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Abstract

The calculation of the energy requirements of pigs used
in the German agricultural emission inventory is updated
on the basis of the recommendations worked out by the
German Society of Nutrition Physiology (GfE). At the same
time the numeric solutions hitherto used in the calcula-
tions of energy requirements of weaners and fattening
pigs in the emission inventories are replaced by analytical
solutions. This results in simplifications in the calculation
procedures.

In the inventory this leads to reduced energy require-
ments for fattening pigs. However, the energy require-
ments for sows, weaners and boars increase.
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Zusammenfassung

Aktualisierung der Berechnung des Bedarfs an um-
setzbarer Energie von Schweinen im deutschen land-
wirtschaftlichen Emissionsinventar

Die Berechnung des Bedarfs an umsetzbarer Energie fiir
Schweine im deutschen landwirtschaftlichen Emissionsin-
ventar wird aktualisiert. Grundlage sind die vom Ausschuss
fur Bedarfsnormen der Gesellschaft fur Erndhrungsphysi-
ologie (GfE) erarbeiteten Richtwerte. Gleichzeitig werden
die bisher im Emissionsinventar Ublichen numerischen
Losungen der Berechnungen des Energiebedarfs fur Auf-
zuchtferkel und Mastschweine durch analytische Lésungen
ersetzt und damit die Rechenverfahren vereinfacht.

Im Inventar ergeben sich daraus flir Mastschweine eine
Verringerung des Energiebedarfs, fir Sauen, Aufzuchtfer-
kel und Zuchteber jedoch Erhéhungen.

Schltsselwérter: Schweine, Energiebedarf, Modell, Emis-
sionsinventar
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1 Introduction

Agricultural production involves the emission of trace
gases whose effects on the atmosphere and the environ-
ment may be adverse. Attempts to reduce these emissions
presuppose their detailed quantification in a way that al-
lows for the identification and evaluation of the relevant
processes. As emission reduction goals are being discussed
in international boards, the respective parties use standard
approaches to describe and quantify emissions. In order
to avoid distortion of the markets, international guidance
documents were established that allow the assessment of
emissions and the description of emission explaining vari-
ables in a consistent way (greenhouse gases: IPCC, 2006;
air pollutants: EMEP/EEA, 2009).

Emissions have to be reported as consistent time series
for the period from 1990 onwards. For key sources, calcu-
lations and reporting have to be detailed. Hence fattening
pigs will be treated more sophisticated than boars.

At present, an attempt is being made to better describe
emissions from pig production, including the description
of feed composition (Dammgen et al.,, 2011), updating
emission factors (Dammgen et al., 2010a) and technical
measures to reduce emissions from houses (Dammgen et
al., 2010b).

All emission rates are related to excretion rates. These
are depending on feed intake rates which are governed
by the energy and nutrient requirements of the respective
animals.

Table 1:
Pigs, categorization and characterization of subcategories

This work describes in detail the assessment of the en-
ergy requirements in pig production. It is restricted to the
fraction of energy that can be metabolized (metabolizable
energy, ME).

Hitherto, the assessment of energy requirements in pig
production in the German agricultural emission inventory
was based on data provided in GfE (1987). Meanwhile, the
respective data were updated and the methods improved
(GfE, 2006). The comprehensive revision of the description of
emissions from pig production makes use of this new edition.

To a large extent, the literature used in GfE (2006) was
published during the time span underlying the emission
inventory (the years from 1990 onwards). Hence, it is as-
sumed that the data and methods compiled in GfE (2006)
are representative of the past two decades and that the
calculation procedures derived from GfE (2006) are appli-
cable to all the years since 1990.

This work applies and transforms the relations provided
in GfE (2006) so that they meet the needs of the agricul-
tural emission inventory.

2 Definition of pig subcategories

The assessment of energy requirements is carried out for
animal populations with similar feeding. However, official
German animal survey data rely on a differentiation of ani-
mals according to weights. Hence, the survey data have to
be transformed to fit into energy requirement calculation
routines. Table 1 compares the categories used in the offi-
cial German survey and in the German emission inventory
(see Haenel et al., 2010).

descriptor in the official survey type? subcategory in the emission inventory weight 1° weight 2°
(in kg animal')
piglets - suckling-pigs 1.5 8
we weaners 8 variable w; .
young pigs lighter than 50 kg live weight
fattening pigs 50 to 80 kg
fattening pigs 80 to 110 kg fp fattening pigs variable w, . variable w, .
fattening pigs heavier than 110 kg
young sows gestating
other sows gestating
SO SOWS mean weight: 220

young sows not gestating

other sows not gestating

boars bo breeding boars

mean weight: 200

2 type: code used to describe the animal categories in the German inventory.

b weight 1: weight at the beginning of the respective period, weight 2: weight at the end of the respective period; wfin: variable final weight.
< suckling-pigs do not constitute a separate animal category. They are accounted for within the calculations of energy and feed requirements of the sows (see Haenel et al., 2011)
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The subcategory “sows” covers all subcategories of
sows for breeding irrespective of their age and weight.
The calculation of energy and feed requirements includes
the suckling-pigs as they do not constitute a separate ani-
mal category in the inventory (see Haenel et al., 2011).

