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ABSTRACT
Emissions of ammonia (NH3), nitrous oxide (N2O) and methane (CH4) from livestock produc-
tion may be measured for different reasons and in consequence reported in a wide range of
units. For the purpose of compiling national inventories of emissions of those gases, emis-
sions from buildings and stores usually need to be expressed per animal or as a proportion
of nitrogen (N) (NH3 and N2O) or volatile solids (VS) (CH4) excreted or stored. Much of the
published data on gaseous emissions from livestock production is not reported in units that
can be readily used for inventory compilation. This paper provides guidance for researchers
wishing to convert a wide range of emission units into emission factors (EFs) and opens up
opportunities for increased use of published data. We developed our methodology using
reported emissions from housing and storage systems compiled from studies for the
DATAMAN database so that we could convert reported emissions into agreed EFs referred
to as ’required EFs’ (RqEFs). Required EFs were either derived using data reported in the
associated publication or estimated, using default data (e.g. annual N excretion by a particu-
lar type of livestock).
The approach greatly increased the number of RqEFs. For example, the number of RqEFs of
N2O-N from livestock buildings as a proportion of excreted N increased from 16 to 326,
while the number of N2O RqEFs from manure stores as a proportion of stored N increased
from 126 to 353.
For two subsets of NH3-N emissions from livestock buildings and from slurry stores there
were very good correlations between emissions estimated using the methodology we devel-
oped and reported emissions (R2 ¼ 0.97 and 0.97, respectively). We include a list of recom-
mended information for inclusion in publications reporting emissions that will enable other
workers to utilize this methodology.
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Introduction

Livestock production has been estimated to pro-
duce between 8 and 18% of global emissions of
greenhouse gases (GHG) [1]. These emissions,
mainly as methane (CH4) and nitrous oxide (N2O),
arise from enteric fermentation and from the appli-
cation of nitrogen (N) fertilizer and livestock man-
ures to land. Agriculture is the largest source of
ammonia (NH3) in the atmosphere, accounting for
c. 80% of total emissions [2].

In order to meet international agreements to
limit these emissions there has been an increasing
global effort to quantify them, identify and better
understand the key biotic and abiotic factors lead-
ing to these emissions and to improve national
reporting [e.g. 3]. The preparation of emission
inventories is an essential part of achieving these

goals for three reasons: to identify the main sour-
ces of emissions in order to formulate approaches
to make the most effective reductions in emis-
sions; to provide annual updates of total emissions
in order to assess compliance with agreed commit-
ments; to provide data for models of dispersion
and the impacts of the emissions [2].

When reporting the results of an individual
experiment to determine the impact of changes in
inputs or management practices on emissions
from agricultural activities, the units in which the
measurements are reported are, arguably, arbitrary.
Depending on the objective of individual studies,
what is important is to report the outcomes so
that the impact of housing, manure treatments,
changes in inputs or management practices, etc.
can be reliably quantified. However, when
attempting to quantify absolute emissions from
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different sources and to compare results obtained
from different studies, it is helpful to have emis-
sions reported in an agreed format. For reporting
national emission inventories it is necessary to
have emission units that can be related to avail-
able activity data and are consistent with national
emission inventory methodologies.

When compiling emission inventories, gaseous
emissions from livestock housing may most simply
be expressed as g of the gas, or for nitrogenous
gases, the g of N in the gas, per animal. This
means that for a livestock class, such as mature
dairy cows, the measured emission can be readily
put in the context of other reported measure-
ments from buildings housing dairy cows and con-
tribute to overall ’emission factors’ (EFs) used in
inventory compilation, e.g. [2]. Moreover, livestock
numbers will usually be known to a reasonable
degree of accuracy. However, expressing emissions
per animal does not allow easy comparison of
emissions among different livestock classes. It is of
no surprise, given the different sizes of the ani-
mals, that emissions of NH3 are greater from a
dairy cow than from a laying hen. For this reason,
the convention has been adopted, and widely fol-
lowed, of expressing emissions as g of N or pollu-
tant per 500 kg of animal live weight; the
’livestock unit’ (LU). However, while this unit is fre-
quently used and meaningful it takes no account
of factors such as: floor area per animal; presence
and type of bedding; diet; animal performance
and other management factors that interact with
the characteristics of the animal to influence total
emissions [2]. It was partly for this reason that
expressing NH3 emissions as a % of N or total
ammoniacal-N (TAN) excreted by a class of live-
stock was adopted since diet and hence N excre-
tion are major drivers of the emissions of N gases
(e.g. [7]). Similarly, CH4 emissions are often
expressed as % of volatile solids (VS) excreted by
a class of livestock [e.g. 4]. Expressing NH3 and
nitrous oxide (N2O) emissions as a percentage of
N or TAN excreted or CH4 as VS excreted also facil-
itates calculation of emissions throughout the
sequence of manure management. By doing so,
the impact of changing emissions at an early
stage, such as housing, on emissions at later
stages, such as storage, can be estimated enabling
the creation not only of inventories but also cost
curves for abatement measures [e.g. 5,6].

Emissions from manure stores are most often
reported per unit area of store (liquid manures) or
per weight or volume of solid manures in the

store. However, for mass-flow models expression
per unit of N, TAN or VS is also necessary [e.g. 2,7].

Recently, the DATAMAN project was created to
build publicly available global databases of CH4,
N2O and NH3 emissions (plus relevant activity and
ancillary data) relating to livestock housing, stor-
age and field application of manure (including
excreta deposited during grazing) [8, 9]. The over-
all aim of the DATAMAN project is to provide
researchers and policy makers alike with the most
up-to-date knowledge on methods for managing
GHG and NH3 emissions from manure. This work
has been extended through a new project called
“Mitigating Emissions from Livestock Systems
(MELS1)” to widen the breadth of the databases
and include the development of farm-scale deci-
sion support tools. The databases being con-
structed will allow statistical analysis of global
datasets, resulting in revised EFs and improved
understanding of key drivers influencing emissions
of NH3, N2O and CH4 from livestock and manure
management systems. A database of field-based
emissions has been publicly released recently [9].
However, the database for livestock housing and
manure storage emissions currently contains a
large number of observations (c. 2700 measure-
ments from buildings and c. 1900 from stores)
employing a plethora of units. For example, emis-
sions of NH3 from buildings housing livestock were
reported in 65 different units and emissions of CH4

from manure stores in 47 different units. The
majority of housing and storage data contained
within the DATAMAN databases were sourced
from the ELFE database [10].

In some cases the different units were essen-
tially of the same basis, but used different orders
of magnitude for either the emission or the time
over which the emission was reported, e.g. kg, g,
mg, mg, ng of emission per second, minute, hour,
day or year. However, emissions were also
reported in units less easy to convert to the pre-
ferred units listed above, as data required for the
conversion were not always available from the
paper reporting the emissions.

The purposes of this study were firstly, to pro-
vide a methodology that increases the use of the
wealth of published emission data, secondly to
provide guidance for researchers wishing to con-
vert a wide range of emission units into EFs that
align with IPCC and UNECE national inventory
reporting; thirdly, to apply the methods developed
to data held in the DATAMAN database.
Developing approaches for converting emissions
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reported in units not commonly used in inventory
preparation into standard EFs used in inventories
(per animal, per LU or as a proportion of N or VS
excreted) has the potential to markedly increase
the data available for statistical analysis. An
increase in the number of observations available
for statistical analysis provides greater opportunity
to determine key drivers of emissions, disaggre-
gate emission factor (EF) values according to differ-
ent livestock types, housing systems, storage
methods and identify practices aimed at mitigating
emissions. This paper reports the methodology
used to make these conversions and an assess-
ment of how successful the work was. The EFs
derived from the resulting harmonization of emis-
sions data will be reported separately [11].

