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Abstract

Methane emissions from enteric fermentation of pigs
are object of emission reporting. Hitherto they were treat-
ed as part of the energy balance of pigs, in accordance
with IPCC guidance documents. They were calculated
from the gross energy intake rate and a constant meth-
ane conversion ratio. Meanwhile numerous experimental
data on methane emissions from enteric fermentation is
available in Germany and abroad; the results are compiled
in this work. These results also allow for a description of
transformation processes in the hind gut and a subsequent
establishment of models that relate emissions to feed and
performance data.

The model by KirchgeBner et al. (1995) is based on Ger-
man experimental data and reflects typical national diet
compositions. It is used to quantify typical emissions and
methane conversion ratios. The results agree with other
experimental findings at home and abroad.

The application of the model results in emission rates
that fall below those calculated with the IPCC standard
procedures by about one fifth.
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Zusammenfassung

Methan-Emissionen aus der Verdauung bei deut-
schen Schweinen

Die Methan-Emissionen aus der Verdauung bei Schwei-
nen sind Gegenstand der Emissionsberichterstattung. Sie
wurden bisher nach Vorgaben des IPCC-Regelwerks als
Bestandteil der Energiebilanzen von Schweinen aus der
Gesamtenergie-Aufnahmerate und einem (festen) Me-
than-Umwandlungsfaktor berechnet. Mittlerweile liegen
zahlreiche experimentelle Untersuchungen aus dem In-
und Ausland zu Methan-Emissionen aus der Verdauung
vor, deren Ergebnisse in diesem Beitrag zusammengefasst
sind. Aus den Ergebnissen dieser Messungen lassen sich
in Kenntnis der Umsetzungsprozesse im Enddarm Modelle
ableiten, die eine Quantifizierung der Emissionen aus Fit-
terungs- und Leistungsdaten erlauben.

Das aus deutschen Daten abgeleitete Modell von Kirch-
geBner et al. (1995) dient dazu, aus den aus Umfragen
erhaltenen Futterzusammensetzungen in Deutschland
typische Emissionen und Methan-Umwandlungsraten
berechnen. Die mit dem Modell erhaltenen Ergebnisse
stimmen mit anderen experimentellen Befunden aus dem
In- und Ausland Uberein.

Im Mittel werden danach Emissionsraten errechnet, die
um ein Funftel unter den nach dem derzeit gultigen IPCC-
Standardverfahren berechneten liegen.

Schltsselwérter: Methan, Emission, Modell, Verdauung,
Schweine
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Introduction

Methane (CH,) is a greenhouse gas and air pollut-
ant. International conventions require that its emissions
be quantified and reported. ' In animal production, CH,
emissions originate from enteric fermentation and from
manure storage. In Central Europe these emissions are
dominated by the emissions from enteric fermentation of
cattle. Emissions from enteric fermentation of pigs are of
minor importance albeit not negligible (German data for
2010: estimated emissions from enteric fermentation in
pig production 26.3 Gg a”' CH,, total CH, emissions from
agriculture 1,231 Gg a”' CH,; Haenel et al., 2012).

At present, emission reporting makes use of the IPCC
(1996) guidance document that relates CH, emissions
from enteric fermentation to the gross energy (GE) intake
using a default methane conversion rate (MCR) of 0.6 %
(expressed as energy loss; IPCC, 1996, Table A-4). It is un-
clear whether this tool is adequate for the environmental
valuation of changes in feeding practices, as GE may dif-
fer with feed composition — feed intake is governed by
metabolizable energy (ME). In contrast to IPCC (1996),
IPCC (2006), Table 10.12, entirely omits pigs as sources of
methane from enteric fermentation.

This work develops a national approach to quantify
emissions from enteric fermentation in pig production
for the purpose of emission reporting, using experimental
data and modelled data based on German national diet
compositions. It concludes the series of publications that
revised the treatment of emissions from pig production in
the national agricultural emission inventory. 2

1 Experimental data — an overview
1.1 Measurement technique

CH, emissions can be measured using respiratory cham-
bers (see eg KirchgeBner et al., 2008, pg 151f) where ani-
mals are kept for a few hours up to a few days. Care is
taken that faeces are removed before they can contribute
to relevant emissions. Gas exchange in these chambers is
recorded continuously. However, during their stay in the
chamber the animals lack social contact. Furthermore,

' For air pollutants, reporting was required within the Geneva Convention on
Long-Range Transboundary Air Pollution until 2002. Since then reporting
has been mandatory within the United Nations Framework Convention on
Climate Change only.

2 Redistribution of animal numbers (Haenel et al., 2011a), update of energy
requirements (Haenel et al., 2011b), feed composition (Ddmmgen et al.,
2011a), volatile solids excretion (Dammagen et al., 2011b, nitrogen excretion
(Dammgen et al., 2010), methane emission from storage (Ddmmgen et al.,
2012), basic ammonia emission factors and amounts of bedding (Eurich-
Menden et al., 2011).

their physical activity is restricted. Normally, the release
of CH, is related to standing up (Jgrgensen et al., 2011),
so the intestinal activity pigs within a respiration cham-
ber may be abnormal. However, there is experimental evi-
dence that the overall energy balance is not changed sig-
nificantly (Gray and McCracken, 1980), so it is also likely
that the CH, emission rates are not greatly affected by the
lack of physical activity.

1.2 Measured methane emission rates

Several European groups measured CH, emission rates
from non-lactating sows and growing pigs. In most cases
the measurements were part of feeding experiments, in-
cluding variations of the share of fibre fed. In these cases,
emission rates for the respective control group only are
considered in the following Tables 1 to 3. In the literature,
emission rates are presented as mass, volume or energy
contents of CH, emitted per animal per day. If perfor-
mance data are mentioned in the publications, an attempt
is made to relate emissions to the GE intake rate. The fol-
lowing relations are used for conversion:

Conversion of digestible energy

DE

GE = )
XpE
where
GE gross energy intake rate (in MJ animal™ d)
DE digestible energy intake rate (in MJ animal™' d)
X digestibility of energy (default X, =

0.866 MJ MJ'; Muller and KirchgeBner, 1983a)

Conversion of metabolizable energy

GE = 1E 2)
XME
where
GE gross energy intake rate (in MJ animal™ d-")
ME metabolizable energy intake rate
(in MJ animal d")
X, metabolizability of energy (as a rule provided in
the literature) (in MJ MJ")
Conversion of net energy
GE = NE 3)
XNE
where
GE gross energy intake rate (in MJ animal™ d-")
NE net energy intake rate (in MJ animal”’ d™')
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X ratio of net to gross energy
(default X, = 0.53 MJ MJ)

Conversion of volume to mass

The density p.,,, of CH, is 0.716 kg m? at standard
conditions. (German standard DIN 1343 uses a standard
temperature 7, = 273.15 K and a standard pressure of
1013 hPa. Gas densities (p) can then be adjusted using the
relation T /T ,=p,/p,.)

Conversion of mass to energy
The energy content 5, of CH, is 55.65 MJ kg™.

Units frequently used to describe CH, emission rates and

relate them to animal or feed properties

« EV,,, denotes the volume of CH, emitted per animal
and per unit of time.

- EV,, (specific volume) relates the volume of CH,

CH4
emitted to the metabolic weight of the animal.

Table 1:

« EM_,, is the mass of CH, emitted per animal and per
unit of time.

* EE_,, s the energy equivalent of the CH, released per
animal and per unit of time.

* EE_, s the spgoﬂc energy gquwfalent of'the CH,
released per unit of metabolic animal weight and
per unit of time.