Weaners are young pigs between weaning and the be-
ginning of fattening. In the emission inventory, this lifes-
pan is assumed to begin at an animal weight of about 8 kg
animal . It ends with weights ranging from 25 to approx.
30 kg animal' (depending on year and region). Data for
Wi, o are available for each year and district.

Fattening pigs are all pigs in the final fattening stages,
i.e. with weights above about 25 to 30 kg animal? till
slaughtering (105 to 120 kg animal” live weight). Again,
data for w, . are available for each year and district.

For sows a mean weight of 220 kg animal™ is estimated
as discussed below.

For breeding boars, a mean live weight of 200 kg ani-
mal” is assumed (expert judgment E. Schulz).

The categories used in the inventory are described in the
subsequent chapters. The variable animal weights used in
Table 1 for the inventory category “weaners” and “fatten-
ing pigs” are obtained from official statistics. The weight
data for piglets are based on expert judgment, while the
mean weights of sows and boars will be discussed in the
respective chapters.

3 Sows

3.1 Total energy requirements during one reproduction
cycle

The total metabolic energy (ME) requirements of a sow
during one round, i. e. during one reproduction cycle, is
given by Equation (1). It reflects that the reproduction
cycle comprises two gestation phases, the lactation phase
and the time span between weaning and covering.

SME,y, = SME oy | + EME oy 5 + SMEy, + ZME,,, (1)

where

IME total metabolizable energy required for one
round (MJ animal”' round")

SME metabolizable energy required during gestation

gest, 1
phase 1 (in MJ animal” round")

IME,  , metabolizable energy required during gestation
phase 2 (in MJ animal” round")

IME,,  metabolizable energy required during lactation
(in MJ animal round-")
IME,, ~ metabolizable energy required between wean-

ing and covering (in MJ animal' round-")

The phase-related energy requirements will be discussed
in the subsequent chapters.

3.1.1 Energy requirements during gestation

The energy requirements for the development of the
conception products, the uterus and the compensation
of weight losses during the previous gestation have to be
taken into account in addition to the energy requirements
for maintenance (GfE, 2006, pg. 34f). The gestation phase
can be subdivided into two separate phases with different
means of daily ME requirements ME,_  and ME,__ , (with
j the index of day).

GfE (2006), Table 4.13, provides ME_ | and ME, data
depending on the ordinal number of pregnancy and the
weight loss during lactation. As no official statistics are
available on these criteria, the GfE data have been aver-
aged with identical weights yielding ME, | = 33.3 MJ d"
and ME,

t est, 2

., =40.7 MJ d for the respective periods.

The ME data in Table 4.13 in GfE (2006) represent the
energy requirements when the sow is expected to give
birth to 13 piglets. At present, this piglets number per
litter marks the upper limit in German piglet produc-
tion. Hence, the use of MEgeSL1 and MEgm2 would avoid
underestimation of the energy requirements used for
the construction of emission time series.

3.1.2 Energy requirements during lactation

During the lactation period, energy is required for main-
tenance and milk production. Equation (2) defines the to-
tal daily energy requirements for the sow-piglets system as
it is applied in the inventory.

MElact,j = MEm,sow,j + Tmilk * 7 piglets, raised @)

where

ME, . daily metabolizable energy required on day j
during lactation (in MJ animal* d)

j index of day

ME,_ .., daily metabolizable energy required for main-
tenance on day j (in MJ animal” d”', see below)

Mo specific metabolizable energy required for milk

production (in MJ piglet' d-', see below)
number of piglets raised per sow and birth (in
piglet, see below)

npiglets, raised

The total energy requirements for maintenance during a
gestation phase are calculated from the daily requirements
for maintenance which are given in GfE (2006), pg. 23,
Equation 7:

ME

m,sow, j = UME,m,sow : Wmet,j (3)
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where

metabolizable energy required for maintenance
for day j (in MJ animal' d”')

] index of day

m, Sow, j

Mye.m 0w SPECITIC Metabolizable energy required for
maintenance (. .. .. = 0.44 MJ per kg of
metabolic weight, see footnote to Table 4.13
in GfE, 2006)

Woe metabolic weight on day j (in kg animal)

The metabolic weight, w is a function of animal

} met, j’
weight ":
0.75
W .
_ SOW, j
Wmct, i Wunit ( j (4)
unit
where

metabolic weight on day j (in kg animal)

daily mean of live weight on day j (in kg animal™,
see below)
unit weight (w

unit

met,
SOW, j
it =1 kg animal")

In the inventory the daily mean of live weight, w,__ . is
replaced by the sow weight averaged over the entire re-
production cycle, see Chapter 3.3.

