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Abstract

Methane emissions have to be reported within the 
Framework Convention on Climate Change. They are as-
sessed according to the guidelines provided by IPCC. How-
ever, the methane conversion factors provided in the guid-
ance documents published in 1996, 2000 and 2006 differ 
considerably. The literature available was inspected in or-
der to establish those parameters that allow for the most 
adequate description of the situation in Germany and Aus-
tria. Matching pairs for maximum methane producing ca-
pacities (Bo) and methane conversion factors (MCF) were 
deduced for cattle and pig slurry and farmyard manure.

Keywords: methane, emission, model, manure manage-
ment, cattle, pigs

Zusammenfassung

Datensätze zur Berechnung von Methan-Emissionen 
aus Lagern von unbehandeltem Flüssig- und Fest-
mist für Rinder und Schweine im deutschen und  
österreichischen Emissionsinventar

Methan-Emissionen aus dem Wirtschaftsdünger müs-
sen im Rahmen des Klimarahmenabkommens berichtet 
werden. Die Quantifizierung erfolgt nach Richtlinien, die 
IPCC vorgibt. Die in den Jahren 1996, 2000 und 2006 
veröffentlichten Richtlinien enthalten jedoch stark von-
einander abweichende Methan-Umwandlungsfaktoren. 
Die vorhandene Literatur wurde mit dem Ziel gesichtet, 
die für die Situation in Deutschland und Österreich am 
ehesten geeigneten Parameter zu ermitteln. Für Rinder- 
und Schweinegülle und -festmist wurden Wertepaare für 
die maximale Methan-Bildungskapazitäten (Bo) und die 
Methan-Umwandlungsfaktoren (MCF) ermittelt. 

Schlüsselwörter: Methan, Emission, Modell, Wirtschafts-
düngerlager, Rinder, Schweine
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1  Introduction

Methane (CH4) emissions in animal husbandry originate 
from enteric fermentation (in particular from ruminants), 
from storage of animal slurries and manures and from 
subsequent application. The latter are very low (Chadwick 
et al., 2000) and are usually ignored in emission inven-
tories. Emissions from enteric fermentation exceed those 
from storage of slurry and manure and are regarded a key 
source in greenhouse gas emission reporting. However, 
emissions from storage are also a key category in many 
states, including Germany and Austria. The assessment 
of emissions from stored manures is difficult due to lack 
of experimental data. So it is customary to model them. 
Mechanistic models are still being developed (e.g. Huang 
et al., 2010), and at present not utilizable for inventory 
purposes. It is customary to use the methodology provided 
by the Intergovernmental Panel on Climate Change (IPCC). 
The three IPCC Guidelines (IPCC 1996, 2000a, 2006) pro-
pose a general pathway and default values. However, 
these default values differ considerably.

The goal of this paper is the derivation of an instrument 
to describe methane emissions from manure management 
(cattle and pigs) in Germany and Austria that allows either 
for the establishment of national data sets or for a decision 
concerning the best IPCC default value to use.

2  Reporting of emission rates and emission explain-
ing variables

In this section, we consider the origins and basis for the 
IPCC approach for calculating CH4 emissions. We then 
consider the extent to which the constants used are in-
deed constants and to what extent default values are ad-
equate.

2.1  The IPCC methodology

IPCC uses the calculation procedure proposed by Safley 
et al. (1992) that relates CH4 emission factors EF to the 
amount of total volatile solids excreted (VS), their maxi-
mum methane producing capacity (Bo) and methane con-
version factors (MCF). Emission rates have to be reported 
as mass flows in kg a-1 CH4 for single animal categories 
together with the Bo and MCF used for their assessment. 
Many categories (e.g. other cattle, pigs) consist of subcat-
egories whose emissions have to be calculated separately. 
Here, the entity used for comparison is the implied emis-
sion factor IEF which is the weighted mean of the sub-
category emission factors taking into account the various 
manure management systems:
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IEFCH4, MM, i i mplied emission factor for methane from ma-
      nure management for animal category i com-
      posed of k subcategories with j manure man-
      agement systems each (in kg place-1 a-1 CH4)
nk      number of animal places in subcategory k 
      (in place)
VSk     volatile solid excretion of animal subcategory k  
      (in kg place-1 d-1) 
α	      time units conversion factor (365 d a-1)
Bo, k     maximum methane producing capacity of 
      animal subcategory k (in m3 kg-1 CH4)
ρCH4     density of methane (ρCH4 = 0.67 kg m-3)
MCFj    methane conversion factor for manure 
      management system j (in m3 m-3)
Xk, j     fraction of VS excreted by animal subcategory 
      k in manure management system j  (in kg kg-1)
ni      number of animal places in animal category i   
      (in place)

For a single livestock category i and a single manure 
management system j the relevant entities can be com-
bined to describe the emission factor:

 jCH4i o,ii MM, CH4, MCFBVSEF ⋅⋅⋅⋅ ρα  (2)

where

EFCH4, MM, i  emission factor for methane from manure 
      management for animal category i 
      (in kg place-1 a-1 CH4) 

1

1 The term “animal place” (unit: place) is used here to describe the number 
of animals counted at a certain date. The term “animal place” does not 
describe the number of places in animal houses potentially used for animal 
production. The number of places thus defined is equal to the IPCC term 
“annual average population”. Places are the elements of the population.

(1)
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VSi    daily volatile solid excretion of animal category i 
     (in kg place-1 d-1) 
α     time units conversion factor (365 d a-1)
Bo, i    maximum methane producing capacity for animal  
     category i (in m3 kg-1 CH4)
ρCH4    density of methane (ρCH4 = 0.67 kg m-3)
MCFj   methane conversion factor for manure manage-
     ment system j, temperature dependent (in m3 m-3)

The theoretical background of the IPCC methodology 
is to relate CH4 emissions to the mass or mass flow of de-
gradable organic matter from which they originate (vola-
tile solids, VS). A general approach makes use of a maxi-
mum formation rate, a practice-oriented reduction factor 
and a term that considers losses in the storage system, e.g. 
by oxidation within the natural crust, resulting in a relation 
as in Equation (3):

  j ox,T j, i, MS,i BD,iT j, i, MM, CH4, 1 XXXVSEF −⋅⋅⋅⋅ α

where

EFCH4, MM, i, j, T  annual emission factor for CH4 from manure 
       management for animal category i,  manure 
       management system j, and a storage tem-
       perature T (in kg place-1 a-1 CH4)
VSi      daily input rate of VS into the manure 
       management system of animal category i 
       (in kg place-1 d-1) 
α       time units conversion factor (365 d a-1)
XBD, i     amount of CH4 that can be obtained from
       biological degradation of VS under optimal 
       conditions (in kg kg-1)
XMS, i, j, T    fraction of CH4 that can be obtained from 
       biological degradation under practical condi- 
       tions, in relation to degradation under opti- 
       mal conditions, for animal category i, 
       manure management system j, and storage 
       temperature T (in kg kg-1)
Xox, j      fraction of CH4 formed that is oxidized in the
       storage system j

As the volumes of gas collected are measured rather 
than the masses, the amount of CH4 from biological deg-
radation of VS entering the storage system may be re-
written as:

(3)
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where

XBD, i     amount of CH4 that can be obtained from 
       biological degradation of VS under optimal  
       conditions (in kg kg-1)
vCH4, opt, i    volume2 of CH4 emitted daily under optimal 
       conditions, as a function of animal category i  
       (in m3 kg-1 d-1 CH4) 
ρCH4      density2 of CH4 (in kg m-3)
VSi      daily input rate of degradable matter into the
       manure management system of animal  
       category i (in kg place-1 d-1)

In the IPCC terminology, the maximum methane pro-
ducing capacity describes a specific volume rather than 
a specific mass. Hence, the term XBD,i corresponds to the 
maximum methane producing capacity for an animal  
category i (Bo, i, in m3 kg-1 CH4) times the density of meth-
ane ρCH4 (in kg m-3) c.f. Equation (2), whereas XMS, i, j, T and 
Xox, i are elements of the methane conversion factor MCF.
MCF cannot be measured as such. It should be assessed 

by emission measurements and back-calculated using VSi 
and Bo,i, i.e. by solving Equation (2) for MCFj.

2.2  Constants and variables in the IPCC methodology

The method given by IPCC (1996) and (2006) relates 
emissions to VS excreted, Bo and MCF (see Equation (2)). 
The assessment of VS excretion rates was described in de-
tail in Dämmgen et al. (2011a, b).

Bo and Bu

Bo is the maximum cumulative methane yield that can 
be gained from the biological degradation of the organic 
material. Bo falls below the theoretical methane yield Bu 
that would result from the complete degradation of all the 
organic compounds. This is because not all the organic 
material is biologically degradable under the anaerobic 
conditions pertaining in manure storage. In particular,  
lignin-containing compounds are decomposed in-
completely (Ianotti et al., 1979; Møller et al., 2004a). 

2 Volumes of gases (v) have to be reported in combination with the relevant 
temperature and pressure. It is customary to “reduce” them to standard 
conditions. However, these vary between nations and regions. The US  
National Institute of Standards and Technology (NIST) recommended the 
use of a standard temperature Tn, NIST = 293.15 K and a standard pressure 
pn, NIST = 1013 hPa, whereas German standard DIN1343 uses a standard tem-
perature Tn, DIN = 273.15 K. Standard pressures are identical: pn, NIST = pn, DIN. 
Gas densities (ρ) can then be adjusted using the relation Tn, 1/Tn, 2 = ρ2/ρ1.
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Within the IPCC methodology, Bo is provided as a single 
default value for each animal category (or subcategory). In 
principle and in practice, Bo for a given livestock category 
is not a constant entity, but a variable that depends on 
feed composition (e.g. Buswell and Mueller, 1952; Kül-
ling et al., 2001; Velthof et al., 2005; Amon et al., 2006; 
Massè et al., 2008; Klevenhusen et al., 2010). Hence, it 
should be related to national feeding data and reflect typi-
cal feeding practices. 
Bo default values for pigs supplied by IPCC (1996) and 

IPCC (2006) have for some time been criticized as being 
too high (see IPCC, 2000b). 

Buswell and Mueller (1952) and Ianotti et al. (1979) 
provide methodologies that allow calculating methane 
yields from fermentation of “practically any sort or kind 
of organic matter … used as a substrate”. However, their 
calculation procedure only describes the fate of organic 
matter that is completely converted into CH4 and CO2, and 
also presupposes knowledge of the chemical analysis of 
the substrate that is decomposed (expressed as CnHaOb). 
In practice, some of the organic matter (particularly lignin) 
is resistant to decomposition, so Bo is only a fraction of Bu. 
The ratio of the two is termed the biodegradability, and a 
range of values is given in Møller et al. (2004a). Bo can also 
be modelled using the chemical composition of the feed 
and the degradability (see Sommer et al., 2002a).

