-cream milk, 0.04 kg kg-1 fat
				(xash, milk = 0.055 kg kg-1)
Bo is depending on the substrate fermented. No information
could yet be found for milk. The value for cattle slurry was
used instead.

A2.3 Amounts of N in discharged milk
The amount of N in milk protein discharged into the slurry
store is:
M N, milk, dis = mmilk, dis ⋅ (xCP, milk, 1 + (tutil − t1 ) ⋅ xCP, milk, 2 ) ⋅ 					
1
																					(A6)
⋅ xN, CP, milk
tutil
where
MN, milk, dis amount of N in discharged milk (in Mg herd-1
				lactation-1)
mmilk, dis		 amount of discharged milk (in Mg herd-1
				lactation-1)

Table A5
Silage making - overall, on field and ensiling losses
losses and feeds

process

DM losses
%

source

20
15

Bastiman and Altman (1985)
Heilmann et al. (2003)

green fodder

2 to 18
11 and 4

Weissbach (1993)
Gordon et al. (1961)

grass silages

5.3 to 21.6 *

van Schooten and Philipsen (2012)

5 to 16
0 to 10
1 to 30

Weissbach (1993)
Weissbach (1993)
Weissbach (1993)

9

Köhler et al. (2013a)

15 to 25
7.3 to 24.9

McGechan (1990)
van Schooten and Philipsen (2012)

10
8.1

Köhler et al. (2013a)
Pahlow et al. (2003)

1 to 6

Weissbach (1993)

9
3.0 to 15.8

Bastiman and Altman (1985)
van Schooten and Philipsen (2012)

overall losses
grass silage
grass silage
on field losses

ensiling losses
green fodder

during fermentation
silage juice
cutting

grass silages
„invisible loss“
during fermentation
maize silages
removal, cutting
green fodder
grass silages
* data from practicing farms

cutting
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xCP, milk, 1		 crude protein content of full-cream milk in
				1st lactation (xCP, milk, 1 = 0.0333 kg kg-1)
tutil				 productive lifespan of a cow (in lactation)
t1				 duration of 1st lactation (in lactation)
xCP, milk, 2		 crude protein content of full-cream milk in
				subsequent lactations (xCP, milk, 2 = 0.0330 kg kg-1)
xN, CP, milk		 N content of milk protein (xN, CP, milk = 1/6.38 kg kg-1)

The data in Table A5 differ greatly. KTBL (2009) summarized
the findings of Weissbach (1993) as in Table A6 where they
differentiate between good and bad handling.
Silage that was exposed to air can no longer be used as
feed and has to be discharged. This work assumes losses
from removal to be 9 % of the original dry matter (total of losses from air infiltration and removal).

The determination of NH3 emissions from storage and application presupposes the knowledge of the relevant TAN content.

A3.2 Amounts and fate of discharged silage

M TAN, milk, dis = M N, milk, dis ⋅ xmin, milk 									(A7)

(

M Norg, milk, dis = M N, milk, dis ⋅ 1 − x min, milk

)

					(A8)

where
MTAN, milk, dis amount of TAN in discharged milk (in Mg herd-1
				
lactation-1)
MN, milk, dis amount of N in discharged milk (in Mg herd-1
				lactation-1)
xmin, milk		 fraction of N mineralized in storage N (in kg kg-1)
MNorg, milk, dis amount of organic N in discharged milk
				(in Mg herd-1 lactation-1)
etc.
As reliable data is missing, our preliminary assumption is that
half of the organic N will be mineralized.
The emissions during storage, application and incorporation are calculated using the same methodology and constants as for cattle slurry (Chapter 2.4.2).

Appendix 3
Conservation losses
A3.1 Amounts of losses
Conservation of feed by ensiling or haymaking is connected
with dry matter losses. Due to the large amounts of silage
produced this item receives special attention. Table A5 collates our findings for total losses and losses for single steps in
the process.