Methods

Emissions from livestock housing

In order to provide guidance for the conversion of
emission units into revised EF units, we have used
livestock housing and manure storage data cur-
rently being collated for the DataMan database as
the source data for our study. The desired EF units
for this database are:

NH3 as kg NH3-N per kg of N excreted by the live-
stock in the building during the time the meas-
urements were made.

NH3 as g NH3-N per 500 kg livestock unit (LU) per
day in the building during the time the measure-
ments were made.

NH3 as g NH3-N per animal per day in the build-
ing during the time the measurements
were made.

N2O as kg N2O-N per kg of N excreted by the live-
stock in the building.

N2O as g N2O-N per 500 kg LU per day in
the building.

N2O as g N2O-N per animal per day in
the building.

CH4 as kg CH4 per kg of VS excreted by the live-
stock in the building.

CH4 as g CH4 per 500 kg LU per day in
the building.

CH4 as g CH4 per animal per day in the building.

These units will be referred to as ’required
EFs’ (RqEFs).

Table 1 lists the different units used to express
emissions of NH3, N2O and CH4 collated in the
databases and information on whether the

conversion of these units to RqEFs was done on
the basis of the RqEFs being supplied, derived or
estimated. There is no systematic distinction
between the ’supplied’ and ’derived’ approaches;
whether a RqEF could be ’derived’ or ’supplied’
depended upon the availability of the necessary
data within the spreadsheet. These terms are
explained below.

Supplied EFs
Supplied EFs were those in which the reported
emission unit could be converted to a RqEF by a
simple numeric adjustment. For example, emis-
sions of NH3-N and N2O-N reported as % of N
excreted by the livestock have been converted to
kg N per kg N excreted by multiplying the
reported EF by 10. Where emissions have been
reported as NH3 or N2O the conversion has been
made to NH3-N and N2O-N. Where emissions of
CH4 have been expressed as % of VS or as CH4-C,
these have been also converted to kg kg�1 VS and
kg CH4 respectively and regarded as ’supplied’.

Derived EFs
Conversions that required the use of data from
elsewhere in the database, e.g. from emission per
animal to emission per LU, requiring data on live-
stock weights and or numbers from within the
database, have been considered as ’derived’.

Conversion from emissions per animal to emis-
sion per livestock unit. Where emissions per ani-
mal have been supplied, conversion to emissions
per LU was carried out by dividing the supplied
emission by the reported weight of the individ-
ual animals.

For livestock such as finishing pigs, for which
the animal weight will have increased during the
measurement period, the mean weight was not
always reported. In such cases it could often be
calculated as the mean of the reported start and
end weights over the measurement period, or by
adding the daily weight gain multiplied by the
number of days emissions were measured to the
start weight.

For a few observations, a range of measure-
ments was provided, either of emissions or animal
weights. In such cases the mid point was taken as
the average emission or weight. In a very few
cases animal weights were given as ’< x’ or ’> x’.
In these cases the weight was taken as ’x� 10 kg
and ’xþ 10 kg, respectively. This was considered
the best option as it was consistent with the value
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Table 1. List of the units used to report emissions from buildings housing livestock and the data needed to convert
them to the required EFs. hpu¼ heat producing unit; LW¼ live weight; lwg¼ live weight gain.

Units used in the papers examined
Data needed to convert units to g LU-1 d-1, g animal-1 d-1 or kg kg-1 N (for NH3 and N2O) and

kg kg-1 VS (for CH4)

Supplied
NH3

g NH3-N LU-1 d-1 None
g NH3-N LU-1 h-1 None
g NH3 LU

-1 d-1 None
g NH3 LU

-1 h-1 None
kg NH3 LU

-1 yr-1 None
g NH3-N animal-1 d-1 None
g NH3-N animal-1 h-1 None
g NH3 animal-1 d-1 None
g NH3 animal-1 h-1 None
mg NH3-N animal-1 h-1 None
mg NH3 animal-1 h-1 None
mg NH3 animal-1 d-1 None
kg NH3 animal-1 yr-1 None
kg NH3 animal place-1 yr-1 None
% N excreted None
N2O
g N2O LU-1 d-1 None
g N2O LU-1 h-1 None
mg N2O LU-1 d-1 None
mg N2O LU-1 h-1 None
mg N2O LU-1 s-1 None
g N2O kg LW-1 d-1 None
kg N2O LU-1 yr-1 None
g N2O-N animal-1 d-1 None
g N2O-N animal-1 h-1 None
mg N2O-N animal-1 h-1 None
kg N2O-N animal-1 yr-1 None
g N2O animal-1 d-1 None
g N2Oanimal-1 h-1 None
g N2O animal-1 yr-1 None
mg N2O animal-1 d-1 None
mg N2O animal-1 h-1 None
mg N2O animal-1 s-1 None
kg N2O animal place-1 yr-1 None
% N excreted None
CH4

g CH4 LU
-1 d-1 None

g CH4 LU
-1 h-1 None

mg CH4 LU
-1 s-1 None

kg CH4 LU
-1 yr-1 None

g CH4 kg LW-1 d-1 None
g CH4 animal-1 d-1 None
g CH4 animal-1 h-1 None
mg CH4 animal-1 d-1 None
mg CH4 animal-1 h-1 None
mg CH4 animal-1 s-1 None
kg CH4 animal-1 yr-1 None
kg CH4 animal-1 d-1 None
kg CH4 animal place-1 yr-1 None
g CH4-C animal-1 d-1 None
% VS excreted None
Derived or estimated
NH3

g NH3 LU
-1 Number of days over which measurements reported1

kg NH3 LU
-1 Number of days over which measurements reported1

g NH3-N t-1 LW d-1 Mean animal weight during measurement or default mean weight
mg NH3 kg

-1 LW Mean animal weight during measurement or default mean weight
g NH3-N animal-1 Number of days over which measurements reported1

g NH3 animal-1 Number of days over which measurements reported1

kg NH3-N animal-1 Number of days over which measurements reported1

kg NH3 animal-1 Number of days over which measurements reported1

g NH3-N h-1 Number of animals reported2

g NH3-N d-1 Number of animals reported2

g NH3 d
-1 Number of animals reported2

g NH3 min-1 Number of animals reported2

mg NH3 h
-1 Number of animals reported2

% TAN excreted Proportion of TAN in excreta
g NH3-N m-2 d-1 Total floor area and number of animals in the building
g NH3 m

-2 d-1 Total floor area and number of animals in the building
mg NH3 m

-2 s-1 Total floor area and number of animals in the building

g NH3-N m-2 Total floor area, duration of measurement and number of animals in the building1

g NH3 m
-2 Total floor area, duration of measurement and number of animals in the building1

(continued)
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given but avoided more assumption than was
necessary to provide a number that could be used
in the calculation.

From emission per livestock unit to emission
per animal. Where emissions per LU have been
supplied, conversions to emissions per animal

have been carried out by dividing the supplied
emission by 500 then multiplying the product by
the reported weight of the individual animals
reported. For growing animals data were used as
outlined above. It was not always possible to make
the conversion from per LU to per animal from the
data provided and in such cases the EF was

Table 1. Continued.