The methane conversion ratio MCR is the fraction of

gross energy taken in that is converted to CH, in the hind

gut. 3

mcr = s (@)
GE
where
MCR methane conversion ratio (in kJ MJ")
EE_, energy equivalent of methane released
(in kJ animal* d)
GE gross energy intake rate (in MJ animal” d-")

Methane emissions from sows (for the symbols used see explanations above)

reported entity reported value unit live weight (LW)  notes MCR reference
kg animal" k) MJ?
MCR 0.7 % GE early gestation 7 Beyer et al. (1994)
MCR 0.4 % GE late gestation 4 Beyer et al. (1994)
MCR 0.7 % DE 205 lactating 5.3 Jakobsen et al. (2005)
MCR,, 1.31 % DE 225 10.1 Jorgensen (2007)
MCR 0.8 % DE 6.7 Jergensen et al. (2001)
MCR, 0.7 % DE 210 5.5 Jargensen et al. (2007)
MCR 0.74 % GE 203 7.4 KirchgeBner and Miller (1981)
MCR 0.94 % GE 187 9.4 KirchgeBner et al. (1987)
MCR, 0.88 % DE 235 6.6 le Goff et al. (2002b)
EE_,, 0.3 MJ d-! 190 9.2 Miiller and KirchgeBner (1983a)
MCR, 0.6 % DE 201 increased straw 5.2 Miller and KirchgeBner (1983b)
EE, 0.25 MJ animal” d-! 7.6 Mdller and KirchgeBner (1985a)
MCR 0.8 % DE 184 6.9 Miuller and KirchgeBner (1985b)
MCR 0.8 % DE 239 6.9 Noblet and Le Goff (2001)
SEA 0.21 MJ (kg DM)! 208 1.4 Noblet et al. (1993)
MCR, 1.2 % DE 290 9.8 Olesen et al. (2001)
MCR 0.85 % DE 260 low fibre 7.4 Ramonet et al. (2000)
MCR,, 3.36 % DE 260 high fibre 29 Ramonet et al. (2000)
MCR 0.8 % DE 183 high protein 6.7 Theil et al. (2002)
MCR, 0.5 % DE 175 low protein 4.2 Theil et al. (2002)
MCR, 0.73 % DE 206 6.4 Theil et al. (2004), Jergensen et al. (2011)

A SE: specific emission (see unit)

* The IPCC terminology uses the symbol ¥ (IPCC: methane conversion fac-
tor) (in MJ MJ") for the methane conversion ratio MCR (used in this work).
IPCC also call the ratio with which CH, is formed within manure storage a
methane conversion factor (in %) and apply the symbol MCF.
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In some cases, the methane conversion ratio is not re-
lated to gross energy. Instead, MCR,, is used to describe
the fraction of digestible energy taken in that is converted
to CH, in the hind gut.

EE
MCRpy = —<H4 (5
DE DE
where
MCR,,  methane conversion ratio for digestible
energy (in kJ MJ7)
EE_, energy equivalent of methane released
(in kJ animal* d)
DE digestible energy intake rate (in MJ animal™* d-')

The live weight LW (in kg animal?) is used to character-
ize the animals.

1.2.1 Sows

Measurements on sows were published almost only for
non-lactating animals (Table 1). It is customary to feed
sows in this time span a diet that is high in fibre. Hence,
the emissions listed in Table 1 cannot be extrapolated to
annual emission rates.

1.2.2 Piglets

As sows milk does not contain fibre or polysaccharides,
suckling piglets should not produce CH,. However, milk
replacer does contain fibre which results in small CH, emis-
sion rates (Table 2).

Table 2:

Methane emissions from piglets fed on milk replacer (for the symbols
used see explanations above)

reported reported unit live weight MCR reference
entity value (Lw) kJ M
kg animal"
Theil et al. (2007),
EV,, 0.13  lanimal'd" 4.9 1.2 Jorgensen et al.

(2011)

1.2.3 Growing pigs

Growing pigs comprise both weaners and finishing pigs.
However, the measurements available only deal with fin-
ishing pigs. As a rule, animal weights and weight gains are
reported (Table 3).

1.3 Résumé

The data collated originate from measurements in Ger-
many, Denmark, The Netherlands, France, Italy as well as
from The USA, Canada and China. Care was taken that
the results obtained for the control groups were extracted
from the articles. In some cases it was difficult to identify
the control.

The number of animals in the respective experiments
varied from “a few” to “many”. Hence the calculation of
weighted mean values of MCR was impossible. However,
the calculation of arithmetic mean values may be used to
support results obtained from modelling.

For sows, only 1 result describes lactating animals (Ja-
cobsen et al., 2005). The 30 values obtained for gestating
sows can be reduced to a arithmetic mean MCR of about
7.0 kJ MJ'. If one keeps in mind that diets for gestating
sows are richer in fibre than those for lactating sows, and
that the energy intake with feeds during the lactation
phase is about one third of the overall GE intake (Haenel
etal., 2011b), then a weighted mean MCR of less than 7.0
kJ MJ" results.

2-MC +1-MCR
MCRsow, mean — RSOW’ gest 3 sow, lact (6)

Data listed in Table 1 suggest an MCR of about 6.5 kJ
MJ.

Only one reference could be found for suckling pig-
lets. The MCR of 1.2 kJ MJ" can be ignored considering
the low GE intake of these animals and the small share of
milk replacer fed in addition to sows’ milk.

The majority of data sets describe growing pigs. 3 pa-
pers refer to animals in the subcategory of weaners (LW <
35 kg animal™") for which an MCR of about 3 kJ MJ can
be identified. For finishing pigs, a mean MCR of about
4.5 kJ MJ" can be calculated; here, the results published
by Atakora et al. (2011) are considered outliers and omit-
ted from this and subsequent calculations.

Experiments with varying animal weights (ceteris pari-
bus) showed that MCR increases with animal weight (e.g.
Christensen and Thorbek, 1987; Noblet and Shi, 1994). A
regression analysis leads to the same conclusion, although
the scatter is considerable (Figure 1).

MCR also increases with the fibre content of the diet
(e.g. Jensen and Jargensen, 1994) and with increasing
protein content (e.g. Theil et al., 2002).

The IPCC (1996) default MCR exceeds almost all values
derived from measurements.
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Table 3:
Methane emissions from growing pigs