ρCH4  

As Bo is to be reported as volume per unit of VS (m3 kg-1),
the density of CH4 has to be taken into account. The IPCC 
guidelines use a density of 0.67 kg m-3 without further 
information on temperature and pressure. However, at 
German and Austrian standard temperature and pres-
sure (273.17 K and 1013 hPa), a density of 0.72 kg m-3 
should be used. Nevertheless, for sake of consistency with 
the IPCC guidelines, we will continue to use the value of  
0.67 kg m-3.

MCF

The IPCC methodology assumes that values of MCF are 
typical for each storage system (and independent of the 
type of manure stored). IPCC (1996, 2006) clearly state 
that MCF are temperature dependent.

For reasons of practicality, the IPCC methodology does 
not take storage times or the kinetics of the fermentation 
process into account (e.g. Chen et al., 1980; Linke, 1997) 
which results in an additional uncertainty of the values pro-
vided. Nor does it reflect the influence of the composition of 
excreta (e.g. their protein contents) and the viscosity of slur-

ries. The latter may vary considerably (see e.g. Sommer et al., 
2009; also data provided by Massè et al., 2003, in Table 16).

In principle, the incorporation of losses by oxidation 
(e.g. during penetration of a natural crust) into MCF con-
tradicts the meaning of the term “methane conversion 
factor” describing the conversion of VS to CH4.

Without giving an explanation, the MCF default value 
for liquid storage provided in IPCC (1996), IPCC (2000a) 
and IPCC (2006) varies by a factor of almost 4 (see Table 
13). A temperature dependency is likely, see Chapter 5.2.

3  Empirical and modelled methane emission rates 
from manure management 

Information about Bo and MCF is gained by measure-
ments of specific CH4 emissions. The IPCC methodology 
is based on measurements that are commonly related to 
VS available. In this work, these VS related emissions are 
called specific emissions, εCH4,.

 MCFB
VS
E

⋅ o
CH4

CH4 ε     (5)

where

εCH4,     specific emission of methane (in m3 kg-1 CH4)
ECH4     CH4 emission rate (in m3 d-1 CH4)
VS     volatile solids input into the system (in kg d-1 VS)
Bo     maximum methane producing capacity 
      (in m3 kg-1 CH4)
MCF    methane conversion factor (in m3 m-3)

Such specific emissions have been reported for cattle 
and to a lesser extent for pig slurry. For solid manures data 
are very rare (see also Webb et al., 2012). εCH4 calculated 
from measured data is collated in Tables 1 and 2 (cattle) 
and 6 and 7 (pigs), a comparison with emission rates back-
calculated using IPCC default values is made with Tables 
4 and 5 (cattle) and 8 and 9 (pigs). Table 3 contains mod-
elled values for cattle for low temperatures.

All tables report volumes using a density ρCH4 of 

0.67 kg m-3.
Tables 1 and 2 as well as 5 and 6 show a considerable 

variability of experimentally-derived specific emissions of 
CH4 from cattle and pig slurry and solid manure. They also 
indicate a temperature dependence (see Chapter 5.2). No 
conclusion can be drawn yet which of the default values 
provided by IPCC (1996, 2000a, 2006) are most adequate. 
Hence an investigation into the elements Bo and MCF that 
can be used to establish the specific emission is under-
taken below.
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Table 1:

Experimentally derived specific emissions for slurry. Cattle. Partly re-
calculated from original data. All values in m3 kg-1 CH4. Temperatures 
mentioned are ambient air temperatures.

εCH4 Reference

cattle 0.019 crust at times Husted (1994)

0.003 slurry, 10 °C and 9.2 % 
DM; crust not mentioned

Massé et al. (2003)

0.008 slurry, 10 °C and 4.2 % 
DM; crust not mentioned

Massé et al. (2003)

0.0129 May to September, partly 
covered with crust, no 
temperature provided

Rodhe et al (2009)

0.0096 annual average, mean 
temperature 8.4 °C

Rodhe et al (2009)

0.0023 slurry, cold season, crustedA Amon and 
Hörtenhuber 
(2010), summary 
of measurements 
in Amon et al. 
(2002)

0.0893 slurry, warm season, 
crustedA

Amon and 
Hörtenhuber 
(2010), summary 
of measurements 
in Amon et al. 
(2002)

dairy cows 0.0012 slurry, cold season, crustedA Amon et al. 
(2002), pg. 110

0.0821 slurry, warm season, 
crustedA

Amon et al. 
(2002), pg. 109

0.146 March to June, mean 
temperature 14.9 °CA

Amon et al. (2004)

0.107 slurry without straw cover, 
summer, no temperature 
provided

Amon et al. (2002, 
2006c)

0.115 slurry with straw cover, 
summer , no temperature 
provided

Amon et al. 
(2006c)

0.026 no temperature provided; 
crust not mentioned, but 
unlikely

Klevenhusen et al. 
(2010)

A Crust not mentioned in the report. In Austria, the formation of a crust is observed 

almost without exception.

Table 2:

Experimentally derived specific emissions for farmyard manure. 
Cattle. Value in m3 kg-1 CH4.

εCH4 Reference

cattle 0.005 farmyard manure Husted (1994)

Table 3:

Modelled specific emissions for slurry. Cattle. Values in m3 kg-1 CH4. 
Temperatures mentioned are ambient air temperatures.

εCH4 Reference

cattle 0.020 slurry, 3.9 °C annual mean Sommer et al. (2004) 

0.027 slurry, 7.3 °C annual mean Sommer et al. (2004) 

Table 4:

IPCC specific emissions for slurry for comparison. Cattle. Recalcula-
ted from Bo and MCF provided. Temperatures mentioned are ambient 
air temperatures.

Bo MCF εCH4 Reference

m3 kg-1 m3 m-3 m3 kg-1

dairy 
cows

0.24 0.10 0.024 slurry, cool climate IPCC (1996), 
Table B-3

dairy 
cows

0.24 0.39 0.094 slurry, cool climate IPCC (2000a), 
Table 4.10

dairy 
cows

0.24 0.10 0.024 slurry with natural 
crust, annual tem-
perature ≤ 10 °C

IPCC (2006), 
Tables 10A-4 
and 10.17

0.24 0.17 0.041 slurry without 
natural crust, an-
nual temperature 
≤ 10 °C

0.24 0.17 0.041 slurry below animal 
confinements,  
> 1 month, annual 
temperature  
≤ 10 °C

other 
cattleA 

0.17 0.10 0.017 slurry, cool climate IPCC (1996), 
Table B-4

other 
cattle

0.17 0.39 0.066 slurry, cool climate IPCC (2000a), 
Table 4.10

other 
cattle

0.18 0.10 0.018 slurry with natural 
crust, annual tem-
perature ≤ 10 °C

IPCC (2006), 
Tables 10A-5 
and 10.17

0.18 0.17 0.031 slurry without 
natural crust,  
annual temperature 
≤ 10 °C

0.18 0.17 0.031 slurry below animal 
confinements,  
> 1 month, annual 
temperature  
≤ 10 °C

A The term “other cattle” is used in IPCC to describe all cattle apart from dairy cattle.
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Table 5:

IPCC specific emissions for farmyard manure for comparison. Cattle. 
Recalculated from Bo and MCF provided. Temperatures mentioned 
are ambient air temperatures.

Bo MCF εCH4 Reference

m3 kg-1 m3 m-3 m3 kg-1

dairy 
cows

0.24 0.01 0.0024 solid storage, cool 
climate

IPCC (1996), 
Table B-3

0.24 0.01 0.0024 solid storage, cool 
climate

IPCC (2000a), 
Table 4.10

0.24 0.02 0.0048 solid storage, cool 
climate

IPCC (2006), 
Tables 10A-4 
and 10.17

other 
cattle

0.17 0.01 0.0017 solid storage, cool 
climate

IPCC (1996)

other 
cattle

0.17 0.01 0.0017 solid storage, cool 
climate

IPCC (2000a),  
Table 4-10

0.17 0.39 0.066 deep litter, cool 
climate

other 
cattle

0.18 0.02 0.0036 solid storage, cool 
climate

IPCC (2006), 
Tables 10A-5 
and 10.17

Table 6:

Experimentally derived specific emissions for slurry. Pigs. Partly recal-
culated from original data. Temperatures mentioned are ambient air 
temperatures.

εCH4 Reference

m3 kg-1

pigs 0.148 slurry, cold climateA Husted (1994)

0.041 slurry, summerB Amon et al. (2002), 
pg. 183

0.01 slurry, winterB Amon et al. (2002), 
pg. 182

0.034 slurry, 10 °C and 11 % dry matterC Massé et al. (2003)

0.026 slurry, 10 °C and 4.9 % dry matterC Massé et al. (2003)

0.063 slurry, 15 °C and 11 % dry matterC Massé et al. (2003)

0.128 slurry, 15 °C and 4.9 % dry matterC Massé et al. (2003)

0.146 March to JuneB Amon et al. (2004)

0.092 slurry lagoon, American diet DeSutter & Ham (2005)

0.036 slurry, winter 10 °C, maize based 
dietsC

Massé et al. (2008)

0.077 slurry, summer 20 °C, maize based 
dietsC

Massé et al. (2008)

0.030 October to AprilD Rodhe et al. (2010)

0.076 May to September Rodhe et al. (2010)

0.0147 slurry, cold seasonB Amon and Hörten-
huber (2010)

0.0174 slurry, warm seasonB Amon and Hörten-
huber (2010)

A Crust reported. 
B Crust not mentioned in the report. In Austria, the formation of a crust is observed 

almost without exception. 
C Obviously no crust. 
D Crust not mentioned, but likely.

Table 7:

Experimentally derived specific emissions for farmyard manure. Pigs.

ε CH4 Reference

m3 kg-1

pigs 0.064 farmyard manure Husted (1994)

0.00 “no emission”, composted 
farmyard manure

Sommer and Møller 
(2000)

Table 8:
Modelled specific emissions for slurry. Pigs. Temperatures mentioned are 
ambient air temperatures.

εCH4 Reference

m3 kg-1

pigs 0.036 slurry, 3.9 °C annual mean Sommer et al. (2004) 

0.058 slurry, 7.3 °C annual mean Sommer et al. (2004) 

Table 9:

IPCC specific emissions for slurry for comparison. Pigs. Recalculated 
from Bo and MCF provided. Temperatures mentioned are ambient air 
temperatures.

Bo MCF εCH4 Reference

m3 kg-1 m3 m-3 m3 kg-1

pigs 0.45 0.10 0.045 slurry, cool climate IPCC (1996), 
Table B-6

pigs 0.45 0.39 0.176 slurry, cool climate IPCC (2000a), 
Table 4.10

pigs 0.45 0.10 0.045 slurry with natural 
crust, annual tempe-
rature ≤ 10 °C

IPCC (2006), 
Table 10.17

0.45 0.17 0.077 slurry without 
natural crust, annual 
temperature ≤ 10 °C 

0.45 0.17 0.077 slurry below animal 
confinements,  
> 1 month, annual 
temperature ≤ 10 °C

Table 10:

IPCC specific emissions for farmyard manure for comparison. Pigs. 
Recalculated from Bo and MCF provided.