The specific metabolizable energy required for milk pro-
duction, #_,,, can be derived from the data provided in the
footnotes to Table 4.17 in GfE (2006), pg. 81: production of
milk per kg piglet weight gain (4.1 kg kg™), energy content
of milk (5.0 MJ kg'), percentage of metabolizable energy
used for milk production (70 %). These data lead to 7, =
6.8 MJ piglet’ d, when being combined with an average
estimate for daily piglet weight gain of 232 g piglet' d
which is obtained from birth and weaning weights and the
duration of the lactation phase (see Table 2).

The number of piglets per litter can be deduced from
the number of piglets raised per sow and year and the
duration of a production cycle (see Table 2).

T

round (5)

M piglets, raised — piglets, year * a

where

number of piglets raised per sow and birth (in
piglet)

number of piglets raised per sow and year
birth (in piglet)

L duration of piglet production cycle (in d round™")
a time units conversion factor (o = 365 d a)

npig]ets, raised

n.
piglets, year

' Formally, Equation (4) differs from the respective description given in GfE
(2006), pg. 23, Equation 7, i. e. LM®7>where LM is animal weight. The
term LM®7>would imply units of kg®7> which is not allowed in the SI system.
This problem is avoided by Equation (4) which nevertheless yields the same
numeric result like LM®75,

Note that Equation (2) does not explicitly account for
the possible gains of metabolizable energy by weight
losses during lactation and/or additional piglet feed (GfE,
2006, pg. 38) as there are no official statistical data to
describe these contributions. However, Equation (2) covers
a wide range of ME requirements data provided in Table
4.17 in GfE (2006). Hence it is assumed that, on average,
Equation (2) describes the German situation adequately.

Table 2 lists results of Equation (2) obtained for a range
of piglet numbers.

3.1.3 Energy requirements between weaning and covering
For the period between weaning and covering, GfE

(2006), pg. 72, assume the same total daily energy re-
quirements as for advanced gestation.

MEwtc,j = MEgest,Z (6)
where
ME,, .  daily metabolizable energy required during the
phase “weaning to covering” (in MJ animal' d)
j index of day
ME, , daily metabolizable energy required during

advanced gestation (in MJ animal™ d"), see
Chapter 3.1.1

3.2 Cumulative energy requirements and comparison
with the former approach

Table 2 lists the daily requirements for the different
phases (see Chapters 3.1.1 to 3.1.3) as well as the dura-
tion of the respective phases.

Table 2:
Sows, energy requirements as used in the inventory. For details see text.

phase dura- number  energy require- energy require-
tion  of ments ***, ments, former
ind piglets revised ap- approach *

per sow  proach in MJ in MJ animal" d*'

per birth animal' d-!

gestation phase 1 84 * 333 25
phase2 30 * 40.7 29
lactating 28 ** 8 79.5 56
9 86.3
10 93.1 67
1 99.9
12 106.7 77
13 113.5
weaning to covering 27 * 40.7 29

* based on GfE (1987), see also Dammgen et al. (2007);
** in connection with a weaning weight of 8 kg piglet-1 (expert judgment E. Schulz);
*** pased on GfE (2006)
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Table 2 also allows for a comparison with the values
hitherto used which were based on GfE (1987) (see Dam-
mgen et al., 2007) and considerably fall below those ob-
tained with the new approach.

The cumulative energy requirements, i. e. the total of
energy required during one reproduction cycle, is provided
in Table 3.

Table 3:
Sows, total of energy required during one reproduction cycle (EME )

number of piglets 8 9 10 11 12 13

IME_

. . 7166 7331 7496 7661 7826 7992
(in MJ animal ' round-")

3.3 Animal weights
3.3.1 Estimation of mean sow weight

In general, the live weight of a sow is not a constant dur-
ing the reproduction cycle. The weight gain during gesta-
tion compensates the weight loss during lactation in the
precedent reproduction cycle and comprises the weight
gain of the conception products and the mammary gland
as well as the weight gain of the sow itself. Table 4 shows
typical weight change data (taken from Table 4.13 in GfE,
2006). A weight of 255 kg animal™ is considered a typical
final live weight (DLG, 2008, pg. 13).

Table 4:
Sows, animal weights (w_ ) and weight changes (4w_ ) as a function

SOW’ SOW’

of the number of gravidity (n,). All weight data in kg animal™.(Source:
GfE, 2006, Table 4.13.)