reported entity  reported value unit live weight (LW)  notes MCR reference

kg animal"! kJ M1
EM.,, 17.0 g animal ' d! 81 very low protein, barley 253 Atakora et al. (2011)
EM,, 17.6 g animal' d! 81 medium protein, barley 27.3 Atakora et al. (2011)
EM,,, 23.2 g animal' d’ 75 high protein, barley 36.3 Atakora et al. (2011)
EM.,, 23.9 g animal” d-! 63 medium protein, maize 39.4 Atakora et al. (2011)
EM,_, 25.4 g animal d! 63 high protein, barley 421 Atakora et al. (2011)
MCR, 0.4 % DE 80 35 Barea et al. (2010)
EV,,, 1.7t085  lanimal'd’ 20to 25 feed varied 5.4 Christensen and Thorbek (1987)
EV ., 122t085  lanimal'd" 35t0 110 feed varied 52to011.0  Christensen and Thorbek (1987)
MCR 0.45 % GE 85 4.5 Galassi et al. (2004)
EV,,, 1.4 I'animal d! 112 t0 132 low fibre 0.8 Jensen and Jargensen (1994)
11 12.5 I'animal™ d*! 112 t0 132 high fibre 7.1 Jensen and Jgrgensen (1994)
MCR 04t005 % GE 30t0 125 4 to 5 Jentsch and Hofmann (1977)
MCR 0.05 % GE 13to 28 0.5 Jentsch et al. (1991)
MCR 0.44 % GE 28to 63 4.4 Jentsch et al. (1991)
EM,,, 1.13 g animal' d-! 60 2.8 Jietal (2011)
EM,, 2.01 g animal ' d! 90 3.4 Jietal. (2011)
MCR,, 0.49 % DE 65 4.2 Jergensen (2007)
MCR,, 0.2 % DE 20 low fibre 1.9 Jgrgensen et al. (1996a)
MCR,, 1.1 % DE 20 high fibre 9.0 Jargensen et al. (1996a)
MCR,, 0.51 % DE 20 4.0 Jargensen et al. (1996b)
MCR,, 0.8 % DE 60to 115 6.7 Jgrgensen et al. (2007)
MCR 0.4 % DE 35 3.1 Jargensen et al. (2001)
MCR,, 0.80 % DE 60to 115 6.7 Jargensen et al. (2007)
MCR 0.70 % DE 65.2 6.1 Le Bellego et al. (2001)
MCR 0,46 % DE 65.9 4.1 Le Bellego et al. (2001)
MCR,, 0,60 % DE 65.5 53 Le Bellego et al. (2001)
MCR 0,50 % DE 65.2 4.3 Le Bellego et al. (2001)
MCR 0.20 % DE 41 1.8 le Goff et al. (2002a)
MCR,, 0.24 % DE 76 22 le Goff et al. (2002a)
MCR,, 0.41 % DE 43 35 Noblet and Shi (1994)
MCR,, 0.44 % DE 48 38 Noblet and Shi (1994)
MCR 0.60 % DE 100 52 Noblet and Shi (1994)
EE,, 0.14 MJ animal™ d! 75to 90 4.3 Schneider and Menke (1982)
EV,.* 0.242 I'kg-0.75d" 48 8.5 Schrama et al. (1996)
I 49 kJkg-0.75d" 54 3.9 Schrama et al. (1998)
EE_.* 6.2 kJ kg -0.75 d 46 4.8 Schrama et al. (2003)

MCR,, 0.29 % DE 33to 60 2.8 Wang et al. (2004)
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Figure 1:

Methane conversion ratios of growing pigs as a function of live weight
using those data sets from Table 3 where weights and MCR were pro-
vided. Full line: regression for pigs with 30 kg animal' < LW < 125 kg
animal’; R? = 0.34. Dotted line: default MCR in IPCC (1996)

2 Modelling methane formation in pigs

Modelling should allow for the weighing of effects and
side effects of potential reduction measures, in particular
the influence of diet composition and feeding practices on
emissions. However, this requires a more mechanistic ap-
proach relating emissions to animal performance and feed
constituents than provided in IPCC (1996).

2.1 Methane formation in the digestive system

The formation of CH, in the digestive system (enteric fer-
mentation) of pigs is mainly centred in the hind gut (colon)
(see Jensen and Jagrgensen, 1994). Here, bacterial action
degrades those organic species that passed the digestive
tract undigested, mainly cellulose, hemicellulose and pec-
tin which are summed up as bacterially fermentable sub-
strates (BFS). Bacterial action converts these substrates to
volatile fatty acids, CH, and carbon dioxide (see Figure 2).
The fatty acids play an important role in the energy supply
of pigs (KirchgeBner et al., 1987; Dierick et al., 1989; No-
blet and Le Goff, 2001). In experiments with sows, about
half the cellulose and about 90 % of the sugar (xylose),
starch * and cellulose (pectin) as well as the protein ca-
sein that were applied to the animals intracaecally were
degraded in the hind gut (Kreuzer et al., 19913, b). De-
spite the efforts described e.g. in KirchgeBner et al. (1987,
1991) or Noblet (2007), Jargensen et al. (2011) state
“However, information on how dietary composition and
intrinsic animal factors influence gas production in pigs is
rather limited.”

2.2 Relating methane emission rates to feed intake, diet
composition and animal performance

A number of relationships have been developed to pre-
dict enteric CH, emission to dietary or animal characteris-
tics. In this section, we briefly review these relationships.

Note that Equations 8 to 11 return the CH,
emission per feeding day. To calculate the an-
nual emission per place, the so-called emission
factor EF,,,, it is necessary to take account of
the duration of any period during which the

place is empty (e.g. for cleaning).

ash in faeces

animal
metabolism .
volatile
fatty acids
...................... P
crude ash
sugar :
-—> CO
starch : i BFS : 2
crude fat =+ P ———> CH,

: Pl A :
; — I H L
crude protein g—» crude protein in faeces

cellulose,
hemicellulose,
pectins,  : i
organic residues 3 smayj intestine and : : hind gut
caecum :

Figure 2:

OM in faeces

Pathways of major feed constituents through the gut of pigs. Gray arrows: share of constituents that can be resorbed. Wide black arrows:
bacterially fermentable substrates; narrow black arrows: matter that is neither resorbable nor bacterially fermentable.

4 Sugars and starch will normally be digested in the small intestine and cae-
cum (see Figure 2).
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The relation between emission factor (emission per
place per year) and emission rate (emission per animal per
day) is as follows:

EFcns = Echa  lifespan * Mround 7)
where
EF_,, CH, emission factor (in kg place™ a' CH,)
E.. CH, emission rate (in kg animal™ d' CH,)
gespan duration of lifespan in a subcategory (in d)

number of animal rounds (in animal place™ a™')

nround

2.2.1 Model 1: methane formation rate and BFS supply
rate

From respiration chamber measurements KirchgeBner et
al. (1991) deduced functions describing emission rates for

growing pigs and for sows.

Ecpa, =a) +by -mgps =a; +b; - DM -njgpg (8)

where
E.., CH, emission rate obtained with model 1
’ (in kg animal' d' CH,)

a, constant (in kg animal' d')

b, coefficient (in kg kg™ CH,)

My rate of BFS available for fermentation
(in kg animal' d)

DM dry matter intake rate (in kg animal' d-')

Nyrs mean BFS content of feed (dry matter)
(in kg kg™

Both constant and coefficient vary between growing
pigs and sows, for sows also with the mean BFS content
s KirchgeBner et al. (1991) propose to differentiate be-
tween three cases:

growing pigs:
in any case a, = 0.00000 kg animal™ d;
b, =0.020 kg kg

Sows:

if n,<0.08kgkg' then a =0.00000 kg animal'd”,
b, =0.020 kg kg™

if #,.>0.08kgkg' then a, =0.00285kg animal’d,
b, =0.013 kg kg™

Boars (mature males for reproduction) are treated like
SOWS.

The comparatively low regression coefficients R? of
about 0.6 can be explained by variations in the individual
digestion processes, including variations in the composi-
tion of the bacterial populations.

