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h i g h l i g h t s
� A new method for calculating emission rates from livestock buildings is proposed.
� The method is based on the measurement of temporal evolution of gases concentration.
� Gases concentration is measured by a remote sensing technique (Open-Path FTIR).
� This method has been tested in a cow shed in Tenerife Island (Spain).
� This is an alternative method to easily measure emission factors of livestock.
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a b s t r a c t

It is widely known that carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) are the main
greenhouse gases contributing to global climate change. Emission factors for the aforementioned gases
have been proposed in order to calculate the contribution of livestock farming to global climate change.
However, these emission factors depend on many additional factors such as the housing system, envi-
ronmental conditions, etc., which implies some uncertainties in their estimation. Therefore, works that
aim at improving experimental calculation of these emissions are crucial to provide reliable estimates of
the emissions produced by livestock. The purpose of this work was to apply a new methodology inspired
by the accumulation chamber method to estimate emission rates from livestock buildings. The work was
based on measuring the increase of gas emissions inside the livestock building by means of the remote
sensing technique Open-Path FTIR (OP-FTIR). Previously to the measurements, livestock building cattle
was confined outside of the building. Utilization of fan ventilation system favoured the homogenization
of air inside the building. This experiment proved that evolution of CH4 and CO2 concentrations inside
the livestock building behaved like an accumulation chamber unlike the N2O which did not show such
behaviour. Results showed CH4, CO2 and NH3 emissions of 167 � 54,700 � 200 and 1.3 � 0.2 kg head�1

year�1, respectively. One of the main parameters affecting the estimated emission factors is the type of
animal feeding. Therefore, it is essential to investigate the influence of food composition on CH4 and CO2

emission in a relative larger number of operating cattle buildings since the methodology herein proposed
is an easy and cheap tool to study livestock emission factors and their variability.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Farm work and animal breeding cause many gases to be
emitted into the atmosphere: CH4, CO2, N2O, NH3, etc., especially
during digestive processes (enteric fermentation) and the excreta
þ34 916249430.

All rights reserved.
decomposition. These emissions are very important as they
contribute notably to global warming and climate change.
Ruminant animals are one of the most significant sources of
greenhouse gases because of the CH4 and CO2 excreted by the
animals. About 25% of global methane emissions originate from
animal husbandry, mainly from enteric fermentation (80%) and
also from manure (20%) (European Environment Agency, 2007;
Amon et al., 2001). The importance of NH3 arises from its capa-
bility to form aerosol and smog (Aneja et al., 2006), its acidifying
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effect in soils, groundwater and surface waters and eutrophying
power (Genfa et al., 1998; Bobbink et al., 1998). Approximately
80% of the total NH3 emissions in Europe originate from agri-
culture practices, mainly from animal excreta, although this
percentage depends on several factors (European Environment
Agency, 2007).

Due to the global impact of these gas emissions, it is crucial to
characterize the sources and their contributions to the total
emissions in order to design specific environmental policies
aimed at minimizing the effects of these pollutants. Typically, the
emissions are calculated from emission factors and the method-
ology proposed in the EMEP/CORINAIR1 Emission Inventory
Guidebook provided by the European Environmental Agency
(EEA) (European Environment Agency, 2007). However, emission
factors are affected by uncertainties around 30% for CH4 and NH3
since livestock emissions depend on many other factors such as
cattle feeding, housing system, climatic conditions, etc. For this
reason, it is important to carry out studies aimed to improve
estimates of the emission factors and their dependence on
external causes.