Bo MCF εCH4 Reference

m3 kg-1 m3 m-3 m3 kg-1

pigs 0.45 0.01 0.0045 solid storage,  
cool climate

IPCC (1996), 
Table B-6

pigs 0.45 0.01 0.0045 solid storage,  
cool climate

IPCC (2000a), 
Table 4.10

pigs 0.45 0.02 0.0090 solid storage,  
cool climate

IPCC (2006), 
Table 10.17

0.45 0.03 0.014 deep bedding, < 1 
month, cool climate

0.45 0.17 0.077 deep bedding, < 1 
month, cool climate
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4  Maximum methane-producing potentials

The maximum methane-producing potential Bo is a 
function of the composition of slurry and solid manure. It 
may be derived from modelling or measurements. 

4.1  Measured maximum methane-producing potentials

The knowledge of “methane yields” is a prerequisite 
for planning and operation of biogas plants. Hence, such 
yields have been measured and can be used to derive Bo 
values. German Guideline VDI 4630 was used to derive a 
German national guidance document for methane yields 
(KTBL, 2010). 

The accuracy of these measurements is described in 
Heuwinkel et al. (2009). If inoculation is sufficient, a coef-
ficient of variation of about 10 % can be assumed.

Tables 11 and 12 collate experimental Bo values and 
compare them to IPCC default values.

Table 11:

Experimentally derived Bo values and IPCC default values. Cattle. All 
values in m3 kg-1 CH4. IPCC default values are given for comparison.

Bo Reference

dairy 
cows

0.24 Morris (1976)

0.17 Bryant et al. (1976)A

0.14 Hill (1984)

0.10 Chen et al. (1988)

0.154 Kryvoruchko et al. (2004)

0.148 Wood Venture (undated)

cattle 0.380 Hashimoto (1983)

0.285 Hansen et al. (1998)

0.220 Sommer et al. (2001)

0.159 Møller et al. (2004a) 7 experiments, SD 0.044B

0.248 Vedrenne et al. (2005)

0.316 Rodhe et al. (2009)

0.226 KTBL (2010) data recommended for 
biogas plants

bulls 
(beef)

0.33 Chen et al. (1980)

0.29 Hashimoto et al. (1981) 7 % corn silage, 87.6 corn

0.33 Hashimoto et al. (1981) corn-based high energy

0.17 Hashimoto et al. (1981) 91.5 % corn silage, 0 % corn

0.23 Hill (1984)

0.231 Wood Venture (undated)

calves 0.239 Wood Venture (undated)

other 
cattle

0.139 Kryvoruchko et al. (2004)

dairy 
cows

0.24 IPCC (1996) highest value out of 4 in 
Safley et al. (1992)

0.24 IPCC (2006) based on Safley et al. (1992)

other 
cattle

0.17 IPCC (1996) lowest value out of 4 in 
Safley et al. (1992)

0.18 IPCC (2006) based on Safley et al. (1992)
A as cited in Safley et al. (1992)
B SD: standard deviation

It is assumed that these values are related to VS excret-
ed rather than VS entering storage, as CH4 emissions can 
also originate from temporary storage in slurry channels 
(Møller et al., 2004a).

All Bo values are calculated using a density of 
0.67 kg m-3 as used by IPCC in order to maintain com-
parability.

The IPCC methodology provides VS inputs from faeces 
only (see Dämmgen et al., 2011a). However, solid manure 
systems have an additional VS input from bedding material 
that should be treated accordingly. However, it has to be 
taken into account that additional straw increases the oxy-
gen availability and leads to a considerable reduction of net 
CH4 emission rates (see also Equation (3)). The fraction Xox 
of CH4 that is oxidized is likely to increase with the amount 
of VS imported into the system with straw. For experimental 
data covering cattle and pig farmyard manures (FYM) see 
Yamulki (2006). The specific emissions εCH4, faeces and εCH4, straw 
are also depending on the share of VS added with straw.

Table 12:

Experimentally derived Bo values and IPCC default values. Pigs. All 
values in m3 kg-1 CH4. IPCC default values are given for comparison.

Bo Reference

pigs 0.47 Chen (1983) “corn-based high energy”A 

0.45 Fischer et al. (1975) “corn-based high energy” 

0.48 Stevens and Schulte (1979) “corn-based high energy” 

0.44 Ianotti et al. (1979) “corn-based high energy” 

0.36 Summers and Bousfield 
(1980)

“barley-based ration” 

0.48 Hashimoto (1984) “corn-based high energy” 

0.32 Hill (1984)

0.52 Kroeker et al. (1984) “corn-based high energy”

0.300 Hansen et al. (1998)

0.35 Møller et al. (2004b)

0.230 
to 
0.373

Vedrenne et al. (2005)

0.27 KTBL (2010) data recommended for 
biogas plants

0.286 Wood Venture (undated)

fatteners 0.383 Møller et al. (2004a) 7 experiments, SD 0.030B

sows 0.296 Møller et al. (2004a) 3 experiments, SD 0.039

pigs 0.45 IPCC (1996)

0.45 IPCC (2006)

A explanations in quotation marks as provided in Safley et al. (1992), pg. 27; 

“high energy” denotes an intake of 45 MJ animal-1 d-1, no energy content of the feed 

is provided.
B SD standard deviation
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   oxstrawstraw CH4, faecesfaeces CH4, 

CH4 

X1VSVS
E

−⋅⋅⋅


εε   (6)

where

ECH4     CH4 emission (in m3 CH4)
εCH4, faeces   specific emission of methane from faeces 
      (in m3 kg-1 CH4)
VSfaeces    VS available in faeces (in kg VS)
εCH4, straw   specific emission of methane from straw 
      (in m3 kg-1 CH4)
VSstraw    VS available in straw (in kg VS)
Xox     fraction of CH4 formed that is oxidized in the
      storage system

Table 13:

Experimentally derived Bo values and IPCC default values. Straw. All 
values in m3 kg-1 CH4

Bo Reference

straw 0.260 Hashimoto (1983)

0.210 Møller et al. (2004a) standard deviation 0.006

0.226 KTBL (2010) data recommended for biogas plants

--- IPCC

Hence it is assumed that the IPCC (1996) and (2006) 
emission factors relating CH4 emissions from solid manure 
systems to the amounts of VS excreted include typical 
amounts of straw and typical FYM storage conditions. 

4.2  Modelling maximum methane-producing potentials

Buswell and Mueller (1952) and Ianotti et al. (1979), 
see Chapter 2.3, developed equations that allow the as-
sessment of Bu from the constituents of faeces and urine. 
Similarly, Bo can be derived from faeces composition and 
the biological degradability of its constituents (Table 14).

Table 14:

Modelled Bo values and IPCC default values. Values in m3 kg-1 CH4

Bo Reference

cattle 0.23 Sommer et al. (2002b) recalculated using IPCC 
density of CH4

pigs 0.34 Sommer et al. (2002b)

cattle 0.189 Boxer (undated)

pigs 0.322 Boxer (undated)

cattle 0.25 IPCC (2000b), pg. 343

pigs 0.34 IPCC (2000b), pg. 343

However, Dustan (2002) concludes that “the significant 
spread in the estimate of Bo … is likely to be a result of the 
dependence on diet and straw content, which vary from 
farm to farm and from country to country”. Khan et al. 
(1997) explain the different Bo contents of pig and cattle 
manures with their different shares in easily degradable 
constituents; straw has a high share of slowly degradable 
constituents.

5  Methane conversion factors

5.1  Measured and calculated methane conversion factors

Methane conversion factors MCF are determined from 
emission rate measurements, VS and Bo using the follow-
ing equation:

 
o

CH4

BVS
E

MCF
⋅

      (7)

where

MCF   methane conversion factor for a given storage 
     system (in m3 m-3)
ECH4    methane emitted from the storage system 
     (in m3 d-1 CH4)
VS    volatile solid input into the storage system 
     (in kg d-1 VS)
Bo    maximum methane producing capacity 
     (in m3 kg-1 CH4)

Data for cattle and pig slurry and farmyard manure 
are collated in Table 15. The results scatter considerably. 
For slurry, they are obviously temperature dependent 
and sensitive to crust formation. Both effects have to 
be studied in detail.

5.2  Temperature dependency of methane conversion fac-
tors

As indicated by some results shown in Table 15 and ob-
vious from IPCC (2006), Tables 10A-4 to 10A-9, the tem-
perature dependency of MCF definitely requires attention. 
Hence an attempt is made to identify potential explana-
tions and descriptions.

5.2.1  Theoretical background

The formation of methane is temperature dependent. In 
physical chemistry, temperature dependent equilibria are 
described with the van’t Hoff Arrhenius equation: 
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Table 15:

Experimentally derived MCF values and IPCC default values for cool climates. Bo values are provided whenever they are mentioned. Temperatures 
mentioned are ambient air temperatures.

animal category MCF Bo further details Reference

m3 m-3 m3 kg-1

slurry any 0.002 10 °C, Bo measured Steed and Hashimoto (1994)

any 0.553 20 °C, Bo measured Steed and Hashimoto (1994)

any 0.33 15 °C, from Figure 3, Bo measured Steed and Hashimoto (1994)

cattle 0.091 0.213 crusted at times, Bo from literature Husted (1994)

cattle 0.11 Sommer et al. (2002b)

cattle 0.0097 0.24 cold season, crusted, Bo from IPCC (1996) Amon and Hörtenhuber (2010)

cattle 0.3722 0.24 warm season, crusted, Bo from IPCC (1996) Amon and Hörtenhuber (2010)

pigs 0.091 0.45 winter, crust not mentioned Amon et al., (2002)

pigs 0.0327 0.45 cold season, crusted, Bo from IPCC (1996) Amon and Hörtenhuber (2010)

pigs 0.0387 0.45 warm season, crusted, Bo from IPCC (1996) Amon and Hörtenhuber (2010)

any 0.10 0.24
0.17
0.45

dairy cattle
other cattle
pigs

IPCC (1996), taken over from Safley et al. (1992)A

0.39 Bo identical with IPCC (1996) IPCC (2000b), see discussion belowB 

any 0.17 0.24
0.18
0.45

dairy cattle
other cattle
pigs

IPCC (2006), without natural crust

any 0.10 0.24
0.18
0.45

dairy cattle
other cattle
pigs

IPCC (2006), with natural crust

FYM cattle 0.05 Dustan (2002), based on Amon et al. (1998)

cattle 0.016 winter Dustan (2002), based on Amon et al. (1998)

cattle 0.04 summer Dustan (2002), based on Amon et al. (1998)

pigs 0.142 Husted (1994)

any 0.002 10 °C, Bo measured Steed and Hashimoto (1994)

any 0.457 20 °C, Bo measured Steed and Hashimoto (1994)

any 0.25 15 °C, from figure 3, Bo measured Steed and Hashimoto (1994)

any 0.01
0.24
0.17
0.45

cold climate
dairy cattle
other cattle
pigs

IPCC (1996), Tables B-3, B-4 and B-6

any 0.01 cold climate
Bo identical with IPCC (1996)