2.2.2 Models 2 and 3: methane formation rate and supply
rate of fermented dietary fibre (FDF)

Model 2 is defined by an equation deduced by Noblet et
al. (2004) (as quoted in Noblet, 2007):

MEpF
Ecpap=ay- ©
Tlcha
where
Epss CH, emission rate obtained with model 2
(in kg animal* d' CH,)
a, coefficient (growing pigs: a, = 0.67 M)
(kg FDF)'; sows: a, = 1.33 MJ (kg FDF)")
me. supply rate of fermented dietary fibre (FDF)

(in kg animal” d")
energy content of CH, (7, = 55.65 MJ kg™)

yem

A similar approach was published in Jgrgensen (2011).
It is used as model 3:

Ecpas*=as +by -mppp (10)
where

E. CH, emission rate obtained with model 3
(inlanimal™ d' CH,)

a, constant (growing pigs: a, = 0.440 | animal™ d”' CH,;
sows: a, = 0.626 | animal d' CH,)

b, coefficient (growing pigs: b, = 0.0206 | (kg FDF)™;
sows: b, = 0.00894 | (kg FDF)")

my supply rate of fermented dietary fibre (FDF)

(in kg animal* d)

2.2.3 Model 4: methane formation rate, feed intake and
animal weight

If the diet composition is kept constant, CH, emissions
vary with dry matter (DM) intake. This again is related to
animal weight or metabolic weight. An equation is pro-
vided in Jargensen (2011, Equation 3):

ECH4,4*:‘14 +b4‘W (11>
where

E..,,  CH,emission rate obtained with model 4
(inl animal™ d' CH,)

a constant (a, = 1.01 l animal™ d' CH,)

coefficient (b, = 0.0107 I (kg LW)" d™)

live weight of the animal (in kg animal™)

~

= &>
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2.2.4 IPCC (1996) approach: methane conversion ratio
and gross energy intake

If feed composition is about constant, then fibre and
feed intake rates are proportional to the gross energy (GE)
intake rate of the animals. This simplification is used by
IPCC (1996) without any further differentiation of animal
subcategories to deduce the emission per place and year.
The constant is called the methane conversion ratio (MCR)
in the IPCC nomenclature.

MCR - GE
EFcygpecc =————— (12)
Tlcha
where
EF .y nee CH, emission factor obtained with the IPCC (1996)

approach (in kg place a' CH))
MCR coefficient (MCR = 6 kJ MJ")
GE gross energy intake (in MJ place™ a™)
energy content of CH, (y,,, = 55.65 MJ kg™)

’7(;1-[4 ’/ICH4

3 The recommended methodology: application of
the KirchgeBner approach to the German dataset of
feed intake rates and diet composition

Based on the brief review above, we conclude that since
the formation of CH, in the hind gut is mechanistically re-
lated to the availability of BFS and that any approach that
relates emissions to this entity should be preferred over
others. In Germany, the fraction of bacterially fermentable
substrates in diet constituents is a standard entity listed
among feed properties. Furthermore, low but nevertheless
satisfactory correlations were established experimentally
in Germany (see KirchgeBner et al., 1991, and literature
cited therein). Keeping in mind that the conversion of un-
digested carbohydrates in the hind gut also depends on
the state of health of the animal and the microbial popu-
lation in the gut, we nevertheless consider that the most
promising method should relate the formation of methane
to the undigested fibre available.

3.1 The methodology

The methodology is based on the equation reported by
KirchgeBner et al. (1991) which relates the rate of CH,
emissions to the rate of BFS supplied to the hind gut (see
Equation 7).

The rate of BFS supplied in the diet is calculated from the
diet composition using Equation (13) (see KirchgeBner et
al., 2008, pg 169).

mpFs,i =

. -m .=
1BFS,i " MDM, i (13)

Mowm,i “*Dp,0M,i ~ Mxp,i " ¥D,XP,i ~

MXE,i * XD, XF,i ~ Mst,i T Mgy,
where
M rate of BFS available for fermentation in a
feed constituent i (in kg animal” d")
Mgs. BFS content of a feed constituent i (in kg kg™")
Mo intake rate of dry matter with a feed
constituent i (in kg animal” d")
Moy intake rate of organic matter with a feed
constituent i (in kg animal” d")
Xy on;  digestibility of organic matter in feed
constituent i (in kg kg™)
my,. intake rate of crude protein with a feed
constituent i (in kg animal™ d")
Xp xpi digestibility of crude protein in feed
constituent i (in kg kg™)
my,. . intake rate of crude fat with a feed
’ constituent i (in kg animal” d")
Xp xr.i digestibility of crude fat in feed
constituent i (in kg kg™)
m, . intake rate of starch with a feed constituent i
’ (in kg animal' d)
m_ . intake rate of sugars with a feed constituent i

(in kg animal™ d)

BFS contents of single feed constituents 7, , are ob-
tained from a modified Weender analysis (cf KifchgeBner
et al, 2008, pg 22 f) and are produced as a matter of rou-
tine in German feed analysis.

The BFS content of a diet is the weighted mean of the
BFS contents of its constituents:

1BFs = Z(UBFs,i 'xi) (14)
where
Mies mean BFS content of a diet (in kg kg")
Mgs. BFS content of feed constituent i (in kg kg™)
X, mass fraction of feed constituent i in the diet
(in kg kg™)
and

in =1 (15)

The dry matter (DM) intake rate results from the calcu-
lation of energy requirements. In Germany these are ob-
tained from the metabolizable energy (ME) requirements
that are calculated according to Flachowsky et al. (2006)
as described in Haenel et al. (2011b).
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3.2 Livestock properties

The methodology distinguishes between the following
subcategories of pigs:

Sows and their litter are treated together. Energy re-
guirements are calculated for two gravidity phases, for the
lactating period and for the period between weaning and
covering. The number of piglets raised, their final weight
and the mean weight of the sow are taken into account.

Suckling-pigs are supplied with energy and nutrients via
the sow’s milk only. This milk does not contain fibre. Hence
its BFS content is zero.

Weaners and finishing pigs are treated in a similar
manner. Their weights and weight gains are considered as
drivers for energy requirements. For details see Haenel et
al. (2011b).

Boars are those mature males that are used for repro-
duction. The only driver in the energy demand calculations
is their weight.

For an investigation in the effectiveness of phase feeding
on enteric CH, emissions, standard animals were used as
in Dammagen et al. (2011b). They have properties as follows:
The standard sows used in this work have a mean weight
of 200 kg animal”'. No weight gain is considered. 23 piglets
are raised per sow per year and weaned at a weight of 8.5
kg animal™'. Standard weaners have a mean weight gain of
410 g animal’ d' and a final weight of 28.5 kg animal™.
The number of production cycles per year takes a service
and disinfection period of 8 d round™ into account. Stan-
dard finishers are assumed to have a mean weight gain of
750 g animal' d' and a final weight of 110 kg animal.
Service and disinfection periods are variable. Standard boars
have a mean weight of 180 kg animal’. A weight gain is
not taken into account. Boars are fed sows’ feed.

3.3 Composition of diets and feeding regimes in German
pig production

A survey was made in 2010 and 2011 to assess the re-
gional variation in pig feeding. As described in Dammgen
et al. (2011b), feeding experts were asked to provide typi-
cal diet compositions for the German federal states. Nied-
ersachsen (Lower Saxony) with its high pig populations was
subdivided in 11 territorial units that were uniform with
respect to pig feeding. In all, 288 diets were provided, 86
for sows, 66 for weaners and 122 for finishing pigs. For
sows and weaners, single and two phase feeding were in-
vestigated. Feeds for finishing pigs allowed for the consid-
eration of single, two and three phase feeding. No special
feeds for boars were reported; they are fed sow feed. In
Niedersachsen, diets with reduced nitrogen contents (RAM

feed °) are fed to some extent. The census data includes
the number of animal rounds per year for each German
federal state and each year from 1990 to 2009.

3.4 BFS contents of diet constituents

BFS contents of feed constituents can be extracted from
the literature. For the diet constituents mentioned by the
experts, the contents are listed in Table 4.