Units used in the papers examined
Data needed to convert units to g LU-1 d-1, g animal-1 d-1 or kg kg-1 N (for NH3 and N2O) and

kg kg-1 VS (for CH4)

N2O
mg N2O kg LW-1 d-1 Mean weight of animals within building
g N2O kg-1 lwg Mean liveweight gain over measurement period
g N2O-N animal-1 Number of days over which measurements reported1

g N2O animal-1 Number of days over which measurements reported1

g N2O d-1 Number of animals reported2

kg N2O d-1 Number of animals reported2

mg N2O kg-1 LW Mean weight of animals within building
g N2O-N m-2 d-1 Total floor area and number of animals in the building
mg N2O-N m-2 d-1 Total floor area and number of animals in the building
mg N2O m-2 h-1 Total floor area and number of animals in the building
mg N2O m-2 d-1 Total floor area and number of animals in the building
mg N2O m-2 s-1 Total floor area and number of animals in the building
CH4

mg CH4 kg LW-1 d-1 Mean weight of animals within building
mg CH4 kg

-1 LW Mean weight of animals within building
g CH4 animal-1 Number of days over which measurements reported1

g CH4-C animal-1 Number of days over which measurements reported1

g CH4 d
-1 Number of animals reported2

kg CH4 d
-1 Number of animals reported2

g CH4 h
-1 Number of animals reported2

g CH4 m
-2 d-1 Total floor area and number of animals in the building

mg CH4 m
-2 d-1 Total floor area and number of animals in the building

mg CH4 m
-2 h-1 Total floor area and number of animals in the building

mg CH4 m
-2 s-1 Total floor area and number of animals in the building

Estimated
NH3

g NH3 hpu
-1 d-1 Relationship between hpu and LU reported by Rong et al., 2014

g NH3 hpu
-1 h-1 Relationship between hpu and LU reported by Rong et al., 2014

N2O
g N2O hpu-1 d-1 Relationship between hpu and LU reported by Rong et al., 2014
CH4

g CH4 hpu
-1 d-1 Relationship between hpu and LU reported by Rong et al., 2014

g CH4 hpu
-1 h-1 Relationship between hpu and LU reported by Rong et al., 2014

Not estimated
NH3

mg NH3-N g-1 urine-N Requires data on N content of urine and urine output
g NH3 kg

-1 milk Requires data on milk production per animal
% N milk Requires data on milk production per animal and milk N content
g NH3 kg HCW-1 d-1 Requires data on HCW (hot carcase weight)
g NH3 kg

-1 DMI Requires data on food dry matter intake
g NH3 kg

-1 N intake Requires data on food intake and N content
% N intake Requires data on food N intake
g NH3 kg

-1 manure Requires data on manure deposited in building per animal
N2O
g N2O kg-1 milk Requires data on milk production per animal
g N2O kg HCW-1 d-1 Requires data on HCW
g N2O kg-1 DMI Requires data on food dry matter intake
mg N2O kg-1 DMI Requires data on food dry matter intake
mg N2O g-1 N intake Requires data on food intake and N content
g N2O kg-1 N intake Requires data on food intake and N content
mg N2O kg ingested-1 d-1 Requires data on food intake and N content
CH4

g CH4 kg
-1 milk Requires data on milk production per animal

g CH4 kg
-1 FPC milk Requires data on milk production per animal and analysis

g CH4 kg HCW-1 d-1 Requires data on HCW
g CH4 kg

-1 DMI Requires data on food dry matter intake
g CH4 kg

-1 NDF intake Requires data on food dry matter intake and NDF content
g CH4 kg

-1 OM intake Requires data on food dry matter intake and NDF content
mg CH4 kg ingested-1 d-1 Requires data on food dry matter intake

Subscripts to Tables.
1Reported emission taken to be for whole measurement period.
2Reported emission taken to be for all the animals reported.
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estimated using default data and the result cited
as estimated.

From emissions per unit time to emission per
livestock unit and per animal. Where emissions
were reported only per unit time then this emission
was taken to be derived from the excreta of all the
animals in the buildings during the entire measure-
ment period and hence, where data were available,
the emission was converted to emission per day,
then per animal and then per LU as follows.

1. In some cases emissions were reported as a
total weight of emission. As above, this emis-
sion was taken to be derived from the excreta
of all the animals in the buildings during the
entire measurement period. In such cases
emission per day was derived by dividing the
reported emission by the number of days dur-
ing which measurements were made. This
value was then divided by the number of ani-
mals reported to be in the building.

2. Conversion to emission per LU was carried
out by dividing the emission per day by the
number of animals and then multiplying by
500 divided by the reported animal weight. In
the case of growing animals the adjustment
was made using the approaches given in sec-
tions above; insofar as there were data avail-
able. Conversions could not always be made
due to lack of data. In the absence of animal
weights defaults could be used. However, in
many cases the number of livestock within
the building was not reported and hence it
was not possible to attribute total emissions
measured to emissions per animal or LU.

3. In some cases the number of days for a given
measurement period was not provided, but
the beginning and end dates of measurement
were available. In these cases the number of
days of measurement were taken to be the
period between the start and end dates
recorded and calculations otherwise carried
out as indicated. In a few cases, mainly relat-
ing to broiler chickens, where no indication of
the measurement period was provided, meas-
urements were assumed to take place over
the entire growing cycle. However, in many
cases no data were reported indicating the
length of the measurement period.

From emissions per m2 of floor area to emission
per livestock unit and per animal. Many emis-
sions were reported per m2 of floor area. Initially it

was hoped that these could be converted to a
total daily emission by multiplying by the total
soiled floor area and adjusting the reported time
units. However, there were just 368 data entries
for the soiled floor area and most of those were
from studies in which emissions were also
reported in either one of the RqEF. Therefore, 120
observations reported per m2 of floor area could
not be converted into RqEFs.

Ba et al. [12] also converted reported data into a
few emission units for their meta-analysis and the
’supplied’ and ’derived’ approaches outlined above
are consistent with the approaches used by [12].

Estimated results
Where emissions could only be converted to the
RqEFs by the use of external data, e.g. default val-
ues for annual N excretion for a class of livestock,
e.g. mature dairy cows, these emissions have been
’estimated’. Where the paper did not cite livestock
weights default values were used and the results
cited as estimated. The sources used for these
defaults are provided below.

Nitrogen and volatile solids excretion. There was
a limited number of annual N excretion data for
any livestock class in the database. Hence, where
N emissions had not been reported as a propor-
tion of N excreted by the animals, N emissions in
those units had to be estimated.

The majority of data were from 11 countries:
the USA, Canada, Sweden, Denmark, Germany, The
Netherlands, Belgium, the UK, France, Italy and
Austria. For data from these countries estimates
were made as follows:

1. For the UK annual estimates of N excretion
are available for all classes of livestock for use
in the compilation of the UK Ammonia
Emissions Inventory (UKAEI) [13]. Hence for
UK results where N excretion was not
reported, default values cited in the UKAEI
were used.

2. Values for N and VS excretion are published
in both the Austrian [14] and German
National Inventory Reports (NIRs) [15].

3. For France a number of sources were used for
data on livestock weights and annual N excre-
tion and these are given in Table 2.