Table A6
Dry matter losses during ensiling of green fodder as clamp
silage

The amount of losses to be addressed is:
m j, dis = A j, sil ⋅ Y j ⋅ x j, dis

												(A9)

where
mj, dis		 amount of matter lost during removal of an ensiled
			 crop j (in Mg herd-1 lactation-1)
Aj, sil		 area cultivated for crop j prior to ensiling (in ha herd-1
			lactation-1)
Yj			 yield of a crop j (in Mg ha-1)
xj, dis		 fraction lost during ensiling of crop j (in kg kg-1)
Discharged silage is removed from the silo and treated in the
same way as solid manure. The amount of N in the discharged silage is assumed to be similar to the N content in
the respective utilized silage.
M N, dis, j = mdis, j ⋅ x N, sil, j

										(A10)

where
MN, dis, j N in discharged silage from a crop j (in Mg herd-1
			lactation-1)
mdis, j		 mass of discharged silage from a crop j (in Mg herd-1
			lactation-1)
xN, sil, j		 N content of silage from a crop j (in kg kg-1)
Silage is acid. Köhler et al. (2013b) give mean pH values for
grass silage and maize silage of 4.4 and 3.9, respectively.
Therefore, NH3 losses can be excluded if the storage time is
adequate. For N2O, NO und N2 losses the emission factors for
solid manure are applied until further information is available (IPCC, 2006b; Haenel et al., 2016):
EFN2O-N, sm 0.005 kg kg-1
EFNO-N, sm 0.0005 kg kg-1
EFN2, sm		 0.015 kg kg-1
These are used to quantify N inputs into soils:

handling
losses

good

bad

chosen

% DM

% DM

% DM

fermentation

30 % DM

5

10

8

silage juice

30 % DM

0

0

0

exclusion of air

sufficient

5

5

5

removal
total

1

6

4

11

21

17

M soil, dis, j = M N, j, dis ⋅

(1 − (EF

N2O - N, sm

+ EFNO - N, sm + EFN2, sm )) 		 (A11)

where
Msoil, dis j		 N input into soils from discharged silage losses of
				 crop j (in kg herd-1 lactation-1)
MN, dis, j		 N in discharged losses of ensiled crop j
				(in Mg herd-1 lactation-1)
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EFN2O-N, sm emission factor for N2O, solid manure storage
				(in kg kg-1)
EFNO-N, sm emission factor for NO, solid manure storage
				(in kg kg-1)
EFN2, sm		 emission factor for N2, solid manure storage
				(in kg kg-1)
Direct emissions are calculated from soil inputs as in Chapter
2.10. These amounts are negligible and not accounted for in
the N balance.

Appendix 4
Determination of cow numbers at the beginning
and the end of a lactation
Loss rates for cows in two lactation periods n and n+1 with
animal number Nn and Nn+1 are xloss, n and xloss, n+1. Figure A1 is
used to illustrate the calculation procedure to establish a set
of animal numbers such as in Tables 2 and 3:

33

cows per lactation

Nn
31

a

b
N n+1
29

27
2

3
lactation

Figure A1
Model describing the number of cows at the beginning and
the end of two consecutive lactations

It is assumed that:

a = N n ⋅ yn
b = N n +1 ⋅ y n +1
a + b = N n − N n +1
where
a		 difference between number of cows at the begin of
		lactation n+1, Nn+1, and the mean animal number in
		lactation n, Nn (in cow herd-1 lactation-1)
Nn mean number of cows in lactation n (in cow herd-1
		lactation-1)
yn		 factor describing losses during lactation n
etc.
This results in:

b =

N n ⋅ yn
N n ⋅ yn
1+
N n +1 ⋅ y n +1

and:

a = (N n − N n +1 ) − b
where
b		 difference between number of cows at the beginning of
		lactation n+1, Nn+1 B, and the mean animal number in
		lactation n+1, Nn+1 (in cow herd-1 lactation-1)
Nn		 mean number of cows in lactation n+1 (in cow herd-1
		lactation-1)
yn+1 loss rate in lactation n+1 (in cow cow-1)
etc.
In the example presented, values for a and b are 1.22 and 1.00
cow herd-1 lactation-1.
The application of this procedure to describe the numbers at the end of the 1st lactation yields larger numbers
than its application to the 2nd lactation. However, the application of this procedure for the description of 1st lactation
yields numbers for the beginning of the 2nd lactation that
differ slightly from the results obtained with the above calculations. The differences are considered negligible.
The number of cows at the end of the lactation obeys:

N1, B = N1 + (N 1 − N 2 ) − a1 = 2 N1 − N 2 − b1
where
N1, B number of cows at the beginning of the 1st lactation
		 (in cow herd-1 lactation-1)
N1		 mean number of cows in lactation 1 (in cow herd-1
		lactation-1)
N2 mean number of cows in lactation 2 (in cow herd-1
		lactation-1)
a1		 difference between the number of cows at the be		 ginning of lactation 2, N2B, and the mean number of
		lactation 1, N1 (in cow herd-1 lactation-1)
b1 		 difference between the number of cows at the be		 ginning of lactation 2, N2B, and the mean number of
		lactation 2, N2 (in cow herd-1 lactation-1)

Appendix 5
Allocation factors – additional information
Linseed extraction meal: Linseed contains about 40 % linseed oil. After the extraction procedure with subsequent
toasting about 2.5 % of the oil remains in the meal, i.e., 100 %
to 37.5 % of the original mass is extracted meal (Ullmann,
1966, vol. 17). Hence, 1 Mg linseed yields 0.629 Mg linseed
extraction meal.
Rapeseed extraction meal: Rapeseed contains 40 to 50 %
rapeseed oil. After extraction and toasting, about 2.5 % of the
oil remains in the extraction meal (Ullmann, 1956, vol. 7).
Using a mean oil content of 45 %, then 1 Mg rapeseed yields
0.575 Mg rapeseed extraction meal.
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Wheat bran: The mass of the endosperm accounts for about
80 % of the mass of a grain. For bread flour about 74 % of the
grain weight is in the flour (Ullmann, 1957, vol. 8). The rest is
bran.
Sugar beet shreds: A beet yield of 60.9 Mg ha-1 (fresh) and a
DM content of 0.175 Mg Mg-1 results in a mass of sugar beet
shreds of 2.9 Mg ha-1. Related to DM, the mass fraction
amounts to 27.7 %. (Expert judgement Brinker)
Sugar beet shreds molasses: From the above mentioned
yields 3.9 Mg ha-1 (DM) molasses shreds can be obtained.
Hence the mass fraction is 37 %. (Expert judgement Brinker)
Molasses: A beet yield as above allows for the production of
2.88 Mg ha-1 molasses, i.e. 2.7 % of the amount harvested.
(Expert judgement Brinker)

Appendix 6
Nutrient surplus in German agricultural practice
The German fertilizer enactment (Düngeverordnung, DüV;
DüV, 2007) gives a methodology to determine amounts of N
fertilizer as a function of crop type and expected yield. It also
permits a fertilizer surplus of up to 60 kg ha-1 a-1 N (§ 9). The
application of surplus N is obviously common practice in
those federal states where Holsteins are kept:
For Niedersachsen and Nordrhein-Westfalen mean surplus N amounted to 58 and 84 kg ha-1 a-1 for the years 2009 to
2011, respectively (LWK-Nds, 2015; LWK-NRW, 2014). For the
same period the German mean surplus was 68 kg ha-1 a-1.
Kape (2015) reported that in 2010 the surplus calculated for
Mecklenburg-Vorpommern was 74.3 kg ha-1 a-1 without and
86 kg ha-1 a-1 including atmospheric deposition. The time
series given confirms that average surpluses ranged between 60 and 70 kg ha-1 a-1. Mehl (2013) pointed out the high
spatial variation and reported mean surpluses of more than
80 kg ha-1 a-1, deposition not included. An evaluation of
Sachsen farms for 2007 to 2009 yielded that 6 farms out
of 16 exceeded the 60 kg ha-1 a-1 limit (at that time not
legally binding), and 5 farms exceeded even 80 kg ha-1 a-1
(Heinitz et al., 2010).
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