Table 4:

BFS contents of feed constituents in pig production. This Table sup-
plements Table 1 in Dammgen et al. (2011b).

Feed constituent Nues  SOUIrCe!
kg kg
green meal Grinmehl 0.270 [2]
wheat Weizen 0.043 [1]
triticale Triticale 0.096 [3]
rye Roggen 0.066 [1]
barley Gerste 0.071 [1]
oat Hafer 0.075 [1]
CCM CCM 0.060 [1]
maize Mais 0.052 [1]
maize flakes Maisflocken 0.052 [1]
millet Hirse 0.024 [6]
linseed Leinsamen 0.210 [3]
potato peel Kartoffelschalen 0.167 [3]
potato chips Kartoffelchips 0.107 [3]
cassava root meal Maniokmehl 0.129 [1]
sugar beet pulp Trockenschnitzel 0.664 [1]
sugar beet pulp with molasses Melasseschnitzel 0.506 [1]
bakery waste Backabfalle 0.159 [1]
wheat bran Weizenkleie 0.191 [1]
rye bran Roggenkleie 0.280 [1]
oat flakes Haferflocken 0.079 [1]
oat bran Haferschélkleie 0.132 [1]
wheat gluten feed Weizenkleber 0.038 [1]
maize gluten feed Maiskleberfutter 0.241 [1]
distillers dried grains with solubles  Weizenschlempe 0.239 [4]
maize starch Maisstarke 0.000 [5]
maize germs Malzkeime 0.200 [1]
apple pomace Apfeltrester 0.260 [2]
molasses Melasse 0.084 [1]
peanut oil Erdnussol 0.000
soya oil Sojaal 0.000
rape seed oil Rapsol 0.000
sunflower oil Sonnenblumendl 0.000

> RAM: Rohprotein-angepasste Mischung: mixture adjusted to crude protein
demands
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Continuation of Table 4:

Feed constituent Nars  SOUICE!
kg kg'!
sugar Zucker 0.000 [1]
peas Erbsen 0.090 [1]
faba bean Ackerbohne 0.079 [1]
soya bean Sojabohne 0.152 [1]
soya protein SojaeiweiBkonzentrat  0.000 [5]
linseed expeller Leinexpeller 0.302 [1]
rape seed expeller Rapsexpeller 0.213 [1]
soy pulp Sojaschalen 0.419 [3]
rape seed extraction meal Rapsextraktionsschrot ~ 0.215 [1]
sunflower extraction meal Sonnenblumen- 0.143 [6]
extraktionsschrot
soya bean extraction meal Sojaextraktionsschrot 0.157 [1]
48 % XP 48 %, getoastet
soya bean extraction meal Sojaextraktionsschrot 0.189 [1]
44 % XP 44 %, getoastet
potato protein KartoffeleiweiB 0.088 [1]
sweet whey Molke, SuB-, frisch 0.018 [1]
acid whey Molke, Sauer-, frisch ~ 0.095 [1]
whey protein MolkeneiweiB, frisch ~ 0.000 [5]
skimmed milk powder Milchprodukte 0.053 [1]
(Magermilchpulver)
whey concentrate Molke, SuB-, 0.003 [1]
getrocknet
cows’ milk Kuhmilch (Vollmilch) ~ 0.000 [1]
fish meal 64 % XP Fischmehl 64 % RP 0.001 [1]
yeast Bierhefe, Weinhefe 0.306 [1]
(Vinasse)
corn steep Maisquellwasser 0.000
fish oil Fischol 0.000
lignocellulose Lignocellulose 0.730 [2]
rice gluten feed Reiskleber 0.038 [1]
palm butter Pflanzenfett 0.000
formic acid Ameisensdure 0.000
propionic acid Propionsdure 0.000
calcium phosphate Calciumphosphat 0.000
lime (calcium carbonate) kohlensaurer Kalk 0.000
sodium bicarbonate Natriumhydrogencar- ~ 0.000
bonat
salt Viehsalz 0.000

' Sources: [1] KirchgeBner (2004) pp 571-578; [2] Lindermayer et al. (2009), pg 134; [3]
LfL (undated); [4] Lindermayer (undated); [5] calculations using Equation (12) and data
provided in Beyer et al. (2004); [6] DLG (undated)

Most data in Table 4 is taken from KirchgeBner (2004).
Some feed constituents could be extracted from lists pub-
lished by LfL (Lindermayer, 2009, undated: LfL, undated)
or the DLG data base Futtermittel.Net.

Properties of corn steep could be deduced from infor-
mation provided by the manufacturer (Beuker, undated).

Some less frequently used feed constituents were re-
placed by similar constituents due to missing or inconsis-
tent data:

e maize flakes by maize

e potato chips by steamed potatoes

e soya protein by soya beans

e soya pulp by legume seed hulls

e bakery waste by wheat second flour
e fish oil by fish juice

e rice gluten feed by wheat gluten feed

11y Tor all oils and fats was set zero, as they do not con-
tain fibre or carbohydrates. The fibre content of corn steep
is very low, which justifies setting . to zero.

3.5 Back-calculation of gross energy related methane
conversion ratio

It is good practice within emission reporting to indicate
MCR according to Equation (16).

EFCH4,i,j ‘Ncna

MCR; ; = 16
ij GE, | (16)
where
MCR. methane conversion ratio for subcategory i

ij

in region j (in MJ MJ")

EFy,.; CH,emission factor for subcategory i in
region j (in kg place™ a' CH))

energy content of methane

(s = 55.65 MJ (kg CH,)")

GE. . gross energy intake rate for subcategory i
in region j (in MJ place™ a™")

Nepa

The German inventory uses the metabolizable energy
(ME) requirements to derive feed intake. Both ME and GE
contents of the diets are variables. Hence the conversion
of ME to GE intake rates varies with diets. The energy
equivalent of CH, is constant.

GE, j = ME; | JIGE i " TTcna (17)
TIME, i j
where
GE, gross energy intake rate per place for
subcategory i in region j (in MJ place™ a™')
ME. . intake rate of metabolizable energy for

h subcategory i in region j (in MJ place™ a™')

Nor.ii gross energy content of diet for subcategory i
in region j (in MJ kg™)
Nera energy content of methane
(s = 55.65 MJ (kg CH,)")
N metabolizable energy content of diet for
> 1]

subcategory i in region j (in MJ kg™)
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The national overall MCR for pigs is calculated as
weighted mean for sows (with litter), weaners, finishing
pigs and boars.

4 Results

4.1 National mean methane emission factors and meth-
ane conversion ratios

For the years 1994, 2001 and 2007, full census data (ani-
mal numbers and farm structure survey data) were available.
For the feeding regimes put into practice in the respective
region and year, the CH, emission factors (emissions per
place and year) and CH, conversion ratios (MCR) were cal-
culated for the four standard animals, see Chapter 3.2. The
results are presented in Tables 5 and 7. Table 5 shows that
the application of modelled MCR for specific diets results
in elevated emission rates for sows and boars and reduced
emission rates for weaners and finishing pigs as compared
to default MCR (previous calculations). No significant varia-
tion between the years can be observed for sows and wean-
ers. The reduction of emission rates for finishing pigs is
attributed to an increased use of phase feeding (see below).

Phase feeding has become standard during the past de-
cades. For sows, the diet during lactation is particularly rich
in ME and poor in fibre, the diet in the non-lactating phase
is rich in fibre with comparatively lower ME contents. It is
normal to feed weaners two different diets with a change
at a weight of about 15 kg animal'. Boars are fed the

Table 5:

Methane emission factors EF,,,,
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same feeds as sows. In some regions, farmers prefer to
feed the lactation diet, in others the non-lactating diet.