4. In addition to the UK, Austria and Germany,
two of these countries (Denmark and The
Netherlands, together with Switzerland) were
represented at the EAGER group of ammonia
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Table 2. Default values used for emissions from buildings. In some cases values have been rounded to nearest
whole number.
Input Country Value Source

Weight of dairy cow The Netherlands 600 kg [2]
Weight of dairy cow Germany 600 kg [2]
Weight of dairy cow Austria 600 kg [2]
Weight of dairy cow Sweden 600 kg [2]
Weight of dairy cow Belgium 600 kg [2]
Weight of dairy cow US 600 kg [2]
Weight of dairy cow Canada 600 kg [2]
Dairy cow annual N excretion France 122 kg [37]
Dairy cow annual N excretion The Netherlands 134 kg [16,17]
Dairy cow annual N excretion UK 104 kg� [13]
Dairy cow annual N excretion Denmark 133 kg [16,17]
Dairy cow annual N excretion Austria 90 kg [14]
Dairy cow annual N excretion Germany 103 kg [15]
Dairy cow annual N excretion Sweden 117 kg [22]
Dairy cow annual N excretion Belgium 97 kg [18]
Weight of beef animal UK 340 kg [13]
Weight of beef animal Sweden 190 kg [22]
Weight of beef animal Austria 340 kg [2]
Weight of beef animal US 340 kg [2]
Beef animal annual N excretion UK 56 kg [13]
Beef animal annual N excretion Germany 46 kg [15]
Beef animal annual N excretion The Netherlands 45 kg [16,17]
Beef animal annual N excretion Denmark 45 kg [16,17]
Beef animal annual N excretion Sweden 36 kg [22]
Beef animal annual N excretion Austria 46 kg [14]
Veal calf annual N excretion UK 38 kg [13]
Veal calf annual N excretion Germany 45 kg [15]
Veal calf annual N excretion The Netherlands 36 kg [16,17]
Veal calf annual N excretion Denmark 27 kg [16,17]
Finishing pig average weight France 75 kg [38]
Finishing pig average weight The Netherlands 65 kg [2]
Finishing pig average weight Italy 65 kg [2]
Finishing pig average weight US 65 kg [2]
Finishing pig average weight Australia 65 kg [2]
Finishing pig average weight Spain 65 kg [2]
Finishing pig annual N excretion France 17.2 kg [38,39]
Finishing pig annual N excretion Germany 12.7 kg [15]
Finishing pig annual N excretion The Netherlands 13.7 kg [16,17]
Finishing pig annual N excretion Austria 9.0 kg [14]
Finishing pig annual N excretion Italy 13.8 kg [21]
Finishing pig annual N excretion UK 14.9 kg�� [13]
Finishing pig annual N excretion Sweden 11.0 kg [22]
Finishing pig annual N excretion Spain 10.0 kg [19]
Finishing pig annual N excretion Belgium 11.1 kg [18]
Finishing pig annual N excretion Denmark 13.7 kg [16,17]
Finishing pig annual N excretion Hungary 12.5 kg [20]
Weight of gestating sow The Netherlands 225 kg [2]
Weight of gestating sow UK 225 kg [2]
Weight of gestating sow Germany 225 kg [2]
Weight of gestating sow Denmark 225 kg [2]
Gestating sow annual N excretion The Netherlands 38 kg [16,17]
Gestating sow annual N excretion Belgium 37.5 kg [18]
Gestating sow annual N excretion UK 22.3 kg [13]
Gestating sow annual N excretion Germany 36.6 kg [15]
Gestating sow annual N excretion Italy 36.6 kg [21]
Gestating sow annual N excretion Denmark 34.5 kg [16,17]
Weight of farrowing sow Canada 225 kg [2]
Weight of weaned piglet France 19.5 kg [38]
Weight of weaned piglet UK 13.5 kg [13]
Weight of weaned piglet Germany 20 kg [2]
Weight of weaned piglet The Netherlands 20 kg [2]
Weight of weaned piglet Denmark 20 kg [2]
Weaned piglet annual N excretion France 2.8 kg [38,39]
Weaned piglet annual N excretion Belgium 2.3 kg [18]
Weaned piglet annual N excretion Spain 1.9 kg [19]
Weaned piglet annual N excretion UK 4.2 kg [13]
Weight of laying hen UK 2.2 kg [2]
Weight of laying hen The Netherlands 2.2 kg [2]
Weight of laying hen US 2.2 kg [2]
Weight of laying hen France 1.8 kg [40]
Weight of laying hen Czech Republic 2.2 kg [2]
Layer annual N excretion UK 0.78 kg��� [13]
Layer annual N excretion France 0.78 kg [41]
Layer annual N excretion Sweden 0.60 kg [22]
Weight of broiler chicken UK 1.0 kg [2]
Broiler annual N excretion UK 0.55 kg��� [13]
Weight of broiler chicken US 1.0 kg [2]

(continued)
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emission inventory modelers [16, 17] and
default national data on N excretion for dairy
cows, beef cattle and finishing pigs collated
by EAGER for those countries were used in
this study.

5. For Belgium [18, 19] and Hungary [20], infor-
mation on national average N excretion for
dairy cows, beef cattle, sows and finishing
pigs from NIRs were used.

6. For Italy [21] and Sweden [22] data on N
excretion were available from Codes of Good
Agricultural Practice and Action Plans (AP) for
manure use in Nitrate Vulnerable Zones (NVZ).
For Italy the AP of Lombardy [21] was used
since this AP is exhaustive and the Italian data
analysed were derived from the region of
Lombardy and those adjacent. The early date
of this AP was appropriate since the data ana-
lysed was mainly from before 2006.

Default values used for emissions from buildings
are given in Table 2

1. For the remaining countries estimates of N
excretion were made using default data in
chapter 10 of IPCC [4] and data on livestock
weights reported in the appropriate papers
reporting emissions.

The IPCC [4] methodology was also used to pro-
vide data on VS excretion.

Default national values used for N and CH4

emissions from buildings are given in Table 2

Emissions reported per animal place. Emissions
expressed per annual animal place (AAP) were
taken to be equivalent to emissions expressed per
animal. In consequence emissions reported per
AAP were divided by 365 to give emissions per
animal per day. For those classes of livestock sub-
ject to seasonal production cycles, e.g. broilers and
finishing pigs, allowance has to be made for the
time that the animal place is empty when calculat-
ing emissions per AAP.

Emissions reported per heat producing unit.
Some studies only report emissions per heat pro-
ducing unit (hpu). The data provided by Rong
et al. [24] who reported emissions per hpu and per
LU for dairy cows, were used to establish a rela-
tionship between emissions per hpu and per LU
for dairy cows. To convert other emissions from
dairy cows reported per hpu to LU, we multiplied
by the mean factor of 1.0934 obtained from [24].

Validation of estimated data
Validation of default values of annual N excre-
tion. Validation of the methodology and of some
default values was carried out using studies in
which NH3-N emissions were supplied as both % N
and per animal or LU per day. From these studies
we could therefore estimate emissions of NH3-N as
% N using default data on N excretion and emis-
sions supplied as per animal or LU per day and
compare the result with those supplied as % N.

Three datasets supplied NH3-N emissions as %
N excreted [25,26; dairy cows] and [27; dairy cows
and finishing pigs]. Of these three datasets two
also reported emissions as g NH3-N per animal per
day [25, 27]. In the validation exercise emissions
supplied as per animal per day were converted to
emissions as g per kg N excreted using the appro-
priate default data on annual N excretion. Hence a
comparison was made between NH3-N emissions
supplied as % N and those estimated as % N using
default data.