Awg, n, 1 2 3 4
during
lactation
w,, at covering 140 185 225 255
0 Aw,_during gravidity 70 65 55 25
w,, at covering 140 185 225 255
10 Aw,___during gravidity 80 75 65 35
w,, at covering 185 225 255
20 Aw,_during gravidity 85 75 45

However, these weight changes cannot be accounted
for in the inventory as the time span taken by one repro-
duction cycle is shorter than the inventory time step which
is one year. Hence energy considerations for the inventory
have to be based on a mean sow weight. Simply averaging
the weights at covering as listed in Table 4 yields 2.1-10?
kg animal”’. However as this estimate may be biased by a
relative under-representation of fully grown-up sows, the
inventory assumes a mean sow weight of 2.2:102 kg ani-

mal”', which is the arithmetic mean of the weights at cov-
ering for the second and the fourth gestation. It ignores
the lowest weight in order to roughly compensate for the
under-represented highest weight.

3.3.2 Mean piglet weights at birth and weaning

For piglets, the inventory is based on a birth weight of
1.5 kg piglet. This can be derived from feeding recom-
mendations in DLG (2008), Table 4.1, where the piglet
weight after the first week with a daily weight gain of 0.2
kg piglet’ d' reaches 2.9 kg piglet.

According to expert judgment (E. Schulz) the typical
weaning weight is assumed to be 8 kg piglet” in connec-
tion with a lactation phase duration of 28 days (see Table 2).

4 Weaners

For weaners, the metabolic energy requirements com-
prise the requirements for both maintenance and growth.
They are calculated according to the recommendations in
GfE (2006).

K Ky

SME o =) Tauy -MEyy o i+ ) Tany -MEy o | @)
=1 =1

where

IME , total metabolizable energy required (MJ animal”’
round")

j index of day

k. number of the final day of the weaners’ life span

Thy unit time period (Tday =1 d round”’)

metabolizable energy required for mainte-

nance for day j (in MJ animal™* d*')

ME, .. metabolizable energy required for growth for
day j (in MJ animal' d)

m, we, j

4.1 Daily energy requirements

Daily energy requirements for maintenance with wean-
ers are defined as follows (cf. discussion Chapter 3.1.2).

W 0.75
MEm, we,j = TIME, m, we ~ Wunit [ We,JJ (8>
Wanit
where
ME,_ ., metabolizable energy required for maintenance
for day j (in MJ animal™ d-")
j index of day
Myemwe  SPeCific metabolizable energy required for
- maintenance (i, .. .. = 1.25-0.44 MJ kg™ d"',
GfE, 2006, pg. 23)
W mean weaner live weight on day j (in kg animal")
W unit weight (w_. = 1 kg animal)
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The energy required daily for growth is calculated ac-
cording to:

Aw
MEg, we,j TIME, g, we,j [A_IJWE j (9)
where
ME, .. metabolizable energy consumed for daily growth
on day j (in MJ animal”' d)
j index of day
N specific metabolizable energy required for growth

on day j (in MJ kg™, see below)
(Aw/A?D),  daily weight gain per animal and day j (in kg
animal' d')

The specific metabolizable energy required for growth is a
function of protein and fat gains, hence a function of age:

Ay we 'Pwe +af,we - F,

TIME, g, we,j = : i ve (10)
pf, we

where

s o we; day-dependent specific metabolizable energy

required for growth (in MJ kg™)
j index of day
energy content of protein (e, =23.8 MJ kg”,
see GfE, 2006, pg. 32)

O e energy content of fat (e, . =39.7 MJ kg™, see
GfE, 2006, pg. 33)

k, partial efficiency (k. =0.7 MJ MJ7, see

pl, we pf, we
GfE, 2006, pg. 33)

P constant ratio of protein gain to weight gain
(P,,=0.17 kg kg, see GfE, 2006, pg. 29)

F day-dependent ratio of fat gain to weight gain

(in kg kg, see below)

According to GfE (2006), pg. 30, the fat content is
about 110 g kg™ for a live weight of 10 kg and 170 g kg™
for a live weight of 30 kg. From this the following linear
equation is deduced:

Fwe,j:aF,we+bF,we'Wwe,j (1)
where
F,., day-dependent ratio of fat gain to weight gain

(in kg kg™

j index of day
a,,. constant(a.  =0.08kgkg?)
b, .. constant (b, =0.003 kg’ animal)
n mean weaner live weight on day j (in kg animal™)

we, j

4.2 Cumulative energy requirements and animal weights

According to Equation (7), the energy requirements have
to be calculated separately for each single day to obtain

the cumulative energy requirements. This would require
about 50 calculation steps.

However, Equation (7) can be transformed into an inte-
gral equation yielding the cumulative energy requirements
in just one calculation step. This transformation presup-
poses the knowledge about the development of the daily
weight gain rate. The latter is a function of animal weight
as shown in Figure 1.

800
700 ~A

600

500 ’/I—

400
300 71/-/

200

daily weight gain [g animal” d"]

100
5 10 15 20 25 30 35
live weight [kg animal”]
Figure 1:

Weaners, weight gain as a function of live weight. Exemplary variable
data: squares (LfL, 2004); solid line: linear approximation.

Calculations made for comparison purposes with the
total energy summation equation given above show that,
without a relevant error, the total energy may also be cal-
culated based on the assumption of a constant (i. e. mean)
weight gain rate.