Phase feeding and the introduction of N-reduced diets
have increased significantly for finishing pigs (see Dam-
mgen et al., 2011b). The mean properties of the diets re-
ported (non-weighted means) exhibit a trend. As shown in
Table 6, the step from two phases to three phases clearly
reduces the CH, emission rate per place as well as MCR.
The effect of N reduced diets may be adverse; the data
shown are ambiguous.

Table 7 illustrates that MCR (i.e. the fraction of GE that
is lost with CH,) is constant with time for all four standard
animals.

4.2 Regional variation of methane emission factors and
methane conversion ratios

The national mean MCR listed in Table 7 follow from
regionally diverse data that reflect regionally different diet
composition and feeding regimes. Table 8 shows the vari-
ability of EF_,, and MCR in the regions considered. For
boars, the large differences result from the two diet types
used. Small EF,,, and MCR are associated with the use of
lactation diets.

Table 8 also highlights the value of regional data if emis-
sion reduction measures are to be taken.

The modelled methane emission rates agree satisfactorily
with those estimated from experiments, see Chapter 1.3.

annual national means (values for 1994, 2001 and 2007 according to Chapters 3.1 to 3.4)

1994 2001 2007 previous calculations unit
modified” inventory®
sows (including suckling piglets) 2.20 2.22 2.23 2.08 2.13 kg place™ a' CH,
weaners 0.31 0.32 0.31 0.42 0.43 kg place™ a' CH,
finishing pigs 0.96 0.93 0.90 1.17 1.32 kg place™ a' CH,
boars 2.08 2.07 1.98 1.75 1.73 kg place™ a' CH,

A modified diets and feeding strategies as in Dammgen et al. (2011b), but use of IPCC (1996) default MCR of 6 kJ MJ-1.
8 using the methodology described in Résemann et al. (201 1) with constant feed and feeding strategies

Table 6:

Finishing pigs, methane emission factors EF,,

means) (duration of service time: 5 d round)

and methane conversion ratios MCR as a function of feeding strategy (2007 data set) (non-weighted

Feed type* 1 2S 2R 3S 3R unit
EF, 1.04 0.97 1.03 0.82 0.79 kg place™ a' CH,
MCR 53 4.8 5.2 4.2 4.0 k) MU

A 1: single phase feeding; 2S: two phase feeding, standard diet; 2R: two phase feeding, N and P reduced diet; 3S: three phase feeding, standard diet; 3R: three phase feeding, N and P reduced diet
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Table 7:
Methane conversion ratios MCR, annual national means

1994 2001 2007 previous calculations unit
modified # inventory ®
sows (including suckling piglets) 6.3 6.4 6.4 6.0 6.0 k) MJ!
weaners 43 4.4 4.4 6.0 6.0 kJ MJ?
finishing pigs 4.6 4.7 4.6 6.0 6.0 k) MJ?
boars 7.1 7.1 7.0 6.0 6.0 k) MJ?
average pigs © 4.6 4.8 4.7 6.0 6.0 kJ MU
A modified diets and feeding strategies as in Dammgen et al. (2011b), but use of IPCC (1996) default MCR of 6 k) MJ-1.
8 using the methodology described in Résemann et al. (201 1) with constant diet composition and feeding strategies
¢ weighted mean taking animal populations (Résemann et al., 2011) into account
Table 8:
Regional variation of methane emission factors EF,,, and methane conversion ratios MCR (results for 2007)
Region EF_,, MCR
kg place™ a”! kJ MJ?
sows” weaners finishers boars sows” weaners finishers boars
01 2.50 0.30 0.96 2.49 7.2 4.2 4.8 8.6
02 2.48 0.36 0.99 2.24 7.1 5.0 5.1 7.6
03 2.56 0.29 0.94 2.48 7.3 4.2 4.8 8.2
04 2.53 0.31 0.86 2.38 7.0 4.4 4.4 7.9
05 2.68 0.32 0.94 1.98 7.7 4.4 4.9 7.0
06 2.33 0.34 0.92 2.14 6.8 4.7 4.7 7.4
07 2.47 0.30 0.98 213 7.1 43 4.9 7.4
08 2.24 -t 0.71 1.16 6.5 -t 3.7 4.2
09 2.74 0.30 0.91 213 7.9 4.2 4.6 7.4
10 2.37 0.29 0.76 1.29 6.9 4.0 3.9 4.5
1 2.74 0.30 0.96 213 7.9 4.2 4.8 7.4
12 2.65 0.30 0.83 1.34 7.5 4.2 4.0 4.6
13 2.34 0.31 0.95 1.30 6.8 4.4 4.8 4.6
14 2.51 0.30 1.01 2.53 7.2 4.2 5.1 8.8
15 -8 0.35 0.91 2.00 -8 4.8 4.6 7.0
16 2.61 0.30 0.98 2.41 7.5 43 4.9 7.9
17 2.45 0.31 0.98 2.14 7.0 44 5.0 7.2
18 2.05 0.28 0.88 1.29 5.8 3.9 4.4 8.2
19 2.73 0.30 1.05 2.32 7.8 4.2 5.3 7.5
20 2.40 0.28 0.90 1.28 6.9 4.0 4.6 4.5
minimum 2.05 0.28 1.05 2.53 5.8 3.9 3.7 4.2
maximum 2.74 0.36 0.71 1.16 7.9 5.0 5.3 8.8
mean® 2.49 0.31 0.93 1.90 7.1 4.4 4.6 7.1

Aincluding suckling pigs
& value omitted as outlier
¢ weighted mean taking animal populations (Résemann et al., 2011) into account
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5 Conclusions

Even though CH, emissions from pigs’ enteric fermenta-
tion do not form a key category in the emission inventory,
they can now be treated with a state of the art meth-
odology. The experimental data available and the model
approaches deduced from them allow for a detailed treat-
ment.

As the effort to perform a Tier 3 approach as described
here may not be justified elsewhere, a set of adequate
MCR can be provided at least for Northwest European con-
ditions. The following values are proposed (see Table 8):

* sows with litter 7.1 kI MJ?
® \weaners 4.4 k) MJ!
e finishing pigs 4.6 kJ MJ?

e boars for reproduction 7.1 kJ MJ"!

If no differentiation between subcategories is possible,
a MCR of 5 kJ MJ " is considered adequate. (This mean is
depending on the respective shares of animal subcatego-
ries. The German weighted mean for 2010 amounts to
4.8 kI MJ")

For Germany and 2010, the application of the MCR
listed in Table 8 results in an emission reduction of about
15 %, i.e. about 4.0 Gg a™' CH, or 100 Gg a' CO, equiva-
lents ©.