For these two studies NH3-N emissions
expressed as % N were derived from NH3-N emis-
sions reported as g NH3 per animal as follows:

NH3-N, % N excreted ¼ ((default N excretion
animal�1day�1)/100)/g NH3-N animal�1day�1

Powell et al. [26] reported NH3-N emissions as g
NH3-N per animal per day but provided data on N
excretion per day. For this dataset comparison was
made between emissions derived as % N, using
reported data on N excretion, with emissions esti-
mated as % N from emissions reported as per ani-
mal per day using default data on N excretion.

Table 2. Continued.
Input Country Value Source

Weight of broiler chicken France 0.9 kg [41]
Weight of broiler chicken Sweden 1.0 kg [2]
Broiler annual N excretion Sweden 0.28 kg [22]
Broiler annual N excretion France 0.31 kg [41]
Dairy cow daily VS excretion Austria 4.6 kg� [14]
Finishing pig daily VS excretion Austria 0.29 kg [14]
Default values for daily VS excretion for a range of livestock All countries except Austria [4]
�Annual values available for UK, this example is for 1998.��Annual values available for UK, this example is for 2005.���Annual values available for UK, these examples are for 2000.
�1998.
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We were unable to validate our methods for
estimating N2O and CH4 RqEFs due to insufficient
studies for comparing with supplied RqEFs.

Validation of using a single estimate of annual
N excretion for all relevant data. In some cases
estimates of annual N excretion were available for
each year since 1990, or at 5 yearly intervals from
national Informative Inventory Reports (IIRs) or
other documents, enabling a reasonable estimate
of emissions of NH3-N expressed as a proportion of
N excreted when emissions were supplied or
derived per animal. However, in some cases, e.g. UK
data on N excretion by beef cattle and sheep, only
one default value for N excretion was available over
the entire time series. Using only one value for N
excretion could lead to errors in the estimation of
emissions per kg N excreted if livestock feeding or
animal performance had changed significantly over
the period. To assess the potential error of basing
our estimates of NH3-N emissions as a proportion of
a single default value of N excreted we used UK
data of annual values of N excretion per AAP for
finishing pigs of mean weight 65 kg for the years
1990-2015 [13]. The measured emission was fixed
at 5.0 g NH3-N per animal per day to illustrate how
variation in estimates of annual N excretion would
influence the estimate of NH3-N emission as a pro-
portion of N excreted.

Validation of default values of mean livestock
weights. The two datasets with the most data
points for the relevant gases (19 and 16 respect-
ively) which reported the weights of finishing pigs
at the beginning and end of the measurement
periods [29, 30] were used to compare examples
of actual finishing pig weights with that used as a
default from [2] (65 kg).

Emissions from manure stores

For emissions from manure stores the objective
was to report emissions of NH3, N2O and CH4 in
the RqEF units of:

NH3 as kg NH3-N per kg of N put into store
NH3 as kg NH3-N per kg of TAN put into store
N2O as kg N2O-N per kg of N put into store
N2O as kg N2O-N per kg of TAN put into store
CH4 as kg CH4 per kg of VS put into store

As with emissions from livestock housing, sup-
plied EFs were those in which the reported emis-
sion unit could be converted to a RqEF by a

simple numeric adjustment. Table 3 lists all the dif-
ferent EFs used to express emissions of NH3, N2O
and CH4 from manure stores collated in the data-
base. Table 3 also indicates whether the conver-
sion of these EFs to the RqEFs was done on the
basis of the RqEFs being supplied, derived
or estimated.

Derived and estimated EFs
In order to express measured emissions as kg N
per kg of N and TAN and as a kg CH4 per kg of
total VS put into the store the following informa-
tion was needed:

1. Total amounts of NH3, N2O and CH4 emitted.
2. Total amounts of N, TAN and VS put into

the store.

Total amounts of NH3, N2O and CH4 emitted.
This information ought to have been available
from all studies as the majority of studies reported
emissions per unit of store surface area or total
volume per unit of time. As long as the duration of
the measurement had been reported, together
with manure volume, total-N, TAN and VS contents
of the manures calculating total emission as kg
NH3-N, N2O-N and CH4 was straightforward. Where
this was the case, the resultant RqEFs were consid-
ered ’derived’. Where the necessary data on
manure analysis was either absent or incomplete
default values were used to provide the missing
data, resulting in ‘estimated’ RqEFs. However,
where the store surface area, or store volume were
not reported it was not possible to estimate emis-
sions in the RqEF units. Where reported emissions
were expressed per t or m3 of slurry or manure
these emissions were taken to be the total emis-
sions over the measurement period and hence
expressed as kg N or CH4 emitted per kg manure-
N or manure-VS per t or m3 of manure put into
store. When emissions were expressed per t or m3

of slurry or manure data on store surface area and
manure quantities were not needed; emissions
could be converted to the desired units using
reported data on N, TAN and VS contents of the
manure or default values.

Total amounts of N, TAN and VS put into the
store. Where there were no data on manure ana-
lysis the same sources were used to obtain coun-
try-specific values of N and TAN per t of manure as
those used to derive default values of N excretion
(Section estimated results). For the amounts of N
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Table 3. Units used to report emissions from manure stores. RAN¼ readily available N (considered equivalent to TAN.
Supplied
NH3

% NH3-N of initial N None
% NH3-N of initial TAN None
% NH3-N of initial RAN None
N2O
% N2O-N of initial N None
% N2O-N of initial TAN None
% N2O-N of initial RAN None
CH4

% CH4-C of initial VS None
g CH4-C kg-1 VS None
Derived or estimated
NH3

mg NH3-N kg-1 N week-1 Measurement duration
kg NH3-N t-1 N and TAN content per t manure
g NH3-N t-1 N and TAN content per t manure
g NH3-N kg-1 N and TAN content per t manure
g NH3-N kg N-1 t-1 N and TAN content per t manure
mg NH3-N kg-1 N and TAN content per t manure
g NH3 t

-1 N and TAN content per t manure
kg NH3-N m-3 N and TAN content per m3 manure
kg NH3-N Manure volume, N and TAN contents
g NH3-N Manure volume, N and TAN contents
g NH3 m

-3 Manure weight, measurement duration, N and TAN content
mg NH3 kg

-1 d-1 Manure weight, measurement duration, N and TAN content
g NH3-N m-3 d-1 Manure weight, measurement duration, N and TAN content
mg NH3-N m-3 d-1 Manure weight, measurement duration, N and TAN content
g NH3-N m-2 Store area, manure volume, N and TAN contents
g NH3 m

-2 Store area, manure volume, N and TAN contents
kg NH3-N yr-1 Measurement duration, manure volume, N and TAN contents
kg NH3 d

-1 Measurement duration, manure volume, N and TAN contents
g NH3 min-1 Measurement duration, manure volume, N and TAN contents
g NH3-N m-2 d-1 Store area, measurement duration, manure volume, N and TAN contents
mg NH3-N m-2 h-1 Store area, measurement duration, manure volume, N and TAN contents
mg NH3-N m-2 s-1 Store area, measurement duration, manure volume, N and TAN contents
g NH3 m