IPCC (2000b), Table 4.10

any 0.02
0.24
0.17
0.45

cold climate
dairy cattle
other cattle
pigs

IPCC (2006), Table 10.17

any 0.03 deep bedding, cold climate, < 1 month IPCC (2006), Table 10.17

any 0.17 deep bedding, cold climate, > 1 month IPCC (2006), Table 10.17

A The MCF for slurry, deep pit and litter in IPCC (1996) are taken from Safley et al. (1992) where they are labelled “author’s estimate; no data available in the literature.”
B MCF for slurry and pigs of 39 % was presented in IPCC (2000b) with a reference to Zeeman (1994). In there, this value is listed as valid for 15 °C (which is the upper boundary condition of 

“cool climate”). For a temperature of 10 °C, a value of 0.27 is given by the same authors. Zeeman (1994) lists this MCF under “manure”. It seems clear from the context that slurry is meant.
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where

kp    reaction velocity constant for a reaction under con-
    stant pressure (unit depending on order of reaction)
T    absolute temperature (in K)
ΔEA   energy of activation (in J mol-1)
R    gas constant (R = 8.3143 J K-1 mol-1)

For any two temperatures T1 and T2 with T2 > T1 the 
integration yields:
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     (9)

If one replaces the ratio of reaction velocity constants by 
the ratio of emission (production) rates P1 and P2 or meth-
ane conversion factors MCF1 and MCF2 at temperatures 
T1 and T2 (this is allowed for identical substrates only, as 
the fraction of reaction velocity constants then equals the 
fraction of products E formed and hence MCF), and if one 
considers the changes of the product T1 · T2 within the 
range of temperature differences insignificant the equa-
tion reads:

 
a

TT
MCF
MCF

TT
P
P


−


− 12

1

2

12
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2 ln ln 
    (10)

where a (in K-1) is an increment specific for the system 
under consideration and describes the increase rate of CH4 
release per temperature unit. 

Equation (9) also shows that the increment a can be de-
rived from a known energy of activation3:

 
21

A
TTR

E
a

⋅⋅
∆

      (11)

It is obvious that this increment is a function of the tem-
peratures T1 and T2. EA is also temperature dependent.
 
 
 
 
 

3 Care should be taken, as normally the experimental assessment of the en-Care should be taken, as normally the experimental assessment of the en-
ergy of activation makes use of the inverted Equation (9) to derive ΔEA from 
measurements of reaction velocities at two different temperatures. 

The van’t Hoff Arrhenius equation (or its integrated 
form) may be a useful instrument that can be applied in-
practice to estimate or evaluate the temperature depen-
dence of CH4 emission rates. 

However, there are limitations: The original Equation (8) 
describes equilibria of chemical reactions where the reac-
tion enthalpy does not change significantly with tempera-
ture. The processes governing CH4 emissions from storage 
cannot be regarded in equlibria. The temperature consid-
ered is that of the (very dilute) solution where nevertheless 
the reaction velocity is not hampered by diffusion processes. 

In practice, slurry is not a dilute solution. Experiments 
with different dry matter contents reveal that the reaction 
velocity is higher in diluted slurries with a lower viscosity 
(Massé et al., 2003).

In the manure storage systems described in this paper 
the composition of the microbial community is likely to be 
different at different temperatures. Hence the activation 
energy may change. 

As the processes inside the storage system are exother-
mic the temperature of ambient air cannot be used to de-
scribe the temperature in the storage system in principle.4

Even with these restrictions, it might still be possible to 
find practice-oriented values of the increase rate a (similar 
to the evident increase rate in IPCC, 2006, Table 10.17). 
An attempt is made in the following section.

5.2.2  Establishing the increase rate a

A small number of measurements were performed un-
der different temperature regimes and may allow for a de-
termination of a. The results are listed in Table 16.

The increase rates a listed above scatter to an extent 
that prohibits their use in principle. This may be due to the 
fact that emission rates at low temperatures are difficult to 
quantify. Khan et al. (1997) state that the specific emission 
rates are highly correlated with slurry temperature. They 
could not identify a relation between air temperature and 
specific emission rates. Against that, Husted (1993) points 
out that in his experiments “slurry and air temperature 
were highly correlated for pig slurry and cattle slurry”. 

For the purpose of inventories, only air temperature can be 
taken into account because slurry temperatures are not rou-
tinely available. IPCC (2006) relates MCF to air temperatures.
 
 

4 Slurry temperatures inside the storage vary with depth (e.g. Patni and Jui, 
1987; Rodhe et al., 2009). Citing just one slurry temperature may be mis-
leading. Reactions in slurry and solid manure are exothermic. With a reaction 
velocity positively correlated to temperature, temperatures inside the storage 
facility are likely to exceed those of ambient air. Husted (1994) showed that 
major differences between the temperatures of ambient air and the contents 
of a slurry tank occur during winter. The variability of temperatures inside the 
tank exceeds the difference between outside and inside temperatures.
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5.3  Effects of crust and cover

The natural crust in slurry stores acts as a “biosphere” 
where methanotrophic microorganisms oxidize CH4 to 
CO2 (Petersen et al., 2005). About three quarters of the 
methane released from a tank can be converted (Ambus 
and Petersen, 2005). The crust should be 15 to 20 cm 
thick to act as an effective biofilter (Petersen and Ambus, 
2006). Experimental results are compiled in Table 17.

Crust formation is a periodical process going along with 
changes in the populations of methanotrophic microor-
ganisms and hence changing methane oxidation poten-
tials (Petersen, 2011).

CH4 emission and oxidation rates are moisture depen-
dent. The natural crust must stay dry in order to allow for 
optimal aerobic conditions inside the crust. A crust that is 
subjected to rainfall gets wet and anaerobic. As a result, 
the rate of CH4 oxidation will strongly be reduced.

Hence we assume that the data listed in Husted (1994) 
describe ideal conditions whereas the other authors give 
results for real (i.e. partly wet) conditions.

“Inorganic crusts” (such as formed by LECA5 additions) 
are ineffective (Petersen and Ambus, 2006).

 

5 LECA: light expanded clay aggregates

Table 16:

Increments a derived from emission measurements at different temperatures t (in °C)

Source t1 t2 a comment

Husted (1993)   9.2 19.3 0.082 cattle slurry, LEA, STB 

Husted (1994) 0.27 cattle slurry, annual mean of monthly data; ST

Steed and Hashimoto (1994) 10 20 0.562 slurry type, not specified

Linke (1997) 24 35 0.120 pig slurry (laboratory scale)

Linke (1997) 24 35 0.094 cattle slurry (laboratory scale)

Massé et al. (2003) 10 15 0.033 cattle slurry, 9.2 % DM; ATC

Massé et al. (2003) 10 15 0.074 cattle slurry, 4.2 % DM; AT

Massé et al. (2003) 10 15 0.121 pig slurry, 11.3 % DM; AT

Massé et al. (2003) 10 15 0.317 pig slurry, 4.9 % DM; AT

Sommer et al. (2004) 10 20 0.068 calculation based on assumed activation energy1  

Mangino (undated)   5 30 0.092 calculation based on assumed activation energy2

IPCC (2006) 10 20 0.092 slurry without natural crust, Table 10.17, results taken over from Mangino et al. (undated)

Massé et al. (2008) 0.076 pig slurry, maize based diet; ST

Klevenhusen et al. (2010) 14 27 0.152 cattle, hay based diet; LE, AT

Klevenhusen et al. (2010) 14 27 0.223 cattle, barley based diet; LE, AT

A LE: laboratory experiment; 
B ST: slurry temperature; 
C AT: air temperature
1 using an energy of activation of 112.7 J mol-1

2 energy of activation of 63.5 J mol-1 as in Safley and Westerman (1990). It is likely that the chemical compounds to which the activation energies are related, are different.

Table 17:

Reduction of CH4 emissions due to the formation of a crust

Source reduction

Petersen et al. (2005) 20 %

Petersen and Ambus (2006) yes, but no data

Clemens et al. (2006) 15 - 30 %

Husted (1994) 97 %

Covering the tank with solid roofs or tent structures re-
sults in a decreased air exchange rate and longer retention 
time in the aerobic layer of the slurry (see also Petersen and 
Miller, 2006). Laboratory experiments with varied air flows 
above the slurry surface resulted in up to 90 % reduction 
of CH4 emissions (Williams and Nigro, 1997). Rodhe et al. 
(2010) covered their tanks with plastic sheet and obtained 
reduced emissions, see Table 18. However, Husted (1993) 
reports that the emissions from covered pig slurry are inde-
pendent of the air flow rate above the surface. 

Covering the slurry tank prevents precipitation entering 
the crust and the drier conditions permit a good oxygen 
supply within the crust, which is a prerequisite for CH4 
oxidation.



12

Table 18:

Reduction of specific CH4-C emissions (weight by weight) due to 
covering with plastic sheeting

Source specific  
emissions 
without cover

specific  
emissions with 
cover

reduction comment

Rodhe et 
al. (2010)

2.7 g (kg VS)-1 
CH4-C

1.8 g (kg VS)-1 
CH4-C

33 % cattle slurry, 
annual mean

Rodhe et 
al. (2010)

2.6 g (kg VS)-1 
CH4-C

1.5 g (kg VS)-1 
CH4-C

43 % pig slurry, 
annual mean

6  Conclusions and derivation of German and Aus-
trian national values to describe methane formation 
from animal manures

National data describing CH4 emissions from storage 
have to fit Equation (5). Calculations should provide spe-
cific emissions εCH4 from measured VS inputs and measured 
volumes of CH4 released (ECH4). Another entity that can 
be measured is the maximum methane producing capacity 
Bo. Methane conversion factors MCF can then be derived 
from Equation (7).

Whereas the Austrian inventory is backed by national 
experimental data, the German approach has to rely on 
international measurements and data sets that might be 
“extrapolated” to describe the German situation. The der-
ivation of German national data sets uses the experimental 
background provided in the Tables in Chapters 3 to 5 and 
compares them to default values provided by IPCC.

6.1  Maximum methane-producing potentials Bo 

6.1.1  Applicability of Bo values provided by IPCC 

In the 1996 IPCC Guidelines, “the Bo values as adapted 
for the US are also used in the IPCC Guidelines for devel-
oped countries as it is assumed that the typical diets are 
similar.” (IPCC, 2000b, pg. 341). However, this assump-
tion is invalid for pigs, as pig feed composition in Cen-
tral Europe differs significantly from the US feeds used to 
derive Bo. Hence, the same source IPCC (2000b, pg. 343) 
states: “a re-estimation of the default Bo values should be 
considered.”