There are several proposed techniques to calculate experimen-
tally the emission factors of pollutants coming from enteric
fermentation (Johnson and Johnson, 1995). Some of them are based
on measurements of individual animal emissions that require a
restrained and trained animal. There are also techniques based on
prediction equations that calculate themethane emissions from the
molar distribution of VFA (volatile fatty acids) (Wolin,1960) or from
the feed characteristics (Blaxter and Clapperton, 1965; Moe and
Tyrrell, 1979). However the calculated emissions cannot be
extrapolated accurately to all situations since it is well-known that
emissions are influenced by many different factors such as envi-
ronmental, housing conditions and animal feed. In fact, someworks
(Mosier, 1989; Schütz and Seiler, 1989) have proposed to conduct
emission measurements continuously over 24-h periods and
repeated over a year. Amon et al. (2001) suggested that emission
measurements should be carried out under field conditions to
consider and study the factors that influence emission rates, which
could be very useful information to design efficient policies to
reduce agricultural emissions.

Experiments involving groups of animals are performed to
consider the effect of daily, seasonal and environmental variations
and different housing systems. Several techniques can be applied
such as gas-tracer methods (Lamb et al., 1986; Eklund, 1998) and
mass balance techniques. The most appropriate technique to
measure emissions from livestock buildings consists of measuring
the difference between the concentration coming into and exiting
the enclosure and the flux of air flowing through it; however it
implies the use of many sensors for the concentration to be
representative since pollutants could not be homogeneously
distributed (Demmers et al., 1998). Moreover, the calculation of the
ventilation rate for naturally ventilated buildings entails even more
instrumentation (Demmers et al., 1998).

The objective of this work is to propose a new methodology to
estimate experimentally the emission factor of CO2, CH4, N2O and
NH3 associated to enteric fermentation and excreta decomposition
in a dairy cattle building. This method is inspired by the accumu-
lation chamber method used for CO2 efflux measurements in soil
respiration (Parkinson, 1981), and applied successfully during the
last 20 years in surface-atmosphere trace gas exchange
(Hutchinson andMosier, 1981), volcanic areas (Baubron et al., 1991;
1 EMEP: Co-operative Programme for Monitoring and Evaluation of the Long
Range Transmission of Air Pollutants in Europe CORINAIR: The Core Inventory of Air
Emissions in Europe.
Chiodini et al., 1996; Cioni et al., 1998), to estimate CH4 flux in
wetlands, aquatic ecosystems, sewage treatment plants (Nolasco
et al., 2006), landfills (Nolasco et al., 2008; Cardellini et al., 2003)
and to measure N2O fluxes at the soil-atmosphere interface
(Schäfer et al., 2012). A good review of methodologies applied to
measure fluxes in environmental problems can be found in
Denmead (2008).

The accumulation chamber method is based on the temporal
evolution of gases concentrations. Even though the theory of mo-
lecular diffusion in a chamber causes concentration gradients
decreasing with time (Hutchinson and Mosier, 1981; Livingston
et al., 2006; Denmead, 2008), sometimes linear behaviour pre-
vails (Forbrich et al., 2010). During recent years several non-linear
models have been developed to study soil-atmosphere trace gas
flux estimationwith chambers (Livingston et al., 2006; Kroon et al.,
2008; Pedersen et al., 2010). The most accepted models for these
studies are non-linear HM (Hutchinson and Mosier, 1981) and the
non-steady-state diffusive flux estimator NDFE (Livingston et al.,
2006).

In this work, the accumulation chamber methodology has been
applied to measure the CH4, CO2, N2O and NH3 emissions. A non-
linear model has been used to estimate the fluxes of these gases.
Since the methodology has been applied to a group of animals as a
whole it can be used easily to monitor the variations due to the
global factors affecting the emissions.
2. Materials and methods

The proposed methodology was applied to a naturally-
ventilated cow shed in the surroundings of La Laguna, Tenerife Is-
land, Spain, tomeasure emissions of CH4, CO2, N2O, and NH3, during
a two-days measurement survey.
2.1. Accumulation chamber methodology