-2 h-1 Store area, measurement duration, manure volume, N and TAN contents
mg NH3 m

-2 h-1 Store area, measurement duration, manure volume, N and TAN contents
mg NH3 m

-2min-1 Store area, measurement duration, manure volume, N and TAN contents
mg NH3 m

-2 s-1 Store area, measurement duration, manure volume, N and TAN contents
ng NH3 cm

-2 s-1 Store area, measurement duration, manure volume, N and TAN contents
kg NH3-N ha-1 d-1 Store area, measurement duration, manure volume, N and TAN contents
kg NH3 ha-1 d-1 Store area, measurement duration, manure volume, N and TAN contents
kg NH3-N ha-1 yr-1 Store area, measurement duration, manure volume, N and TAN contents
N2O
kg N2O-N t-1 N and TAN content per t manure
g N2O-N t-1 N and TAN content per t manure
g N2O-N kg N-1 t-1 N and TAN content per t manure
mg N2O-N kg-1 N and TAN content per t manure
g N2O t-1 N and TAN content per t manure
g N2O kg-1 N and TAN content per t manure
mg N2O kg-1 N and TAN content per t manure
kg N2O-N m-3 N and TAN content per t manure
kg N2O-N Manure volume, N and TAN contents
g N2O t-1 yr-1 Measurement duration, N and TAN content of manure
mg N2O kg-1 d-1 Measurement duration, N and TAN content of manure
g N2O m-3 Measurement duration, N and TAN content of manure
g N2O-N m-3 d-1 Measurement duration, N and TAN content of manure
mg N2O-N m-3 d-1 Measurement duration, N and TAN content of manure
g N2O-N m-2 Store area, manure volume, manure N and TAN content
g N2O m-2 Store area, manure volume, N and TAN contents
kg N2O d-1 Duration of measurements, manure volume and manure N and TAN
g N2O-N m-2 Store area, manure volume, manure N and TAN content
g N2O m-2 Store area, manure volume, N and TAN contents
g N2O-N m-2 d-1 Store surface area, , duration of measurements, manure volume and manure N and TAN
g N2O m-2 d-1 Store surface area, , duration of measurements, manure volume and manure N and TAN
mg N2O m-2 h-1 Store surface area, , duration of measurements, manure volume and manure N and TAN
mg N2O-N m-2 s-1 Store surface area, , duration of measurements, manure volume and manure N and TAN
mg N2O m-2 s-1 Store surface area, , duration of measurements, manure volume and manure N and TAN
ng N2O m-2 s-1 Store surface area, duration of measurements, manure volume and manure N and TAN
kg N2O ha-1 d-1 Store area, measurement duration, manure volume, N and TAN contents
CH4

g CH4-C t-1 VS content of manure
% CH4-C of initial C VS content of manure C
l CH4 kg

-1 VS Density of CH4

g CH4 t
-1 VS content of manure

g CH4 kg
-1 VS content of manure

mg CH4 kg
-1 VS content of manure

kg CH4-C t-1 VS content of manure
g CH4-C kg-1 VS content of manure

(continued)
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and proportions of TAN in stored manures some
additional sources were used. These were for the
UK [23]; Germany and Sweden [30] and for France
sources cited in [31]. For data from other countries
’standard’ values for the amounts of N in the dif-
ferent manures were taken from those cited in
[32]. These report average values for EU-15 coun-
tries so applicability to results obtained outside
Europe may be questioned. However, dry matter
contents recorded in the database from studies
outside of Europe were comparable to those
reported in [32], so we concluded those values
were reasonable to use.

Default values used for emissions from stores
are given in Table 4.

Validation of estimated EFs
Validation of estimated RqEFs for stored manures
was carried out by comparing reported emissions
expressed as % TAN with emissions estimated

using default values for the proportion of TAN and
the appropriate emission reported as % N. We con-
sidered this was the most challenging comparison
as estimated values expressed as % TAN depended
upon very broadly-based estimates of the default
values for the proportions of manure-N present as
TAN (see section estimated results). For this exer-
cise, we used data reported by [33] (raw and co-
digested pig slurries) and [34] (dairy-cattle and
chicken-manure slurries), who reported NH3-N
emissions as % TAN. For the validation we used
default TAN values with emissions reported by
those workers as %N.

Validation of default N values of manure ana-
lysis. One dataset [35] reported the total N con-
tents of 12 slurry samples that could be compared
with a default used from the same country [14].
The mean of the values reported was compared
with the relevant default value.

kg CH4 m
-3 VS content of manure

g CH4 m
-3 VS content of manure

mg CH4 l
-1 VS content of manure

kg CH4-C m-3 VS content of manure
CH4-C t-1 DM DM and VS content of manure
mg CH4-C kg-1 d-1 Measurement duration and VS content
l CH4 l

-1 Density of CH4 and VS content of manure
g CH4 m-3 d-1 Measurement duration, manure volume and VS content
kg CH4 m

-2 Store area, manure volume and VS content
g CH4-C m-2 Store area, manure volume and VS content
kg CH4 d

-1 Measurement duration, manure volume and VS content of manure
g CH4 h

-1 Measurement duration, manure volume and VS content of manure
g CH4 min-1 Measurement duration, manure volume and VS content of manure
mg CH4 m

-3 h-1 Measurement duration, manure volume and VS content
g CH4-C m-3 d-1 Measurement duration, manure volume and VS content
mg CH4 kg-1 d-1 Measurement duration and VS content of manure
g CH4 m

-2 d-1 Store surface area, duration of measurements, manure volume and VS content
g CH4 m

-2 h-1 Store surface area, duration of measurements, manure volume and VS content
mg CH4 m

-2 h-1 Store surface area, duration of measurements, manure volume and VS content
mg CH4 m

-2 s-1 Store surface area, duration of measurements, manure volume and VS content
ng CH4 cm

-2 s-1 Store surface area, duration of measurements, manure volume and VS content
kg CH4 m

-2 yr-1 Store surface area, duration of measurements, manure volume and VS content
kg CH4 ha

-1 d-1 Store surface area, duration of measurements, manure volume and VS content
g CH4-C m-2 d-1 Store surface area, duration of measurements, manure volume and VS content
kg CH4-C ha-1 d-1 Store surface area, duration of measurements, manure volume and VS content
kg CH4-C Measurement duration, manure volume and VS content of manure
l CH4 m

-3 d-1 Measurement duration, density of CH4 and VS content of manure
l CH4 l

-1 d-1 Measurement duration, density of CH4 and VS content of manure
m3 CH4 m

-2 Store area, manure volume, density of CH4 and VS content of manure
Not estimated
NH3

g NH3-N LU-1 h-1 Need numbers of animals which are not available and no suitable default
kg NH3-N animal-1 yr-1 Need numbers of animals which are not available and no suitable default
kg NH3-N kg LW-1 yr-1 Need numbers of animals which are not available and no suitable default
kg NH3 animal-1 d-1 Need numbers of animals which are not available and no suitable default
kg NH3 animal-1 yr-1 Need numbers of animals which are not available and no suitable default
N2O
g N2O animal-1 Need numbers of animals which are not available and no suitable default
g N2O animal-1 d-1 Need numbers of animals which are not available and no suitable default
g N2O-N animal-1week-1 Need numbers of animals which are not available and no suitable default
g N2O animal-1 yr-1 Need numbers of animals which are not available and no suitable default
g N2O kg-1 lwg Need numbers of animals which are not available and no suitable default
CH4

kg CH4 animal-1 d-1 Need numbers of animals which are not available and no suitable default
g CH4 animal-1 d-1 Need numbers of animals which are not available and no suitable default
g CH4 animal-1week-1 Need numbers of animals which are not available and no suitable default
g CH4 animal-1 yr-1 Need numbers of animals which are not available and no suitable default
kg CH4 animal-1 yr-1 Need numbers of animals which are not available and no suitable default
g CH4 kg