6.1.2  German approach

Biogas plants convert VS using optimal conditions. 
Hence measured biogas yields, i.e. the biogas production 
rates as related to VS input rates can be used as adequate 
Bo. National data sets were generated for and collated by 
KTBL and reviewed by a team of German and Austrian 
experts. The results were published in KTBL (2010). 

For dairy cows and other cattle, KTBL (2010) recom-
mends6 the use of 0.23 m3 (kg VS)-1 CH4. This value is sup-
ported by measurements in Central Europe (see Table 11: 
Hansen, Kryvoruchko, Møller, Rodhe, Sommer, Vedrenne). 
The experimental data available for Europe is insufficient 
for a differentiation to be made between dairy cows and 
other cattle.

Given the uncertainties in both the national recom-
mendations (KTBL, 2010) and the IPCC default values, the 
agreement between national and IPCC data is sufficient 
for cattle. 

Table 12 indicates that the assumption on the use of 
US Bo data (indicated by “corn-based high energy”) is not 
met for pigs in Germany. Here, pig diets are based on 
grain (wheat and barley, see Dämmgen et al., 2011b) and 
not on maize as in the United States. KTBL (2010) recom-
mends7 the use of 0.27 m3 (kg VS)-1. However, European 
data in Table 12 (Hansen, Møller, Sommer, Vedrenne) sug-
gests a Bo of about 0.30 m3 (kg VS)-1. For pigs, Northwest 
European Bo values deviate considerably from IPCC default 
values.

We propose the use of German national Bo values in fu-
ture inventories of 0.23 m3 kg-1 CH4 for cattle (dairy cows 
and other cattle), and 0.30 m3 kg-1 CH4 for pigs.

6.1.3  Austrian solution

Austria has no country-specific Bo values for cattle and 
pigs available. 

The Austrian inventory uses IPCC (1996) default Bo val-
ues for all animal categories: 0.24 m3 kg-1 CH4 for dairy 
cattle, 0.17 m3 kg-1 CH4 for other cattle, 0.45 m3 kg-1 CH4 

for breeding sows and fattening pigs.

6 calculated from 0.210 m3 (kg VS)-1, a standard density of 0.72 kg m-3 and an 
IPCC density of 0.67 kg m-3.

7 calculated from 0.250 m3 (kg VS)-1, a standard density of 0.72 kg m-3 and an 
IPCC density of 0.67 kg m-3.
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6.2  Methane conversion factors MCF for slurry

6.2.1  Applicability of MCF values provided by IPCC

From Equation (7) follows that MCF and Bo form match-
ing pairs. Hence, MCF have to be adjusted to the Bo de-
scribed above. 

The IPCC assumption that MCF values are independent 
of the source of VS (i.e. cattle or pigs, see IPCC, 1996, 
Table 4-8; IPCC, 2006, Tables 10A4 to 10A-8) is not main-
tained, “because the amount of slowly degradable carbo-
hydrates is much higher in cattle slurry than in pig slurry” 
(Sommer et al., 2002a) (see also IPCC, 2000b; Dustan, 
2004). Furthermore, MCF values depend on temperature 
and dry matter content of the slurries, on the formation of 
aerobic zones (crusts) and the air exchange rate above the 
containment. This is reflected in the IPCC (2006) approach 
and ignored in the IPCC (1996) methodology.

The following discussion deals with those systems in the 
first instance that are likely to be described best in the 
literature or used most often, i.e. systems with crust for 
cattle and systems without crust for pigs.

6.2.2  Experimental data – the problem of crust formation

The experimental data collated in Tables 1 and 6 can be 
used as guidance only, as reliable information about crust 
formation is sparse. Hence, the assumption that many of 
the slurry stores can be treated as always or temporarily 
crusted is considered adequate. However, the depth will 
vary, also the water content of the crust and the composi-
tion of its microcrobial populations. 

6.2.3  Methane conversion factors for cattle slurries with 
crust

6.2.3.1  German approach

In 2010, about three quarters of uncovered cattle slurry 
stores were reported to have a natural crust. As MCF are 
depending on storage temperatures, climate has to be 
taken into account. In accordance with the IPCC (1996) 
and (2006) methodologies, air temperatures can serve as 
auxiliary entities (see above).

There is a wide consensus that CH4 emissions from stored 
slurry at air temperatures below 10 °C are small in compari-
son to those at higher temperatures (e.g. Steed and Hashi-
moto, 1994; Husted, 1994; Massé et al., 2003; Sommer et 

al., 2007; Rodhe et al., 2009; Klevenhusen et al., 2010). In 
Germany this applies to the period from October to April, 
whereas monthly mean air temperatures are above 10 °C 
between May and September, as shown in Figure 1. 

-10

-5

0

5

10

15

20

25

Month

M
o

n
th

ly
 m

e
a

n
 a

ir
 t
e

m
p

e
ra

tu
re

 [
°C

]

max

mean

min

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 1:

Monthly mean air temperatures in Germany (Data for 1970 to 2000, 
courtesy of German Weather Service)

However, the relation between MCF and temperature 
is not linear (see Chapter 5.2). Hence, mean temperatures 
below 10 °C do not necessarily result in negligible overall 
emission rates; the overall temperature profile has to be 
taken into account. As no use can be made of the increase 
rate a (see Chapter 5.2), annual means of MCF have to be 
established using winter and summer measurements.

Comparisons of MCF between different countries pre-
suppose similar annual temperature profiles. 

Emissions were measured during the summer months in 
Austria by Amon et al. (2004) and in Sweden by Rodhe et 
al. (2009) in regions with annual mean air temperatures of 
9.8 and 9.7 °C, respectively. This compares with a mean 
German temperatures of 9.8 °C (see Rösemann et al., 
2011).

Hence, The MCF of 0.10 m3 m-3 was obtained for similar 
annual mean temperatures and is regarded applicable for 
the German inventory.

It is also clear that the present IPCC (2000a) default 
value (0.39 m3 m-3 8) is to be considered a “pure” summer 
value and is not adequate for the use as annual mean (see 
Austrian “summer” value for cattle and Steed and Hashi-
moto, 1994, in Table 15). Zeeman’s model results that 
formed the basis for the MCF provided in IPCC (2000a) 
have been declared irrelevant (see review by Dustan, 2002, 
and DeSutter and Ham, 2005).

8 calculated for pig manure using a process (i.e. slurry) temperature of 15 °C 
and a storage time of 180 d. Zeeman’s MCF for cattle manure with process 
temperatures of 15 and 20 °C are 0.27 and 0.41 m3 m-3, respectively. All 
measurements relate to conditions in a continuously stirred reactor (CSTR) 
and are not hampered by diffusion processes. 
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However, it is accepted that the importance of crusts 
under practical conditions “remains uncertain” (Petersen, 
2011).

Keeping in mind that the methane oxidizing properties 
of crusts vary with depth and water content, a “provision-
al” mean MCF can be deduced from the data provided in 
Table 1. The arithmetic mean of the specific emissions re-
ported by Husted (1994), Rhode et al. (2009, annual mean) 
and Amon and Hörtenhuber (2010, weighted mean for 7 
winter and 5 summer months) and a Bo of 0.23 m3 kg-1 
yields 0.10 m3 m-3 which is identical in practice with the 
IPCC (2006) default MCF of 0.10 m3 m-3 for cattle slurry 
with crust for cool climates.

We propose the use of an MCF for cattle slurry with 
natural crust of 0.10 m3 m-3 in association with a national 
B  of 0.23 m3 -1

o  (kg VS)  for dairy cows and other cattle in 
the German emission inventory. This MCF equals the value 
proposed in IPCC (2006).

No attempts should be made to further disaggregate 
with respect to regional climates, as information about 
the temporal variation of the amounts of slurry stored is 
not available.

6.2.3.2  Austrian solution

In Austria, MCF assessed for cattle and pig slurries are 
considered to represent a situation with a natural crust. 
However, owing to a lack of activity data, it is unknown 
how many stores with natural crusts in Austria are really 
covered. 

IPCC encourages measurements of emissions from ma-
nure management under field conditions in order to im-
prove the basis of emission estimates. In Austria, a three-
year measurement campaign on emissions from manure 
stores financed by the Federal Ministry of Agriculture, For-
estry, Environment, and Water Management and the Fed-
eral Ministry for Education, Science, and Culture was car-
ried out. Measurements were performed under field scale 
conditions. Campaigns covered emissions from stored 
cattle and pig slurry under cool (winter, spring, autumn) 
and under warm (summer) conditions. Emission rates were 
published in peer reviewed publications. They can there-
fore be used for calculating MCF values for liquid manure 
stores. 

In Austria, a recent update of the national greenhouse 
gas inventory used national MCF values and distinguished 
between slurry storage in the warm and in the cold season 
(Amon and Hörtenhuber 2010).9 The updated inventories 
have successfully passed an external review process. The 
results were accepted within the UNFCCC expert review 
process.

Four seasons are distinguished for the application of 
MCF in Austria: spring, summer, autumn, winter. The 
extensive emission measurements under field conditions 
showed that a substantial increase in CH4 emissions dur-
ing slurry storage was only observed during the summer 
season. The low air temperatures in all other seasons in 
Austria hindered CH4 formation during slurry storage. 
Emission measurements were carried out in one of the 
warmest Austrian regions and therefore may tend to over-
estimate MCF values.

From the data of all emission measurements during slur-
ry storage the following country-specific MCF values for 
stored cattle slurry were deduced: 

• cattle, cold seasons:  MCF = 0.097 m3 m-3

• cattle, warm season:  MCF = 0.3722 m3 m-3

A weighted annual mean MCF of 0.17 m m-3 results for 
9 winter and 3 summer months, which equals the respec-
tive default MCF for slurry without natural crust in IPCC 
(2006). However, the Austrian inventory does not distin-
guish MCF for stores with or without cover or crust.

6.2.4  Methane conversion factors for cattle slurries with-
out crust for Central European climates

6.2.4.1  German approach

Data describing slurry stores without crust are consid-
ered insufficient. MCF could be deduced from the data 
for storage with a crust, if the fraction Xox of CH4 that is 
oxidized (see Equation (3)) was known. 

IPCC (2006) assume a reduction of the MCF as result 
of crust formation of 40 %. This is within the range that 
might be deduced from Table 17. IPCC (1996), Table 4-8, 
does not differentiate between storage without and with 

9 The detailed description of the experiments can be found in Amon et al. 
(2002). Pages 35 to 47 of that report describe the measurement technologies. 
The time table of the emission measurement is shown in Tables 11 and 12. 
Chapters 3 and 4 show the results of the emission measurement including air 
and slurry temperatures. Results have been published in the following peer 
reviewed publications (Amon et al., 2005, 2006, 2006a, 2006b and 2007).                                                                                                                     
Chapter 3.2.6 in Amon et al. (2002) shows the results on MCF from stored 
cattle slurry. CH4 emissions from untreated cattle slurry under summer con-
ditions amounted to 0.342 m3 m-3 of (IPCC standard) Bo. During the other 
seasons, only 0.005 m3 m-3 of Bo were emitted as CH4. The cool conditions 
in winter, spring and autumn in Austria drastically reduced CH4 emissions.
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a natural crust. This is felt to be inadequate (see Chapter 
6.2.3). 