Integration then leads to a relation for the ME amount
required for maintenance and growth between animal
weights w and w,_, (for details see Appendix):

2

w. .
_ unit
2ME‘we(V‘/ywe:,O’M)we,l) - nME,m,well 75g
W 1.75 w 1.75 <1 2)
we, | we, 0 %
( \] _[ J + nME,g, we (wwe,l - Wwe,O)
Wunit Wunit

where
IME (W, »W,.,) MErequired for the phase between
the weightsw__ and w

., L 1
(in MJ animal' round-")

N specific metabolizable energy re-
quired for maintenance (in MJ kg™ d”")

unt unit weight (w_. = 1 kg animal”)

oo Wael animal weights limiting a special

phase between weaning and fattening,

with Weeo < Woe (in kg animal™)

g mean daily weigiht gain during the
entire period between weaning and

fattening (in kg animal™* d")
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and
1

*
TIME, g, we =

(13)

pf, we

w. +w
we, 0 we, |
|:ap, we Pwe + af, we (aF, we + bF, we 2 j:|

where

effective specific metabolizable energy required

for growth, to be used for the entire period

between weaning and fattening (in MJ kg™)

a energy content of protein (o =23.8 MJ kg,
see GfE, 2006, pg. 32)

*
1’] ME, g, we

O e energy content of fat (a, . =39.7 M kg™, see
GfE, 2006, pg. 33)

ke partial efficiency (k= 0.7 MJ MJ7, see
GfE, 2006, pg. 33)

P, constant ratio of protein gain to weight gain
(P,.,=0.17 kg kg™, see GfE, 2006, pg. 29)

g e constant (a; . = 0.08 kg kg, see Equation (11))

by e constant (b, = 0.003 kg™ animal ,

‘ see Equatioh (11))
W0 Wyes @NIMal weights limiting a special fattening

phase, with Woe o< Wee (in kg animal™)

The results obtained with this one-step calculation pro-
cedure are almost identical with the multi-step approach
using Equation (7). The difference is in the range of 0.0002
%.

Equation (12) can be used to calculate the energy re-
quirements of single feeding phases. It requires the
knowledge of weights rather than days as is the case with
Equation (7). This is in line with the fact that information
regarding phase feeding of weaners is based on animal
weights.

The initial weaner weight is identical to the weight of a
suckling-pig at the end of the lactation period. In the in-
ventory, it is assumed to be 8 kg animal . The final weight
of the weaners’ production phase equals the start weight
of the fattening process. It is in the range of about 25 kg
animal'to 33 kg animal”'. A typical mean value of the daily
growth rate is 420 g animal” d' (KTBL, 2008, pg. 636).

Exemplary total energy requirements for a start weight
of 8.5 kg animal”, an average final weight of 29 kg ani-
mal’ and a mean weight gain of 420 g animal® d' are
516.4 MJ animal™'.

4.3 Comparison with the former approach
Figure 2 displays daily ME requirements data provided in

GfE (1987), pg. 54, compared to respective data as calcu-
lated with Equation (12) based on GfE (2006).
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Figure 2:

Weaners, daily ME requirements, GfE (1987) data compared to calcu-
lations according to Equation (12) based on GfE (2006). Dotted line: 1
to 1 line; solid line: regression (intercept: 0, slope: 0.9952, R? = 0.953).

From Figure 2 we state that for the range of ME require-
ments typical for the early 1990ies there is no substantial
difference between the ME recommendations given in GfE
(1987) und GfE (2006). Thus, the inventory makes use of
the GfE (2006) calculation method for the entire time series
from 1990 onwards.

5 Fattening pigs

For fattening pigs, the metabolic energy (ME) requirements
comprise the requirements for both maintenance and growth.
The total ME required for a fattening period is given by

kﬁn kﬁn
SMEgy = Ty MEp g i+ ) Tay "MEg g, | (14)

j=1 J=1

where
IME, total metabolizable energy required
P
(in MJ animal' round-")
number of the final day of the fattening period

7, unit time period (z,, = 1 d round™)
ay ay
j index of day
ME,_ . . metabolizable energy required for maintenance
for day j (in MJ animal d”")
ME _ = metabolizable energy required for growth for
g 1p,j

day j (in MJ animal” d")
5.1 Daily energy requirements

The daily energy requirement for maintenance is defined
by (cf. discussion Chapter 3.1.2):
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0.75
ME = | i
m,fp, j — nME, m, fp Wanit (‘] 5)
Winit
where
ME,_ . . metabolizable energy required for maintenance
for day j (in MJ animal d”)
E, m. 1 specific metabolizable energy required for mainte-

nance (in MJ kg d, see below)
We live weight on day j (in kg animal™)
unit weight (w . =1 kg animal)

unit unit

According to GfE (2006), pg. 23, the specific energy for
maintenance can be described by