References

Atakora JKA, Moehn S, Ball RO (2011) Enteric methane produced by finisher
pigs is affected by dietary crude protein content of barley grain based, but
not corn based diets. Anim Feed Sci Technol 166-167:412-421

Barea R, Dubois S, Gilbert H, Sellier P, van Milgen J, Noblet J (2010) Energy
utilisation in pigs selected for high and low residual feed intake. J Anim Sci
88:2062-2072

Beuker (undated) Cornsteep [online]. To be found at <http:/www.beuker.nl/
internet_pdf/VAC_2_98.pdf> [quoted 09.06.2011]

Beyer M, Chudy A, Hoffmann L, Jentsch W, Laube W, Nehring K, Schiemann
R (2004) Rostocker Futterbewertungssystem : Kennzahlen des Futterwer-
tes und Futterbedarfs auf der Basis von Nettoenergie. Dummerstorf : For-
schungsinst Biol landwirtschaftl Nutztiere, 392 p

Beyer M, Jentsch W, Hoffmann L, Schiemann R (1994) Energy and nitrogen
metabolism of pregnant and lactating sows and suckling piglets : 5. Energy
and nitrogen metabolism of pregnant sows. Arch Anim Nutr 46:173-205

Christensen K, Thorbek G (1987) Methane excretion in the growing pig. Br J
Nutr 57:355-361

Dammgen U, Amon B, Gyldenkaerne S, Hutchings NJ, Kleine Klausing H,
Haenel H-D, Rosemann C (2011a) Reassessment of the calculation proce-
dure for the volatile solides excretion rates of cattle and pigs in the Aus-
trian, Danish and German agricultural emission inventories. Landbauforsch
61(2):115-126

Démmgen U, Amon B, Hutchings NJ, Haenel H-D, Résemann C (2012) Data
sets to assess methane emissions from untreated cattle and pig slurry and
solid manure storage systems in the German and Austrian emission inven-
tories. Landbauforsch 62(1/2):1-20

® using a global warming potential GWP,,,, of 25 kg kg™ CO,-eq according to
Solomon et al. (2007)

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

Dammgen U, Haenel H-D, Résemann C, Eurich-Menden B, Déhler H (2010)
Derivation of TAN related ammonia emission factors in pig production.
Landbauforsch 60(4):241-248

Dierick NA, Vervaeke 1), Demeyer DI, Decuypere JA (1989) Approach to the en-
ergetic importance of fibre digestion in pigs : Il. An experimental approach
to hindgut digestion. Anim Feed Sci Technol 23:169-194

DLG - Deutsche Landwirtschafts-Gesellschaft (2011) Futtermittelnet [on-
line]. To be found at <http:/Avww.dlg.org/futtermittel_net.html> [quoted
12.07.2012]

Eurich-Menden B, Dohler H, Van den Weghe H (2011) Ammoniakemissions-
faktoren im landwirtschaftlichen Emissionsinventar : Teil 2: Geflugel und
Mastschweine. Landtechnik 2011:60-63

Flachowsky G, Pallauf J, Pfeffer E, Rodehutscord M, Schenkel H, Staudacher W,
Susenbeth A (2006) Empfehlungen zur Energie- und Nahrstoffversorgung
von Schweinen 2006. Energie- und Néhrstoffbedarf landwirtschaftlicher
Nutztiere 10. Frankfurt a M : DLG-Verl, 247 p

Galassi G, Crovetto GM, Rapetti L, Tamburini A (2004) Energy and nitrogen bal-
ance in heavy pigs fed different fibre sources. Livestock Prod Sci 85:253-262

Gray R, McCracken KJ (1980) Effect of confinement in a respiration chamber
and changes in temperature and plane of nutrition on heat production of
25 kg pigs. J Agric Sci 95:123-133

Hadorn R (1994) Einfluss unterschiedlicher Nahrungsfasertrager (Soja- und Hir-
seschalen) im Vergleich zu Weizenquellstarke auf die Néhrstoff- und En-
ergieverwertung von wachsenden Schweinen und Broilern. Zurich : ETH,
202 p

Haenel H-D, Dammgen U, Laubach P, Résemann C (2011b) Update of the cal-
culation of metabolizable energy requirements for pigs in the German agri-
cultural emission inventory. Landbauforsch 61(3):217-228

Haenel H-D, Dammgen U, Rosemann C (2011a) Estimating numbers of piglets,
weaners and fattening pigs for the German agricultural emission inventory.
Landbauforsch 61(3):229-236

Haenel H-D, Résemann C, Dammgen U, Poddey E, Freibauer A, Dohler H,
Eurich-Menden B, Wulf S, Dieterle M, Osterburg B (2012) Calculations of
gaseous and particulate emissions from German agriculture 1990-2010 :
report on methods and data (RMD) Submission 2012. Braunschweig : vTl,
394 p, Landbauforsch SH 356

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/invsé.
htm> [quoted 12.07.2012]

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:/Awww.ipcc-nggip.iges.
or.jp/public/2006gl/vol4.html> [quoted 12.07.2012]

Jakobsen K, Theil PK, Jargensen H (2005) Methodological considerations as to
quantify nutrient and energy metabolism in lactating sows. J Anim Feed Sci
14(Suppl)1:31-47

Jensen BB, Jargensen H (1994) Effect of dietary fiber on microbial activity and
microbial gas production in various regions of the gastrointestinal tract of
pigs. Appl Environ Microbiol 60:1897-1904

Jentsch W, Hoffmann L (1977) Die Verwertung von Futterenergie durch wach-
sende Schweine. 2. Mitteilung: Energie- und Stoffumsatz im Mastabschnitt
30-125 kg. Arch Tierernahrung 27:491-507

Jentsch W, Hoffmann L, Beyer M (1991) Untersuchungen zum Energieumsatz
wachsender Schweine im Lebendmassebereich von 10-50 kg. 2. Mitteilung:
Stickstoff- und Energieumsatz. Arch Anim Nutr 41:623-635

Ji ZY, Cao Z, Liao XD, Wu YB, Liang JB, Yu B (2011) Methane production of
growing and finishing pigs in southern China. Animal Feed Sci Technol 166-
167:430-435

Jorgensen H (1997) Energy utilization of diets with different sources of dietary
fibre in growing pigs. In: McCracken KJ, Unsworth EF, Wylie ARG (eds)
Energy metabolism of farm animals. Cambridge : CAB International, pp
367-370



96

Jorgensen H (2007) Methane emission by growing pigs and adult sows as influ-
enced by fermentation. Livestock Sci 109:216-219

Jorgensen H, Bach Knudsen KN, Theil PK (2001) Effect of dietary fibre on en-
ergy metabolism of growing pigs and pregnant sows. In: Chwalibog A,
Jakobsen K (eds) Energy metabolism in animals. Wageningen : Wageningen
Acad Publ, pp 105-108

Jorgensen H, Jensen SK, Eggum BO (1996b) The influence of rapeseed oil on
digestibility, energy metabolism and tissue fatty acid composition in pigs.
Acta Agric Scand A: Anim Sci 46:65-75

Jorgensen H, Serena A, Hedemann MS, Bach Knudsen KE (2007) The fermenta-
tive capacity of growing pigs and adult sows fed diets with contrasting type
and level of dietary fibre. Livestock Sci 109:111-114

Jorgensen H, Theil PK, Bach Knudsen KN (2011) Enteric methane emissions
from pigs. In: Carayannis EG (ed) Planet Earth 2011 - global warming chal-
lenges and opportunities, Rijeka : InTech, pp 605-622

Jorgensen H, Zhao XQ, Eggum BO (1996a) The influence of dietary fibre and
environmental temperature on the development of the gastrointestinal
tract, digestibility, degree of fermentation in the hind-gut and energy me-
tabolism in pigs. Br J Nutr 75:365-378

KirchgeBner M, Kreuzer M, Mdller HL, Windisch W (1991) Release of methane
and carbon dioxide by the pig. Agribiol Res 44:103-113

KirchgeBner M, Mller HL (1980) Zum EinfluB der Haufigkeit von Mahlzeiten
auf den Energiewechsel ausgewachsener Sauen. Z Tierphysiol Tierernahr
Futtermittelkd 43:48-56