An increase of 40 % is equivalent to an MCF for storage 
without crust of 0.17 m3 m-3.

The few measured data indicate that the IPCC (1996) 
default value of 0.10 m3 m-3 is too low for Central Eu-
rope (see Table 15: Husted, 1994; Amon and Hörtenhuber, 
2010).

As neither IPCC (1996) nor IPCC (2000a) can provide 
satisfactory MCF, and experimental data do not allow for 
a well-founded MCF for uncrusted systems, the default 
data of IPCC (2006) is selected as the only alternative.

We recommend that an increased MCF for slurries 
without a natural crust by 40 % in agreement with IPCC 
(2006), i.e. 0.17 m3 m-3 be applied to cattle. 

6.2.4.2  Austrian solution

As described above, the Austrian MCF reflect the na-
tional situation and are considered to represent a situation 
with a natural crust. 

6.2.5  Methane conversion factors for pig slurries without 
and with crust

6.2.5.1  German approach

Table 6 contains several emission data for summer and 
winter conditions. For the derivation of a German data 
set, these MCF have to be re-calculated for summer and 
winter conditions using a Bo of 0.30 m3 kg-1. Data clearly 
reflecting feeding not used in Germany were omitted. Of 
these, only data with no or almost no effective crust were 
used. Massé et al. (2003) provide two data sets for each 
temperature of which the set with the lower DM content 
is used. (KTBL, 2010, assumes a DM content of 6 % for 
German pig slurries.) These data are collated in Table 19.

If one calculates the weighted mean of the summer data 
(5 months) obtained from Amon et al. (2004) and Massé 
et al. (2003) of 0.49 and 0.43 m3 m-3, respectively, and the 
winter data (7 months) obtained from Rodhe et al. (2010) 
and Massé et al. (2003) of 0.10 and 0.09 m3 m-3, respec-
tively, one obtains a mean MCF of about 0.25 m3 m-3 for 
pig slurry without crust.

This MCF is equivalent to the 17 % proposed in IPCC 
(2006) for any slurry without natural crust if one takes the 
ratio of German national Bo to the IPCC Bo (2/3) into ac-
count.

Table 19:

CH4 emissions rates and MCF for pig slurry without natural crust

εCH4 Bo MCF restriction source

m3 kg-1 m3 kg-1 m3 m-3

0.128 0.30 0.427 15 °C, 4,9 % DM Massé et al. (2003)

0.146 0.30 0.487 summer Amon et al. (2004)

0.030 0.30 0.100 winter Rodhe et al. (2010)

0.026 0.30 0.087 10 C°, 4,9 % DM Massé et al. (2003)

In a considerable share of German storage systems for 
pig slurry, a natural crust is not formed. With no data avail-
able, the IPCC (2006) approach is used that assumes a 
40 % decrease of MCF for systems with crust. However, 
we maintain that this reasoning is unsatisfactory.

We propose to apply a national MCF for pig slurry 
without natural crust of 0.25 m3 m-3 and of 0.15 m3 m-3 
for pig slurry with a natural crust in combination with a 
national Bo of 0.30 m3 kg-1 CH4.

10

6.2.5.2  Austrian solution

Amon et al. (2002) give data on MCF from pig slurry 
storage based on measurements. Here, CH4 emissions 
were considerably lower than those derived with the de-
fault IPCC MCF during the warm summer season and dur-
ing the cooler seasons. Summer includes the months June, 
July and August.
In the Austrian inventory, measured MCF are used: For pigs 
in the cold and warm seasons MCF values of 0.0327 m3 
m-3 and 0.0387 m3 m-3 are used, respectively, in combina-
tion with the IPCC (1996, 2006) default Bo of 0.45 m3 kg-1 
CH4.

6.2.6  Methane conversion factors for cattle and pig slur-
ries with cover

Solid covers or plastic sheets are used mainly in pig pro-
duction to reduce odour. There is evidence that these cov-
ers result in oxidation of CH4 at the surface of the slurries 
(see Table 18). 

Within the MIDAIR project (Clemens et al. 2006) pilot 
scale measurements in Austria proved that a cover on cat-
tle slurry that formed a natural crust was able to reduce 
methane emissions due to methane oxidation in the crust. 

10 The national pair of Bo = 0.30 m3 kg-1 and MCF = 0.25 m3 m-3 is equivalent 
to the IPCC (2006) pair of Bo = 0.45 m3 kg-1 and MCF = 0.17 m3 m-3. German 
data: ε 3 -1 3 -1

CH4 = 0.075 m  (kg VS) ; IPCC (2006) data: ε	CH4 = 0.0765 m  (kg VS) .
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This was confirmed by a study of Petersen et al. (2005) 
who took samples of the crusts and could identify the 
presence of methane oxidising bacteria.

However, the data are at present considered insufficient 
to propose separate values for covered storages. 

6.2.6.1  German approach

In order to avoid underestimation of emissions, a worst 
case assumption is the use of the higher MCF for cattle 
and pig slurries.

We propose that an MCF of 0.17 m3 m-3 be used for 
covered cattle slurry storage and of 0.25 m3 m-3 for cov-
ered pig slurry storage systems.

6.2.6.2  Austrian solution

The Austrian inventory does not differentiate between 
covered and uncovered storage systems.

6.3  Methane conversion factors for pit storage below ani-
mal confinements (underneath slatted floor)

In principle, the temperature inside slurry underneath 
slatted floor will exceed that of outside storage. This 
should be taken into account. However, only one refer-
ence is available for emissions from slurry stored under-
neath slatted floors without providing a temperature or 
temperature difference (Sommer et al., 2002a) (see Table 
6). Sommer et al. (2009) contribute model assumptions 
for indoor and outdoor storage. At present, the knowl-
edge is limited to an extent (Petersen, 2011) that the data 
provided do not justify any other conclusion than to treat 
emissions from pit storage below animal confinements in 
the same way as emissions from outdoor storage of slurry 
without crust.

6.3.1  German approach

We propose that the German inventory use an MCF for 
cattle slurry underneath slatted floors of 0.17 m3 m-3 and 
for pig slurry the value of 0.25 m3 m-3 that was derived for 
slurry stores without a crust. This is likely to avoid underes-
timation of emissions.

6.3.2  Austrian solution

In Austria, the GHG inventory only covers outside stores 
for cattle and pig slurry. No specific MCF is applied for pit 
storage below animal confinements.

6.4  Methane conversion factors MCF for farmyard ma-
nure stored in heaps

6.4.1  Experimental and IPCC data

Few measurements report CH4 emissions from cattle 
farmyard manure. Table 15 collates the results as MCF re-
lated to IPCC default Bo values. 

No measurements are available for pig manure that can 
be used as comparison to IPCC data.

In principle, the treatment of farmyard manure requires 
calculations according to Equation (6). For this purpose the 
amounts of bedding material added as well as the respec-
tive Bo, MCF and Xox have to be known. With the excep-
tion of Bo these values cannot be provided. However, it is 
common practice within the IPCC process not to quantify 
emissions from bedding.

IPCC (1996) and IPCC (2006) do not differentiate be-
tween cattle and pig farmyard manures with respect to 
MCF. However, cattle and pig solid manures differ with 
respect to their properties and storage conditions. Pig 
manures contain comparatively much bedding giving it 
a higher porosity that facilitates oxygen transport. Cattle 
manure exhibits a greasy consistency and is more compact. 
Under comparable conditions, pig manure heaps tend to 
generate more heat than cattle manure heaps and should 
hence be treated with different MCF ( Husted, 1994).

6.4.2  German approach

The application of Equation (6) that relates emissions to 
the amounts of VS from faeces and bedding with their re-
spective specific emissions and the availability of oxygen in 
the storage system is not feasible. No detailed information 
on input data can be found yet.

The experimental data base for specific emissions εCH4 
is very poor, see Tables 2 and 7. The reasoning leading 
to an MCF of 2 % provided in IPCC (2006), Table 10.17, 
indicates that an MCF of 2 % is likely to underestimate 
emissions11: In contrast to the practice applied above that 
derived an annual mean from winter and summer MCF 
(see Chapters 6.2.3.1 and 6.2.4.1), the winter MCF of 
2 % is chosen to represent the cool climate MCF of the 
entire year (in agreement with IPCC (2006). Hence, the 
MCF of 1 % as proposed in IPCC (1996) and IPCC (2000a) 
is definitively too low. This is underlined by the following 
comparison:

If European data (Dustan, 2002, based on Amon et al., 
2001) are back calculated with the IPCC default Bo for dairy 
cows (0.24 m3 (kg VS)-1), specific emissions of 0.0038 m3

11 Expert judgement for MCF describing solid storage: … “shows emissions of 
approximately 2 % in winter and 4 % in summer.” (IPCC, 2006, Table 10.17)
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 (kg VS)-1 are observed for winter months and 0.0096 m3 
(kg VS)-1 for summer months. The weighted mean of 5 
summer months and 7 winter months is 0.0062 m3 (kg 
VS)-1. For other cattle, using the IPCC (2006) default Bo 
(0.18 m3 (kg VS)-1), the weighted mean of annual specific 
emissions is 0.0047 m3 (kg VS)-1. 

Considering the ratio between dairy cow places and 
other cattle places which is about 1 to 2 in Germany (see 
Rösemann et al., 2011)) one obtains a weighted mean 
specific emission for cattle of 0,0052 m3 (kg VS)-1. Using 
the German Bo value for cattle (0.23 m3 (kg VS)-1), this 
leads to a national mean MCF of 0.023 m3 m-3 or about 
2 % for cattle.

Due to lack of data, the approach applied to cattle is 
also used for pigs by analogy. However, the MCF of 2 % 
provided in IPCC (2006) relates to a B 3

o of 0.45 m  kg-1 
CH4. If the specific emissions resulting from IPCC (2006) 
MCF and Bo are considered correct then the national MCF 
is to be related to the national Bo of 0.30 m3 kg-1 CH4. A 
national MCF of 0.030 m3 m-3 results.

We propose that the German inventory use an MCF of 
0.02 m3 m-3 for cattle farmyard manure and of 0.03 m3 m-3 
for pig farmyard manure stacked in heaps in combination 
with national Bo of 0.23 m3 kg-1 CH4 for cattle and 0.30 
m3 kg-1 CH4 for pigs.