TIME, m, 5 = TIME, m, fp,n '(am _bm’MJ (16)
Wy =W

where

Mye.mp  SPECific metabolizable energy required for mainte-
nance (in MJ kg d")

Mye.m . eference value of specific metabolizable energy
for maintenance (. . , = 0.44 MJ kg™ d",
GfE, 2006, pg. 23)

a_ constant (@_=1.25 MJ MJ)

b constant (b_=0.25 MJ MJ)

W, live weight on day j (in kg animal™)

W, Wy thresholds animal weights (in kg animal”, see

below)

GfE (2006) uses w, = 30 kg animal™ and w,, = 100 kg ani-
mal'. GfE (2006) applies Equation (16) also to animal weights
falling below w, and exceeding w,. Then, in case of animal
weights smaller than w,, the term in brackets is set equal to
a_, while for weights larger than w, itequalsa_—b, .

The energy required for growth is calculated according to:

Aw
MEy 5= MvE.g.ip. [A_t] (17)
fp, j
where
ME, . . metabolizable energy required for daily growth
on day j (in MJ animal”' d")

j index of day
N specific metabolizable energy required for

growth on day j (in MJ kg™, see below)
(Aw/At), . daily weight gain per animal and day j (in kg
animal' d')

The specific energy requirements for growth, ;. ., is
a function of protein and fat gains, which means, it is also
a function of life time:
¢

a
TIME, g,fp,] = _p'Pj+ — F (18)

k, ke

where

N specific metabolizable energy required for
growth on day j (in MJ kg™)

j index of day

a, energy content of protein (ocp =23.8 MJ kg,
see GfE, 2006, pg. 32)

a, energy content of fat (o, = 39.7 MJ kg™, see
GfE, 2006, pg. 33)

k, partial efficiency (kp =0.56 MJ MJ', see GfE,
2006, pg. 33)

k, partial efficiency (k, = 0.74 MJ MJ, see GfE,
2006, pg. 33)

P, day-dependent ratio of protein gain to weight
gain (in kg kg, see below)

F. day-dependent ratio of fat gain to weight gain

(in kg kg™, see below)

The relative protein gain P is obtained from the Equa-
tion (8) in GfE (2006) differentiated with respect to animal
weight.

P o=a, —by-wy (19)
where
P, day-dependent ratio of protein gain to weight
gain (in kg kg, see below)
j index of day
a, constant (a, = 0.168 kg kg™)
b, constant (b, = 0.0001828 kg™ animal)
w live weight on day j (in kg animal™)

fp.j

Differentiation of Equation (9) in GfE (2006) with respect
to animal weight yields the relative fat gain F. A correction
factor of 0.94 kg kg™ has to be taken into account (GfE,
2006, pp. 28 and 31).

F =ag- (b + ¢ w, ) (20)
where
: day-dependent ratio of fat gain to weight gain
(in kg kg"')
j index of day
a, constant (a, = 0.94 kg kg™)
b, constant (b, = 0.1162 kg kg™
c; constant (¢, = 0.002778 kg™ animal)
w live weight on day j (in kg animal™)

1p.j

5.2 Cumulative energy requirements and animal weights

By analogy to the procedure used for weaners (see
Chapter 4.2) the summation formula (14) is transformed
into an equation that allows to calculate the cumulative
metabolizable energy by one single calculation step rather
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than summing up daily energy requirements with more
than a hundred single steps (for details of the transforma-
tion process see Appendix).

In order to account for the fact that the specific metab-
olizable energy .. is defined separately for the animal

As for weaners, the transformation is performed un-
der the assumption of a constant (i.e. mean) weight gain
rate (cf. also Dammgen et al., 2009, pg. 178). Integra-
tion then leads to an equation for the amount of ME re-
quired for the growth between animal weights w, and

weight intervals “falling below 30 kg animal'”, “30 to 100
kg animal'" and "“exceeding 100 kg animal""”, the transfor-
mation has to be performed separately for these intervals.

w,, where w and w, represent Wi o and We 1o respectively:

11

@ (Wo, Wi, Wy ) + @, (W, Wi, Wa, W) + @5 (Wo, Wi, Wy)

g

z“A/[Efp(""mWl) = UME,m,n'|: :| +77:4E,g (W, —wy) 21

where
ME,_(w, w)) ME required for the fattening phase between the weights w, and w, (in MJ animal”" ME)