The accumulation chamber method (Hutchinson and Mosier,
1981; Parkinson, 1981; Baubron et al., 1991), is based on placing
the opened side of a chamber on the emitting surface and
measuring the increase of gas concentration during the filling time,
i.e., until the concentration remains constant throughout. The
concentration curve versus time in the first stage is closely related
to the gas emission. However, some assumptions have to be made
to apply this methodology. Following Baubron et al. (1991), if we
make a mass balance equation in a “control volume” of interest, in
this case the inverted chamber, the mass of the specie “i”within the
inverted chamber at time tþ dt is equal to the mass of “i” present at
time t, plus the mass of “i” entering the chamber in the interval of
time dt, minus the mass of “i” leaving the chamber in the same
interval of time. In mathematical terms:

Vc$CiðtþdtÞ ¼ Vc$CiðtÞ þ Fe$C�
i $dt � Fl$CiðtÞ$dt (1)

where Vc represent the volume of the chamber, Ci(tþdt) is the con-
centration of the component i at time t þ dt, Ci(t) is the concen-
tration of the component i at time t, C*

i is the concentration of the
component i in the gaseous matrix released by the animals, Fe is
the flux entering the chamber and Fl is the flux leaving the
chamber. The Ci in the gas leaving the chamber during the
considered interval of time is assumed to be equal to the Ci in the
chamber at time t. This assumption is justified as the gas is well-
mixed inside the chamber. The gas flow entering the chamber
(Fe) is equal to the gas flow leaving it (Fl) below the wall, as no
pressurization takes place (Fig. 1a). Equation (1) can be rearranged
as follows for cylindrical and cubic chambers:



Fig. 1. a) Scheme of volume control inside of accumulation chamber, b) Scheme of the
experiment inside the livestock complex. Fans are deployed at ground level and
elevated to mix the air inside. The OP-FTIR system measures the path-integrated
concentration between the IR source and the FTIR.
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dCi
CiðtÞ � C�

i
¼ �Fe

H
$dt (2)

Equation (2) is a typical first-order linear inhomogeneous dif-
ferential equation with constant coefficients and “H” is height of
the chamber. Considering that at initial conditions Ci is the ambient
concentration of the “i” component (Ci(air)), the integration of
Equation (2) leads to the relation:

CiðtÞ ¼ C�
i þ

�
CiðairÞ � C�

i
�
$e

�Fe
H $t (3)

In this case, we consider the livestock building as a big accu-
mulation chamber with the gases coming from the livestock
instead of the soil. The imposed enrichment of “i” can be measured
directly inside the building by different methods. The assumptions
used to derive the technique were satisfied in practice since the air
was mixed by means of several fans and the overpressure was
avoided by not sealing the building hermetically. Also the CH4, CO2,
N2O, and NH3 concentrations in air can be neglected since the
concentrations produced by livestock emissions are much higher in
ambient air as it will be shown in section 3. The fitting of Ci (in
mg L�1) versus time plot allows us to calculate the “entering flux” of
“i” in the livestock building (coming from the animals). If we
multiply Ci (mg L�1) by the livestock building volume and divide by
the number of animals, it is possible to estimate the amount of “i”
produced by each animal per unit time. To measure the concen-
tration of the target gases, the remote sensing technique Open-Path
FTIR spectroscopy was applied. This technique will be briefly
reviewed in next section.

2.2. OP-FTIR technique

The OP-FTIR technique uses an infrared (IR) source and a
Michelson interferometer to analyze in wavelengths the energy
coming from the IR source (spectra). Gases between the IR source
and the interferometer absorb energy in their characteristic ab-
sorption lines. The concentration can be retrieved bymeasuring the
amount of energy absorbed at each line. In this experiment, the IR
source and the interferometer were installed at both sides of the
building in order to measure representative path-integrated con-
centrations (see Fig. 1). Additional details about this technique can
be found in Russwurm (1997) and Verein Deutscher Ingenieure
(2000). This technique has been used to calculate emissions from
experimental data by several different methods (Minnich et al.,
2002; Griffith et al., 2002; Hashmonay et al., 1999; Eklund, 1998;
Piccot et al., 1994). In particular, it has been applied previously to
livestock emissions (Schäfer et al., 1997; Depta et al., 1997; Childers
et al., 2001; Amon et al., 2001). In this work, this technique has
been also applied to measured livestock emissions but using a
completely new procedure.