6.4.3  Austrian solution

In Austria, the following MCF are applied to FYM: 
• ‘solid storage composted’ (MCF from IPCC, 2006: 

0.005 m3 m-3), 
• ‘solid storage untreated’ (MCF from IPCC, 1996: 

0.01 m3 m-3), 
• ‘deep litter composted’ and ‘deep litter untreated’ with 

the MCF for deep litter applied in each case according 
to IPCC (2006) (MCF = 0.17 m3 m-3).

The Austrian emission inventory does not distinguish 
summer and winter storage. 

6.5  Methane conversion factors MCF for deep bed-
ding systems

No experimental data can be provided for deep bedding 
systems. Both IPCC (2000a) and IPCC (2006) treat deep 
bedding stored for more than a month in the same way as 
slurry without crust.

Deep bedding systems are not mentioned in IPCC 
(1996). Hence, we recommend the use of the IPCC (2006) 
approach to equate these emissions with those of slurry 
without natural crust (see Chapters 6.2.4.1 and 6.2.5.1), 
as the storage times of the bedding material exceed 1 
month.

7  Conclusions

Whereas Austria is able to provide an almost compre-
hensive experimental data set describing CH4 emissions 
from manure management, German data on CH4 emis-
sions from storage are scarce. Here, data from neighbour-
ing countries with similar meteorological conditions and 
similar types of animal production were used to derive data 
sets for specific CH4 emission rates. Experimental findings 
are very variable. However, where data sets could be es-
tablished they tended to support the IPCC (2006) guide-
lines, rather than earlier versions (see sections on MCF for 
cattle and pig slurries). The IPCC (1996) and (2000a) ap-
proaches were here found to be inadequate for pigs in 
particular, because the application of North American pig 
feed composition data to Northwest European conditions 
is not justified. Hence, wherever missing national data had 
to be replaced by default values, the values proposed in 
IPCC (2006) were preferred and the reasoning provided. 

The lack of experimental data relevant to the German 
animal husbandry is striking, and the almost complete 
absence of German data is considered a serious obstacle 
with respect to adequate reporting of CH4 emissions from 
manure management.

References

Ambus P, Petersen SO (2005) Oxidation of 13C-labelled methane in surface 
crusts of pig and cattle slurry. Isotopes Environ Health Studies 41:125-133

Amon B, Amon T, Boxberger J, Alt C (2001) Emissions of NH3, N2O and CH4 
from dairy cows housed in a farmyard manure tying stall (housing, manure 
storage, manure spreading). Nutr Cycl Agroecosystems 60:103-113

Amon B, Amon T, Boxberger J, Pöllinger J (1998) Emissions of NH3, N2O and 
CH4 from composted and anaerobically stored farmyard manure [online]. 
To be found at <http://www.ramiran.net/doc98/FIN-POST/AMON-BAR.pdf> 
[quoted 08.12.2011]

Amon B, Hörtenhuber S (2010) Revision der österreichischen Luftschadstoffin-
ventur (OLI) für NH3, NMVOC und NOX, Sektor 4, Landwirtschaft. Wien : 
Umweltbundesamt, 62 p

Amon B, Kryvoruchko V, Amon T, Boxberger J (2005) Lagerung von Milchvieh-
flüssigmist : Wirkung der Abdeckung auf NH3-, N2O- und CH4-Emissionen. 
Agrartechn Forsch 11(4):64–80

Amon B, Kryvoruchko V, Amon T, Moitzi G (2004) Ammonia, methane and 
nitrous oxide emission during storage of cattle and pig slurry and influence 
of slurry additive “Effective Micro-Organisms (EM)” : final report on behalf 
of Multikraft GmbH, Haiding. Vienna : Univ Natural Resour Appl Life Sci, 
Dept Sustain Agric Syst, 33 p

Amon B, Kryvoruchko V, Amon T, Zechmeister-Boltenstern S (2006c) Methane, 
nitrous oxide and ammonia emissions during storage and after application 
of dairy cattle slurry and influence of slurry treatment. Agric Ecosyst Environ 
112:153-162

Amon B, Kryvoruchko V, Fröhlich M, Amon T, Pöllinger A, Mösenbacher I, Haus-
leitner A (2007) Ammonia and greenhouse gas emissions from a straw 
flow system for fattening pigs : housing and manure storage. Livestock Sci 
112:199–207

Amon B, Kryvoruchko V, Moitzi G, Amon T (2006a) Greenhouse gas and 
ammonia emission abatement by slurry treatment. Internat Congress Ser 
1293:295-298

http://www.ramiran.net/doc98/FIN-POST/AMON-BAR.pdf


18

Amon B, Moitzi G, Schimpl M, Kryvoruchko V, Wagner-Alt C (2002) Meth-
ane, nitrous oxide and ammonia emissions from management of liquid 
manures : final report for the Federal Ministry of Agriculture, Forestry, Envi-
ronmental and Water Management and the Federal Ministry of Education, 
Science and Culture. Vienna : Univ Natural Resour Life Sci, Dept Sustain 
Agric Syst, Div Agric Eng

Amon, B, Kryvoruchko V, Amon T (2006b) Influence of different levels of cov-
ering on greenhouse gas and ammonia emissions from slurry stores [on-
line]. To be found at <http:///www.ramiran.net/doc04/Proceedings%20
04/B_Amon4.pdf> [quoted 20.12.2011]

Boxer-Infodienst (2010) Biogas – Biogaspotentiale [online]. To be found at 
<http://www.boxer99.de/default.asp?Menue=106> [quoted 07.12.2011]

Bryant MP, Varel VH, Frobish RA, Isaacson HR (1976) Biological potential of 
thermophilic methanogenesis from cattle wastes. In: Schlegel HG (ed) Semi-
nar on microbial energy conversion. Göttingen : Goltz, pp 347-360

Buswell AM, Mueller HF (1952) Mechanism of methane formation. Ind Eng 
Chem 44:550-552

Chadwick DR, Pain BF, Brookman SKE (2000) Nitrous oxide and methane emis-
sions following application of animal manures to grassland. J Environ Qua-
lity 29:277-287

Chen TH (1983) Kinetic analysis of anaerobic digestion of pig manure and its 
implications. Biol Wastes 8:65-81

Chen TH, Day DL, Steinberg MP (1988) Methane production from fresh versus 
dry dairy manure. Biol Wastes 24:297-306

Chen YR, Varel VH, Hashimoto AG (1980) Effect of temperature on metha-
ne fermentation kinetics of beef-cattle manure. Biotechnol Bioeng Symp 
10:325-339

Clemens J, Trimborn M, Weiland P, Amon B (2006) Mitigation of greenhouse 
gas emissions by anaerobic digestion of cattle slurry. Agric Ecosyst Environ 
112(2-3):171-177

Dämmgen U, Amon B, Gyldenkærne S, Hutchings NJ, Kleine Klausing H, Ha-
enel H-D, Rösemann C (2011a) Reassessment of the calculation procedu-
re for the volatile solids excretion rates of cattle and pigs in the Austri-
an, Danish and German agricultural emission inventories. Landbauforsch 
61(2):115-126

Dämmgen U, Brade W, Schulz J, Kleine Klausing H, Hutchings NJ, Haenel HD, 
Rösemann C (2011b) The effect of feed composition and feeding strategies 
on excretion rates in German pig production. Landbauforsch 61(4):327-342

DeSutter TM, Ham JM (2005) Lagoon-biogas emissions and carbon balance 
estimates of swine production facility. J Environ Quality 29:1356-1365

Dustan H (2002) Review of methane and nitrous oxide emission factors for 
manure management in cold climates. JTI-Rapport Lantbruk Industri 299

Fischer JR, Seivers DM, Fulhage DC (1975) Anaerobic digestion in swine wastes. 
In: Jewell WJ (ed) Energy, agriculture, and waste management : proceed-
ings of the 1975 Cornell Agricultural Waste Management Conference. Ann 
Arbor : Ann Arbor Science Publ, pp 307-316

German Guideline VDI 4630 (2006) Fermentation of organic materials : charac-
terisation of the substrate, sampling, collection of material data, fermenta-
tion tests. Düsseldorf : VDI, 93 p

Hansen KH, Agelidaki I, Ahring BK (1998) Anaerobic digestion of swine ma-
nure : inhibition by ammonia. Water Res 32:5-12

Hashimoto AC (1983) Conversion of straw-manure mixtures to methane at 
mesophilic and thermophilic temperatures. Biotechnol Bioeng 25:185-200

Hashimoto AC (1984) Methane from swine manure : effect of temperature 
and influent substrate composition on kinetic parameter (K)*. Agric Wastes 
9:299-308

Hashimoto AC, Varel VH, Chen YR (1981) Ultimate methane yield from beef 
cattle manure : effect of temperature, ration constituents, antibiotics and 
manure age. Agric Wastes 3:241-256

Heuwinkel H, Aschmann A, Gerlach R, Gronauer A (2009) Die Genauigkeit 
der Messung des Gasertrags von Substraten mit der Batchmethode. SchrR 
Bayer Landesanst Landwirtsch 15:95-103

Hill DT (1984) Methane productivity of the major animal types Transactions 
ASAE 27:530-540

Huang Q, Wohlgemut O, Cicek N, France J, Kebreab E (2010) A mechanistic 
model for simulating methane emissions from unstirred liquid manure 
stores. Can J Soil Sci 90:507-515

Husted S (1993) An open chamber technique for determination of methane 
emission from stored life stock manure. Atmos Environ A 27:1635–1642

Husted S (1994) Seasonal variation in methane emission from stored slurry and 
solid manures. J Environ Quality 23:585-592

Ianotti EL, Porter JH, Fischer JR, Sievers DM (1979) Changes in swine manure 
during anaerobic digestion. Dev Ind Microbiol 20:519-520

IPCC – Intergovernmental Panel on Climate Change (1996) Revised 1996 
IPCC guidelines for national greenhouse gas inventories : vol. 3: Reference 
manual [online]. To be found at <http://www.ipcc-nggip.iges.or.jp/public/
gl/invs6.html> [quoted 08.12.2011]

IPCC – Intergovernmental Panel on Climate Change (2000a) Good practice 
guidance and uncertainty measurement in national greenhouse gas inven-
tories : CH4 emissions from animal manure [online]. To be found at <http://
www.ipcc-nggip.iges.or.jp/public/gp/english/4_Agriculture.pdf> [quoted 
20.12.2011]

IPCC – Intergovernmental Panel on Climate Change (2000b) Background pa-
pers : IPCC expert meetings on good practice guidance and uncertainty 
management in national greenhouse gas inventories [online]. To be found 
at <http://www.ipcc-nggip.iges.or.jp/public/gp/gpg-bgp.html> [quoted 
01.02.2012]

IPCC – Intergovernmental Panel on Climate Change (2006) 2006 IPCC guide-
lines for national greenhouse gas inventories : vol 4: Agriculture, forestry 
and other land use [online]. To be found at <http://www.ipcc-nggip.iges.
or.jp/public/2006gl/vol4.html> [quoted 08.12.2011]