N reference value of specific metabolizable energy for maintenance (s, .. , = 0.44 MJ kg™ d", GfE, 2006, pg. 23)
W, W, animal weights limiting a special fattening phase, with w < w, (in kg animal”™ ME)
W, Wy thresholds of animal weight (in kg animal”, see Chapter 5.1)
g mean daily weight gain during the entire fattening period (in kg animal' d-")
and
_ay Swl | min(wy, wy 1‘75_ min(wgy, w, ) o 27
hs 175 Waunit Wunit ( )
oy = i [, Buwy | (max(wA,min((wl,wB ))J”s _(min(wB,max(wO, Wa ))]"75
2 - m
175 Wp =W, Winit Wanit (23)
by, - Wl _ (max(wA,min(w1 , Wy ))jz‘75 _[min(wB,max(wo, Wa ))jz'75
2.75'(WB —WA) Waunit Waunit
whie |(maxewg) ) (max(eg.wg) )
gy = —wit | — DBl B (24)
L.75 Wanit Waunit
% a, Wy + W, oy Wy + W
= —-|ap—bp- + —-ag | bp+cp —— 25
TIME, ¢ kp p —0p ) ke F F T CF ) (25)
where
9,.9,0, functions of w,, w, w,, and w, (in kg animal?)
Wy W, animal weights limiting a special fattening phase, with w, < w, (in kg animal™)
W, Wy animal weight thresholds (in kg animal”, see Chapter 5.1)
W unit weight (w_. = 1 kg animal™)
a_ constant (@_=1.25 MJ MJ", GfE, 2006, pg. 23)
b, constant (b_=0.25 MJ MJ", GfE, 2006, pg. 23)
UV mean specific metabolizable energy required for growth, see above (in MJ kg")
a, coefficient (o = 23.8 MJ kg™, see GfE, 2006, pg. 32)
k, coefficient (kp =0.56 MJ MJ', see GfE, 2006, pg. 33)
a, constant (a, = 0.168 kg kg™, see above)
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b, constant (b, = 0.0001828 kg™ animal, see above)

a, coefficient (a, = 39.7 MJ kg, see GfE, 2006, pg. 33)
k. coefficient (k, = 0.74 MJ MJ, see GfE, 2006, pg. 33)
a, constant (a, = 0.94 kg kg™, see above)

b, constant (b, = 0.1162 kg kg™, see above)

c constant (¢, = 0.002778 kg™ animal, see above)

Again, exemplary comparisons between the results ob-
tained with the application of Equations (14) and (21) ff
shows a perfect agreement (relative deviation 0.0001 %,).

According to the data compilation in Haenel et al.
(2010), Chapter 5.5.1.2, the initial weight of fattening
pigs is in the range of about 25 kg animal” to 33 kg ani-
mal’ while the final weight is between 105 kg animal”’
and 120 kg animal”'; averaging the daily growth rate over
the two decades from 1990 on and over all federal states
yields about 680 g animal” d-.

Exemplary total energy requirements for a mean start
weight of 29 kg animal™', a mean final weight of 113 kg
animal' and a mean daily weight gain of 680 g animal”’
d’ (with a resulting fattening period duration of 124 days)
are 3,3 GJ animal™.

5.3 Comparison with the former approach
Figure 3 displays daily ME requirements data provided in

GfE (1987), pg. 35, compared to respective data as calcu-
lated with Equation (21) according to GfE (2006).

40 ol
s
7

35 L. IRd

30
25 g Z
20 ;i

15

[MJ animal™ d"]
L,
\

A

7
7

fatteners, daily ME, GfE 1987

10

10 15 20 25 30 35 40
fatteners, daily ME, GfE 2006 [MJ animals™ d”]

Figure 3:

Fatteners, daily ME requirements, GfE (1987) data compared to cal-
culations according to Equation (21) based on GfE (2006) (squares).
Dotted line: 1 to 1 line.

The ME requirements as calculated using the GfE (1987)
approach exceed those obtained with Equation (21) based
on GfE (2006) by up to 12 %. GfE (2006), pg. 27 ff, ex-
plain this with the different experimental data available.
However, the 2006 GfE edition is based on data published

since 1980 which leads to the assumption that the energy
requirements recommendations in this edition should be
appropriate to describe the situation in the years covered
by the inventory, i. e. the past two decades.

6 Breeding boars

For breeding boars, the metabolic energy requirements
comprise the requirements for both maintenance and
growth. However, as the contribution of boars to the over-
all emissions from pig husbandry is almost negligible, the
inventory simply assumes all boars counted by the official
survey to be breeding boars whose weight gain is restrict-
ed (GfE, 2006, pg. 84).

Due to the breeding boars’ limited importance and the
scarcity of data (GfE, 2006, pg. 84) the inventory does not
attempt to model energy requirements of boars. While GfE
(1987), pg. 68, suggested mean ME requirements of 30
MJ animal' d”', GfE (2006), pg. 84, recommends a range
of 30 to 35 MJ animal' d”'. A rough estimate based on the
data provided in GfE (2006), pg. 83, and the use of ME
calculation approach for fattening pigs indicates that the
value of 35 MJ animal”" d' matches a mean boar weight of
about 200 kg animal' (expert judgment E. Schulz) better
than 30 MJ animal”’ d'. Hence the inventory assumes daily
ME requirements of 35 MJ animal' d"'leading to cumula-
tive annual requirements of 12775 MJ animal™ a™'.