KirchgeBner M, Mller HL (1981) EinfluB einer einmalig erhéhten Energiezu-
fuhr innerhalb von 2 Tagen auf Warmeproduktion und Energieverwertung
bei ausgewachsenen Sauen. Ann Nutr Metab 25:362-370

KirchgeBner M, Mdller HL, Roth FX, Ascherl R, Erhardt W (1987) Intracaecal in-
fundierte Kohlenhydrate sowie Casein und ihr Einfluss auf die Energie- und
N-Bilanz von Sauen. J Anim Physiol Anim Nutr 58:241-253

KirchgeBner M, Roth FX, Schwarz FJ, Stangl G (2008) Tiererndhrung : Leitfaden
fir Studium, Beratung und Praxis. Frankfurt a M : DLG-Verl, 635 p

KirchgeBner M, Windisch W, Mdller HL (1995) Nutritional factors for the quan-
tification of methane production. In: von Engelhardt W, Leonhard-Marek
S, Breves G, Gieseke D (eds) Ruminant physiology : digestion, metabolism,
growth and reproduction. Stuttgart : Enke, pp 333-348

Kreuzer M, KirchgeBner M, Roth FX (1991a) Experimental evaluation of the
capacity of the hindgut of sows to ferment purified dietary ingredients
and of consequences in nitrogen metabolism. Adv Anim Physiol Anim Nutr
22:62-66

Le Bellego L, van Milgen J, Dubois S, Noblet J (2001) Energy utilization of low-
protein diets in growing pigs. J Anim Sci 79:1259-1271

le Goff G, Dubois S, van Milgen J, Noblet J (2002a) Influence of dietary fibre
level on digestive and metabolic utilisation of energy in growing and finish-
ing pigs. Anim Res 51:245-259

le Goff G, le Groumellec L, van Milgen J, Dubois S, Noblet J (2002b) Digestibility
and metabolic utilization of dietary energy in adult sows : influence of level
and origin of dietary fibre. Br J Nutr 87:325-335

LfL - Bayerische Landesanstalt fur Landwirtschaft (undated) Ad libitum-Futte-
rung tragender Sauen [online]. To be found at <www.Ifl.bayern.de/ite/sch-
wein/14649/linkurl_0_0_0_4.pdf> [quoted 12.07.2012]

Lindermayer H (undated) Weizenschlempe in der Schweinefutterung [online].
To be found at <www.lfl.bayern.de/ite/schwein/14646/linkurl_0_0_0_3.
pdf> [quoted 12.07.2012]

Lindermayer H, Propstmeier G, Preiinger W (2009) Grundsatze der Schwei-
nefutterung : Unterrichts- und Beratungshilfe ; Teil 1: Erndhrungsphysiolo-
gische Grundlagen [online]. To be found at <http://www.Ifl.bayern.de/ite/
schwein/39122/linkurl_0_0_0_0.pdf> [quoted 12.07.2012]

Muller M, KirchgeBner M (1983a) Energetische Verwertung von Cellulose beim
Schwein. Z Tierphysiol Tierernahr Futtermittelkd 49:127-133

Mdller M, KirchgeBner M (1983b) Warmeproduktion und Energieverwertung
von Stroh bei ausgewachsenen Sauen. Z Tierphysiol Tierernahr Futtermit-
telkd 49:133-140

Muller M, KirchgeBner M (1985a) Energetische Verwertung von Pektin bei Sau-

en. Z Tierphysiol Tierernahr Futtermittelkd 54:14-20

Muller M, KirchgeBner M (1985b) EinfluB von Luzernegriinmehl auf den Ener-
giewechsel bei Sauen. Z Tierphysiol Tierernahr Futtermittelkd 54:206-213

Noblet J (2007) Net energy evaluation of feeds and determination of
net energy requirements for pigs. R Bras Zootec 36, Suppl. 0 [on-
line]. To be found at <http://www.scielo.br/scielo.php?pid=S1516-
35982007001000025&script=sci_arttext> [quoted 12.07.2012]

Noblet J, le Goff G (2001) Effect of dietary fibre on the energy values of feeds
for pigs. Anim Feed Sci Technol 90:35-52

Noblet J, Fortune H, Shi XS, Dubois S (1994) Prediction of net energy value of
feeds for growing pigs. J Anim Sci 72:344-354

Noblet J, Shi XS (1994) Effect of body weight on digestive utilization of energy
and nutrients of ingredients and diets in pigs. Livestock Prod Sci 37:332-338

Noblet J, Shi XS, Dubois S (1993) Metabolic utilization of dietary energy and
nutrients for maintenance energy requirements in sows : basis for a net
energy system. Br J Nutr 70:407-413

Olesen CS, Jgrgensen H (2001) Effect of dietary fibre on digestibility and energy
metabolism in pregnant sows. Acta Agric Scand A: Anim Sci 51(3):200-207

Ramonet Y, van Milgen J, Dourmad JY, Dubois S, Meunier-Salatin MC, Noblet
J(2000) The effect of dietary fibre on energy utilisation and partitioning of
heat production over pregnancy in sows. Br J Nutr 84:85-94

Résemann C, Haenel H-D, Poddey E, Ddmmgen U, Dohler H, Eurich-Menden
B, Laubach P, Dieterle M, Osterburg B (2011) Calculations of gaseous and
particulate emissions from German agriculture 1990-2009. Braunschweig :
VTl, 402 p, Landbauforsch SH 342

Schneider W, Menke KH (1982) Untersuchungen Uber den energetischen Fut-
terwert von Melasseschnitzeln in Rationen fur Schweine. Z Tierphysiol Tier-
ernahr Futtermittelkd 48:233-240

Schrama JW, Bosch WM, Verstegen MVA, Vorselaars AHPM, Haaksma J,
Heetkamp MJW (1998) The energetic value of non-starch polysaccharides
in relation to physical activity in group-housed, growing pigs. J Anim Sci
76:3016-3023

Schrama JW, Heetkamp MJ, Simmins PH, Gerrits WJ (2003) Dietary betaine sup-
plementation affects energy metabolism of pigs. J Anim Sci 81:1202-1209

Schrama JW, Versteegen MWA, Verboeket PHJ, Schutte JB, Haaksma J (1996)
Energy metabolism in relation to physical activity in growing pigs as af-
fected by type of dietary carbohydrate. J Anim Sci 74:2220-2225

Serena A, Jergensen H, Knudsen KEB (2007) Nutritional value of co-products
from vegetable food industry. In: Wiseman J, Varley MA, McOrist S, Kemp
B (eds) Paradigms in pig science. Nottingham : Nottingham Univ Pr, pp
473-491

Serena A, Jergensen H, Knudsen KEB (2009) Absorption of carbohydrate-de-
rived nutrients in sows as influenced by types and contents of dietary fibre.
J Anim Sci 87:136-147

Theil PK, Jargensen H, Jakobsen K (2002) Energy and protein metabolism in
pregnant sows fed two levels of dietary protein. J Anim Physiol Anim Nutr
86:399-413

Theil PK, Jargensen H, Jakobsen K (2004) Energy and protein metabolism in
lactating sows fed two levels of dietary fat. Livestock Prod Sci 89:265-276

Theil PK, Kristensen NB, Jgrgensen H, Labouriau R, Jakobsen K (2007) Milk in-
take and carbon dioxide production of piglets determined with the doubly
labled water technique. Animal 1:881-888

Wang JF, Zhu JH, Li DF, Jgrgensen H, Jensen BB (2004) The influence of different
fibre and starch types on nutrient balance and energy metabolism in grow-
ing pigs. Asian Australian J Anim Sci 17:263-270