Khan RZ, Müller C, Sommer SG (1997) Micrometeorological mass balance tech-
nique for measuring CH4 emission from stored cattle slurry. Biol Fertil Soils 
24:442-444

Klevenhusen F, Bernasconi SM, Kreuzer M, Soliva CR (2010) Experimental va-
lidation of the Intergovernmental Panel on Climate Change default values 
for ruminant-derived methane and its carbon-isotope signature. Anim Pro-Anim Pro-
duction Sci 50:159-167

Kroeker EJ, Schulte DD, Sparling AB, Lapp HM (1984) Anaerobic treatment 
process stability. J Water Pollut Control Fed 51:718-727

Kryvoruchko V, Amon T, Amon B, Gruber L, Schreiner M, Zolitsch W (2004) 
Influence of nutrient composition on methane production from animal ma-
nures and co-digestion with maize and glycerine [online]. To be found at 
<http:// www.prairieswine.com/pdf/3596.pdf> [quoted 20.12.2011]

KTBL (2010) Gasausbeute in landwirtschaftlichen Biogasanlagen. Darmstadt : 
KTBL, 36 p, KTBL-Heft 88

Külling DR, Menzi H, Kröber TF, Neftel A, Sutter F, Lischer P, Kreuzer M (2001) 
Emissions of ammonia, nitrous oxide and methane from different types of 
dairy manure during storage as affected by dietary protein content. J Agric 
Sci 137:235-250

Linke B (1997) A model for anaerobic digestion of animal waste slurries. Envi-Envi-
ron Technol 18:849-854

Mangino J, Bartram D, Brazy A (undated) Development of a methane con-
version factor to estimate emissions from animal waste lagoons [online]. 
To be found at <http://www.epa.gov/ttnchie1/conference/ei11/ammonia/
mangino.pdf> [quoted 06.12.2011]

Massé DI, Croteau F, Patni NK, Masse L (2003) Methane emissions from dairy 
cow and swine manure slurries stored at 10 °C and 15 °C. Can Biosyst Eng 
45:6.1-6.6

Massé DI, Masse L, Claveau S, Benchaar C, Thomas O (2008) Methane emission 
from manure storages. Transactions ASABE 51:1775-1781

Møller HB, Sommer SG, Ahring BK (2004a) Methane productivity of manure, 
straw and solid fractions of manure. Biomass Bioenergy 26:485-495

Møller HB, Sommer SG, Ahring BK (2004b) Biological degradation and green-
house gas emissions during pre-storage of liquid manure. J Environ Quality 
33:27-36

Morris GR (1976) Anaerobic fermentation of animal wastes : a kinetic and em-
pirical design evaluation. Ithaca : Cornell Univ

http:///www.ramiran.net/doc04/Proceedings%2004/B_Amon4.pdf
http:///www.ramiran.net/doc04/Proceedings%2004/B_Amon4.pdf
http:///www.ramiran.net/doc04/Proceedings%2004/B_Amon4.pdf
http://www.boxer99.de/default.asp?Menue=106
http://www.ipcc-nggip.iges.or.jp/public/gl/invs6.html
http://www.ipcc-nggip.iges.or.jp/public/gl/invs6.html
http://www.ipcc-nggip.iges.or.jp/public/gp/english/4_Agriculture.pdf
http://www.ipcc-nggip.iges.or.jp/public/gp/english/4_Agriculture.pdf
http://www.ipcc-nggip.iges.or.jp/public/gp/gpg-bgp.html
http://www.ipcc-nggip.iges.or.jp/public/2006gl/vol4.html
http://www.ipcc-nggip.iges.or.jp/public/2006gl/vol4.html
http://www.prairieswine.com/pdf/3596.pdf
http://www.epa.gov/ttnchie1/conference/ei11/ammonia/mangino.pdf
http://www.epa.gov/ttnchie1/conference/ei11/ammonia/mangino.pdf


U. Dämmgen, B. Amon, N. J. Hutchings, H.-D. Haenel, C. Rösemann / Landbauforschung - vTI  
Agriculture and Forestry Research 1/2 2012 (62)1-20

19

Park K-H, Thompson AG, Marinier M, Clark K, Wagner-Riddle C (2006) Green-
house gases from stored liquid swine manure in a cold climate. Atmos En-Atmos En-
viron 40:618-627

Patni NK, Jui PY (1987) Changes in solids and carbon content of dairy-cattle 
slurry in farm tanks. Biol Wastes 20:11-34

Petersen SO (2011) Methane and nitrous oxide emissions from livestock manu-
re : the scientific basis. KTBL-Schrift 491:122-133

Petersen SO, Ambus P (2006) Methane oxidation in pig and cattle slurry stor-
ages, and effects of surface crust moisture and methane availability, Nutr 
Cycl Agroecosystems 74:1-11

Petersen SO, Amon B, Gattinger A (2005) Methane oxidation in slurry storage 
crusts. J Environ Quality 34:455-461

Petersen SO, Miller DN (2006) Greenhouse gas mitigation by covers on livestock 
slurry tanks and lagoons? J Sci Food Agric 86:1407-1411

Rodhe L, Ascue J, Nordberg Å (2009) Emissions of greenhouse gases (methane 
and nitrous oxide) from cattle slurry storage in Northern Europe [online]. To 
be found at <http://iopscience.iop.org/1755-1315/8/1/012019/pdf/1755-
1315_8_1_012019.pdf> [quoted 23.11.2011]

Rodhe L, Ascue J, Nordberg Å (2010) Greenhouse gas emissions from stored 
slurry with and without different covers [online]. To be found at <http://
www.ramiran.net/ramiran2010/docs/Ramiran2010_0194_final.pdf> 
[quoted 23.11.2011]

Rösemann C, Haenel H-D, Poddey E, Dämmgen U, Döhler H, Eurich-Menden 
B, Laubach P, Dieterle M, Osterburg B (2011) Calculations of gaseous and 
particulate emissions from German agriculture 1990-2009. Braunschweig : 
vTI, 389 p, Landbauforsch SH 342

Safley LM, Westerman PW (1990) Psychrophilic anaerobic digestion of animal 
manure : proposed design methodology. Biol Wastes 34:133-148

Safley LM, Casada ME, Woodbury JW, Roos KF (1992) Global methane emis-
sions from livestock and poultry manure. Washington DC : US Environmen-
tal Protection Agency, 68, 145 p, EPA 400/1 ; 91/048

Sommer DG, Møller HB (2000) Emission of greenhouse gases during compost-
ing of deep litter from pig production : effect of straw content. J Agric Sci 
134:327-335

Sommer DG, Petersen S, Møller HB (2002a) A new model for calculating the 
reduction in greenhouse gas emissons through anaerobic co-digestion of 
manure and organic waste. DIAS Rep Plant Prod 81:54-63

Sommer SG, Møller HB, Petersen SO (2002b) Reduction in methane and nitrous 
oxide emission of animal slurry through anaerobic digestion. In: van Ham 
J (ed) Non-CO2 greenhouse gases : scientific understanding, control op-
tions and policy aspects ; proceedings of the third international symposium, 
Maastricht, the Netherlands, 21-23 January 2002. Rotterdam : Millpress, 
pp 475-480

Sommer SG, Petersen SO, Møller HB (2004) Algorithms for calculating methane 
and nitrous oxide emissions from manure management. Nutr Cycl Agroe-Nutr Cycl Agroe-
cosystems 69:143-154

Sommer SG, Petersen SO, Søgaard (2000) Atmospheric pollutants and trace 
gases : greenhouse gas emissions from stored livestock slurry. J Environ Qual 
29:744-751

Sommer SG, Petersen SO, Sorensen P, Poulsen HD, Møller HB (2007) Methane 
and carbon dioxide emissions and nitrogen turnover during liquid manure 
storage. Nutr Cycl Agroecosystems 78:27-36

Sommer, SG, Olesen JE, Petersen SO, Weibjerg MR, Valli L, Rodhe L, Béline F 
(2009) Region-specific assessment of greenhouse gas mitigation with dif-
ferent manure management strategies in four agroecological zones. Global 
Change Biol 15:2825-2837

Steed J Jr, Hashimoto AG (1994) Methane emissions from typical manure ma-
nagement systems. Biores Technol 50:123-130

Stevens MA, Schulte DD (1979) Low temperature digestion of swine manure. J 
Environ Eng Div, ASCE 105(EE1):33-42

Summers R, Bousfield S (1980) A detailed study of piggery-waste anaerobic 
digestion. Agric Wastes 2:61-78

Vedrenne F, Beline F, Bernet N (2005) Evaluation of the methane production of 
livestock wastes : ultimate productivity and organic matter characterisation 
[online]. To be found at <http:// static.blog4ever.com/2006/02/126682/
artfichier_126682_24254_201004120338758.pdf> [quoted 23.11.2011]

Velthof GL, Nelemans JA, Oenema O, Kuikman PJ (2005) Gaseous nitrogen 
and carbon losses from pig manure derived from different diets. J Environ 
Quality 34:698-706

Webb J, Sommer SG, Kupper Th, Groenestein K, Hutchings NJ, Eurich-Menden 
B, Rodhe L, Misselbrook TH, Amon B (2012) Emissions of ammonia, nitrous 
oxide and methane during the management of solid manures. Sustain Agric 
Rev 8:67-107

Williams AG, Nigro E (1997) Covering slurry stores and effects of emissions of 
ammonia and methane. In: Voermans AM, Monteny GJ (eds) Ammonia 
and odour emissions from animal production facilities : proceedings ; 6-10 
October 1997, Vinkeloord, The Netherlands. Rosmalen : NVTL, pp 421-428

Woodventure (ed) Rinder-Gülle [online]. To be found at <http://www.wood-
venture.de/bioenergie/rohstoffe/guelle/rinderguelle/> [quoted 23.11.2011]

Yamulki S (2006) Effect of straw addition on nitrous oxide and methane 
emssions from stored farmyard manures. Agric Ecosyst Environ 112:140-
145

Zeeman G (1994) Methane production/emission in storages for animal manure. 
Fert Res 37:207-211

http://iopscience.iop.org/1755-1315/8/1/012019/pdf/1755-1315_8_1_012019.pdf
http://iopscience.iop.org/1755-1315/8/1/012019/pdf/1755-1315_8_1_012019.pdf
http://www.ramiran.net/ramiran2010/docs/Ramiran2010_0194_final.pdf
http://www.ramiran.net/ramiran2010/docs/Ramiran2010_0194_final.pdf
http://static.blog4ever.com/2006/02/126682/artfichier_126682_24254_201004120338758.pdf
http://static.blog4ever.com/2006/02/126682/artfichier_126682_24254_201004120338758.pdf
http://www.wood�venture.de/bioenergie/rohstoffe/guelle/rinderguelle/
http://www.wood�venture.de/bioenergie/rohstoffe/guelle/rinderguelle/
http://www.wood�venture.de/bioenergie/rohstoffe/guelle/rinderguelle/


20