7 Conclusions

It is good practice to use the best data available to con-
struct emission inventories. For pigs, the national situa-
tion had formerly been reflected in a data set published
in GfE (1987) with background information dating from
the 1970s and early 1980s. The updated methodologies
and data published in GfE (2006) were a remarkable step
forward with respect to the reliability and accuracy of the
German agricultural emission inventory. The use of equa-
tions rather than tables allows for a simpler treatment of
variable energy requirement calculations.

For the most important subcategory, i.e. fattening pigs,
the application of the updated GfE (2006) methodology
results in reduced energy requirements, hence in reduced
excretion rates for faeces and urine und subsequently re-
duced emissions. The opposite is the case for sows, wean-
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ers and boars, but this is outweighed by the reductions
achieved for fattening pigs.
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Appendix: Derivation of a closed mathematical descrip-
tion of the cumulative ME requirements of weaners

Cumulative energy requirements can be calculated by
adding up daily requirements over the time span considered:

Ky

IME o = D Tgoy - ME,, | (A1)
j=1

where

IME total metabolizable energy required between
weaning and fattening (in MJ animal round' ME)

Thy unit time period (z,, =1 d round")

j index of day

k. number of the final day of the weaners’ life span

ME_ metabolizable energy required for maintenance

and growth on day j (in MJ animal” d"' ME)

In the German agricultural inventory, equations had
been derived using data in GfE (1987) that expressed a
sum like Equation (A1) in a single equation using a fitted
power series (Dammgen et al., 2007). The latter had to
be replaced with the use of new data according to GfE
(2006). It was decided to base the derivation of a new
single equation on mathematical integration instead of fit-
ting power series.

As a preparation for the mathematical solution, Equa-
tion (A1) has to be rewritten as difference quotient:

A(EME

we)

AT

i = ME

we,j ME(Wwe,j) (AZ)

where

AEME,) increment of total metabolizable energy required
between weaning and fattening (in MJ animal”*

round' ME)

At time increment (At = Ty =1 d round)

j index of day

ME, . metabolizable energy required for maintenance
and growth on day j (in MJ animal' d"' ME)

wo mean weaner live weight on day j (in kg animal )

It is plausible that this procedure is valid not only for dai-
ly time steps but also for infinitesimally small time steps.
Hence the difference quotient can be transformed in a dif-

ferential quotient for each time 7’,. Here, 7’ is a compart-
mentalized time scale (in s round™") that is connected to the
timescale 7 (in d round™") by a time units conversion factor.

d(EME,.)

ol =y ME(wy (1) = f(r) (A3)
dr k

where

(EME,) increment of total metabolizable energy required
between weaning and fattening (in MJ animal’
round ' ME)

7 time (in s round-")

T, specific time (in s round")

y time units conversion factor (y = 86400 s d”')

w,(T')  mean weaner live weight at time 7', (in kg
animal')

and

FEy = a4+ (@owe +ol g} (A9)

where

A metabolizable energy required per animal
and second (in MJ animal”' s ME)

Y time units conversion factor (y = 86400 s d”')

a b, c d e g seetext below
w,, =w, (1) time dependent mean weaner live weight
(in kg animal™)

The entities a, b, ¢, d, e and g originate from the compari-
son of the equations describing the energy requirements
for maintenance and growth (Chapter 4.1). In particular, g
denotes a constant growth rate.

Integration of f(r’) leads to the cumulative energy re-
quirements:

EME,. = [ f(wye (e ) d7 (AS)
0

where

SME total metabolizable energy required between

we

weaning and fattening (in MJ animal round' ME)
T time (in s round")
Sfw, (7)) metabolizable energy required per animal and
second (in MJ animal's' ME)
w, ()  time dependent mean weaner live weight (in

kg animal™)
and
Ti =7 'kﬁn * Tday (A6)
where
T time of the end of the weaners' life span (in
s round™")
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y time units conversion factor (y = 86400 s d”')
- number of the final day of the weaners' lifespan
day unit time period (Tday =1 d round’)

The entity g can be used in Equation (A5) to substitute
the independent variable time by weight

Wye, 1
Z:‘]WEwe = g If(wwe) dWwe (A7)
Wie, 0
where
IME total metabolizable energy required between
weaning and fattening-period (in MJ animal”!
round' ME)
Y time units conversion factor (y = 86400 s d™')
g animal weight gain per unit time (in

kg animal' d7)
fw,) metabolizable energy required per animal and
second (in MJ animal's' ME)

w,, mean weaner live weight (in kg animal")

Woeo mean weaner live weight at weaning (in kg
animal™)

W, mean weaner live begin at the end of the

fattening period (in kg animal™)

Execution of the integral and subsequent re-substitution
of the entities a, b, ¢, d, e and g in fiw, ) results in Equation
(12) in Chapter 4.2.
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