-1 lwg Need numbers of animals which are not available and no suitable default
% MCF Need numbers of animals, feed intake and components which are not available
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Results and discussion

Housing

Table 5 reports the number of emissions reported
in the RqEF units (g N LU�1 d�1, g N animal�1 d�1,
kg N kg N�1 excreted) and the number of RqEFs
either derived or estimated, where the latter used
default values for mean animal weight, annual N
excretion etc. By deriving and estimating emissions
using the methods described we were able to
increase the number of emissions expressed in the
RqEFs from, for example, 444 to 1210 for NH3-N
emissions as kg N LU�1 d�1, and from 16 to 312

for N2O-N emissions expressed as kg N kg
N�1 excreted.

We have identified several limitations to the
derivation of RqEFs. Firstly, of the 2003 emission
unit observations of NH3, N2O and CH4 emissions,
only c. 1400 have reported the weight of the ani-
mals in some way. Reporting was as either per
average live weight (519 observations, appropriate
for mature animals such dairy cows and laying
hens) or the live weight at the start (882 observa-
tions) or end (837 observations) of the measure-
ments period, appropriate for growing animals
such as finishing pigs and broilers (Table 6).

Table 5. Number of emissions from buildings housing livestock supplied, derived or estimated within
the data set.

g N LU-1 d-1 g N animal-1 d-1
kg NH3-N, N2O-N kg N-1

excreted or kg CH4 VS
-1 excreted

NH3

Supplied 444 690 72
Derived 432 345 49
Estimated 334 174 1077
Total 1210 1209 1198
N2O
Supplied 82 188 16
Derived 149 48 23
Estimated 79 76 273
Total 310 312 312
CH4

Supplied 139 220 0
Derived 149 72 0
Estimated 59 60 351
Total 347 352 337

Table 4. Default values used for emissions from stores.
Input Country Value Source

N content of cattle slurry, kg m-3 Austria 3.4 [14]
N content of cattle slurry, kg m-3 Germany 5.0 [30]
N content of pig slurry, kg m-3 Austria 6.4 [14]
N content of finishing pig slurry, kg m-3 France 6.0 [31]
N content of pig slurry, kg m-3 Germany 6.0 [30]
N content of broiler manure, kg m-3 UK 30 [23]
Proportion of TAN in dairy slurry Japan 0.58 [32]
Proportion of TAN in dairy slurry New Zealand 0.58 [32]
Proportion of TAN in dairy slurry US 0.58 [32]
Proportion of TAN in cattle slurry UK 0.50 [23]
Proportion of TAN in cattle slurry Austria 0.50 [14]
Proportion of TAN in cattle slurry Switzerland 0.58 [32]
Proportion of TAN in pig slurry UK 0.60 [23]
Proportion of TAN in pig slurry Austria 0.65 [14]
Proportion of TAN in pig slurry US 0.71 [32]
Proportion of TAN in finishing pig slurry France 0.64 [31]
Proportion of TAN in gestating sow slurry France 0.77 [31]
Proportion of TAN in weaned piglet slurry France 0.52 [31]
Proportion of TAN in layer slurry US 0.47 [32]
Proportion of TAN in solid cattle manure Sweden 0.47 [30]
Proportion of TAN in solid cattle manure Switzerland 0.27 [32]
Proportion of TAN in solid cattle manure Germany 0.28 [30]
Proportion of TAN in cattle and pig FYM UK 0.25 [23]
Proportion of TAN in solid pig manure Germany 0.28 [30]
Proportion of TAN in pig FYM (straw-based) France 0.32 [31]
Proportion of TAN in solid pig manure Sweden 0.39 [30]
Proportion of TAN in poultry manure US 0.32 [32]
Proportion of TAN in solid layer manure Sweden 0.48 [30]
Proportion of TAN in broiler manure UK 0.4 [23]
Proportion of TAN in dairy manure compost Japan 0.27 [32]
Proportion of TAN in beef manure compost China 0.27 [32]
Proportion of TAN in pig manure compost China 0.32 [32]
Proportion of TAN in pig manure compost Vietnam 0.32 [32]
Proportion of TAN in pig manure compost Japan 0.32 [32]
Proportion of TAN in poultry manure compost Japan 0.28 [32]
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Secondly, only 186 records of N excretion per ani-
mal were reported. These limitations were over-
come by using default data (section estimated
results). However, where emissions were reported
per unit soiled floor area the lack of data on this
factor (368 records in total) was a greater limita-
tion as there is no acceptable default value. We
conjectured that there might be buildings which
had been used for more than one study and that if
the soiled floor area was reported in one study
then it could be applied to another study where
the same building was used but the floor area had
not been cited. However, we did not find any
instances where this occurred.

Storage

Table 7 provides the number of emissions in the
RqEFs for each of the three gases of interest (NH3,
N2O and CH4) according to whether those emis-
sions were supplied, derived or estimated.

The major limitation in the data is that a large
proportion of the data reported on an area basis
could not be converted to a total emission over
the measurement period because no data were
provided on either store surface area, store vol-
ume, manure total-N, TAN or VS content. Where
emissions were reported per unit weight or vol-
ume of manure there was a greater likelihood of
making a conversion. However, in these cases
recourse had to be made to default values for the
N and TAN contents of manures (section estimated
results). More information on data availability is
given in Table 8.

We considered if the surface area could be
obtained from another study by the same authors,
assuming the same facility was used in both stud-
ies. However, we concluded this was too uncertain
and, in many cases, there were no other studies
reported by the same author(s).

There were only 859 records of the initial N con-
tent of the manure, and 656 of the initial TAN con-
tent of the manure (Table 8).

Validation of estimated EFs

Emissions from buildings housing livestock
Validation of default values of annual N excre-
tion. The regression derived from the three data-
sets in which emissions, represented as kg N per
kg N excreted, were estimated using the approach
reported in section 2.1.4. (27 values, Figure 1) sug-
gests a very good correlation (R2 ¼ 0.97) between
estimated and supplied emissions.

Validation of using a single estimate of annual
N excretion for all relevant data. The data on N
excretion per AAP by finishing pigs for 1990 to
2015 [13] decreased by 24% over 25 years. Hence
over 25 years an NH3-N emission of 5 kg animal-
�1day�1 is equivalent to between 0.10 (1990) and
0.14 (2015) kg kg�1 N excreted, i.e. a maximum
error of 40%. This reduction in the emission
expressed as a proportion of N excreted reflects
the 40% decrease in annual N excretion arising
from gradual reduction in the protein concentra-
tion in diets fed to finishing pigs. This estimate for
finishing pigs is at the upper range of likely errors.

Table 6. Records related to emissions of NH3, N2O and
CH4 from buildings housing livestock.
Factor Number of values reported

Emissions 2003
Duration of measurements 1128
Number of animals 1765
Number of livestock units present 0
Weight at start of measurement 882
Weight at end of measurement 837
N excretion per animal 186
TAN excretion per animal 0
Average live weight 519
Live weight gain per day 605
Fouled floor area 368
Food dry matter intake 124
Food N intake 0
Milk yield per animal 280

Table 7. Number of emission factors from manure stores supplied, derived or estimated within the data set.
NH3-N N2O-N

CH4

kg N kg-1 N stored kg N kg-1 TAN stored kg N kg-1 N stored kg N kg-1 TAN stored kg CH4 kg
-1 VS stored

Supplied 154 13 126 13 90
Derived 183 158 89 87 14
Estimated 80 252 37 150 8
Total 417 423 353 250 112

Table 8. Records related to emissions of NH3, N2O and
CH4 from manure stores.
Factor Number of values reported

Emissions 1551
Duration of measurements 1217
Store surface area 788
Store volume 911
Volume of manure in store 591
N content of manure 859
TAN content of manure 656
VS content of manure 22
Livestock numbers 6
Livestock weight 0
Dry matter intake 6
Milk yield per animal 0
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Over the same period annual N excretion by dairy
cows increased by 31% [13]

Validation of default values of mean livestock
weights. The average finishing pig weight
reported by [28] was 64.7 kg and the average
weight reported by [29] was 68.4 kg. Both results
are close to the default value of 65 kg [2].

Emissions from manure stores
Validation of estimating emissions as kg N per
kg TAN stored. The supplied and estimated values
for NH3-N emissions expressed as kg kg�1 TAN,
were in very good agreement (Figure 2):

EFest ¼ estimated EF (kg NH3-N kg�1 TAN stored)
a ¼ 0.93
EFsub ¼ supplied EF (kg NH3-N kg�1 TAN stored)
b ¼ 0.013
R2 ¼ 0.97
P < 0.001.

Validation of default N values of manure ana-
lysis. The mean N content of the 12 samples of
cattle slurry reported by [35] was 3.7 kg N m�3.
This was c. 10% greater than the default value of
3.4 kg Nm�3 [14].

This validation exercise demonstrates that hous-
ing EFs based on total N can be estimated with a
reasonable degree of confidence. While the effect of
diet suggests RqEFs may have an associated error of
up to 40%, such a large error would only apply
when the national default values provided only one
value for the entire time series. In practice for pigs
and dairy cattle N excretion values were often pro-
vided for each year of the time series or for groups
of 5 years. Furthermore, the storage validation using
EFs as % of TAN was very good, and could arguably
be just as relevant for EFs based on % total N.

We were unable to perform a similar validation
for N2O and CH4 RqEFs due to insufficient data for
comparative purposes. However, in the case of
N2O, since both N2O-N and NH3-N RqEFs are
derived from manure total N (for housing and stor-
age RqEFs) or from manure TAN content (for stor-
age RqEFs), we are reasonably confident that our
method is equally robust for N2O-N RqEFs.

Our main concern lies with estimated RqEFs for
CH4 based on VS, given we were unable to valid-
ate our method. The primary source of VS data
used for estimating CH4 RqEFs was the latest IPCC
guidelines, which were developed using informa-
tion from a review of the literature on dietary
effects, with input from regional experts [4]. Faecal
VS content and total N of dairy cattle excreta are
strongly influenced by dietary dry matter (DM)
intake, acid detergent fibre (ADF) content and
crude protein (CP) content [36]. These workers
found that the error in predicting VS and N
excreted using DM intake, ADF and CP was similar,
which suggests that, in the absence of validation
of our proposed method, the estimated dairy cat-
tle RqEFs for CH4 may have an error similar to that
for NH3 and N2O. Thus, assuming a similar effect of
diet on beef cattle, swine and poultry, estimated
values may still be useful for determining drivers
of emissions and assessing RqEFs, as long as these
data are treated with caution. When combined
with more robustly determined EFs, we advise
researchers to label these estimated values as
lower quality data. While the same recommenda-
tion applies to estimated NH3 and N2O EFs, this
tiered approach to the quality of data is more per-
tinent to CH4 RqEFs until sufficient data is available
for validation purposes.

Figure 2. Correlation between supplied and estimated
emissions of ammonia expressed as proportion of TAN put
into the store.

Figure 1. Correlation between supplied and estimated emis-
sions of ammonia expressed as proportion of N excreted.
Supplied EFs were those in which the reported emission unit could be
converted to a RqEF by a simple numeric adjustment. Estimated emis-
sions can only be converted to the RqEFs by the use of external data,
e.g. default values for annual N excretion.
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Recommended key factors for reporting

In general, papers that reported emissions per LU
or per animal tended to provide data on mean ani-
mal weights. However, data on N excretion was
less often reported. The omission that most fre-
quently precluded conversion of emissions to the
reported unit was the total floor area of buildings
from which emissions were reported per unit area
of floor. Based on our experience with conversion
of reported NH3, N2O and CH4 emissions to RqEFs,
we have provided a list of recommended key fac-
tors to include in papers presenting measured
emissions of CH4, N2O and NH3 from livestock
buildings and manure stores (Table 9).

Conclusions

The methodology developed greatly increased the
number of RqEFs available for use in inventory
compilation. Validation of the method using data
reporting NH3-N emissions from livestock buildings
and from slurry stores indicated very good correl-
ation between emissions estimated using the
methodology and reported emissions (R2 ¼ 0.97
and 0.97, respectively). A similar comparison of
estimated and supplied EFs was not possible for
N2O and CH4 emissions from housing or storage
due to insufficient suitable data. We have devel-
oped a list of recommended information for inclu-
sion in publications reporting emissions that will
enable other workers to utilize this methodology.
The methodology will enable researchers to con-
vert a wide range of emission units into RqEFs and
open up opportunities for increased use of pub-
lished data. In particular the adoption of this

methodology may enable national emission inven-
tories to be calculated with greater accuracy and
to enable the development of Tier 3 inventory
methodologies. The expression of more data in
RqEFs may also contribute to better quantification
of management systems and techniques to reduce
emissions of N2O, NH3 and CH4.

Note

1. https://www.mels-project.eu/
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Table 9. Recommended information to be included in publications to aid conversion of emission units.
Building Comments

Mean animal weight during measurement period or weight at the
beginning and end of the measurement period

Mean number of animals in the building during the
measurement period

Mean N excretion, expressed per day or per year, during the
measurement period or mean VS excretion for CH4 measurements

Duration of the measurement period.
Total floor area from which emissions, when emissions are expressed

per unit of floor area
Manure stores
Duration of measurements
Store surface area
Store volume
Volume of manure in store The volume of manure in store needs to be provided as this will

usually be less than the total store volume
Total N content of manure, per unit weight Reporting needs to indicate if this is on a dry or fresh weight basis
TAN content of manure, per unit weight Reporting needs to indicate if this is on a dry or fresh weight basis
VS content of manure, per unit weight Reporting needs to indicate if this is on a dry or fresh weight basis
Dry matter content of manure To enable conversion of dry weight manure N, TAN or VS analyses to

fresh weight
Livestock numbers (when emissions are reported per animal of LU) To enable estimation of manure voided by the livestock.
Length of housing period over which manure was collected for storage To enable estimation of manure voided by the livestock.
Livestock weight (when emissions are reported per animal of LU) To enable estimation of manure voided by the livestock.
Proportion of the day livestock were housed during the period over

which manure was collected for storage
To enable estimation of manure voided by the livestock.
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