The spectra analysis has been carried out using the AutoQuant
Pro (AQPro) classical least squares (CLS) software package (MIDAC
Corporation, Irvine, CA). This program provides an interface to
design analysis methods to retrieve concentrations from experi-
mental spectra. In order to define an analytical method it is
necessary to provide a reference spectra library (spectra set of
known concentrations).

Reference spectra have been generated by using thewell-known
HITRAN spectroscopic database (http://www.cfa.harvard.edu/
hitran/). All spectra have been calculated in the 500e4500 cm�1

spectral region at a resolution of 0.5 cm�1. This resolution corre-
sponds to the best resolution of the FTIR spectroradiometer used
for the experimental measurements. All spectra were generated in
standard conditions (25 �C and 1 atm) and with a path length of
100 m.

There are several issues concerning the analysis methods that
can affect the accuracy of the results. The most important are de-
tector saturation, the non-linearity and interferences between ab-
sorption lines of different gases.

The first issue was checked by ensuring that any dip appeared in
the detector cut-off region neither the baseline was elevated above
zero as suggested by Russwurm and Childers (1997).

Concerning the non-linearity, although the range of concen-
trations is expected to be wide, AQPro is able to consider the non-
linearity, if the range of experimental concentrations lies within the
concentrations range of the reference spectra library for each
component. AQPro can also calculate the effect of temperature
variations if actual temperature information is included in the
acquisition/analysis program.

In relation with the spectral interferences between gases, a
previous spectral study has to be carried out to determine whether
there is overlapping between the absorption lines of the different
gases that are going to be used in the analysis. We have checked
that only the H2O absorption lines affect those of CO2, CH4 and NH3.
Several microwindows and their combinations were considered in
the method design process to account for this interference. The
microwindows selection is extremely important. A bad selection
can introduce errors of 25%. In general, differences between
methods are bigger as concentration increases. In the considered
methods, differences are however lower than 9%. The studied
methods were tested using with spectra of known concentration
generated from the HITRAN database. All gases were considered
when testing the spectra in order to evaluate whether the micro-
windows selection was able to solve the overlapping problem.

For CH4 and NH3, the best results were achieved when all the
selected lines were used in the analysis. However, for H2O, and CO2

a single line (Table 1) gave better results. Although there is only one
microwindow for N2O, it includes three absorption lines. Some
selected microwindows, the testing concentrations ranges and the
errors obtained during the testing of the spectra are shown in
Table 2. Experimental spectra were acquired by AQPro program in
the 400e4500 cm�1 spectral region. Single beam spectra were
transformed to absorbance using a synthetic background spectrum

http://www.cfa.harvard.edu/hitran/
http://www.cfa.harvard.edu/hitran/


Table 1
Main parameters used for OP-FTIR analysis. Also shown windows of spectral analysis selected for all components, concentration ranges and respective errors.

CH4 CO2 H2O N2O NH3

Microwindows
(cm�1)

2881.5e2890.1 2076.4e2077.7 2113.5e2117 2203.2e2204.2 926.54e940.0
2894.3e2898.8 957.1e970.0
2904.0e2911.5 989.7e995.9
2913.4e2923.1 1138.8e1142.4
2923.2e2929.5 1157.5e1160.5
3154.0e3160.5

Concentration
range (ppm)

1e400 500e3000 7000e19,000 0.1e0.6 0.75e11

Maximum error (%) 4.0 1.2 1.5 4.0 0.3
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which was calculated for each spectrum. The ambient black body
radiation was subtracted after having been transformed to single
beam spectra. This correction is necessary because the NH3 selected
lines are between 760 and 1200 cm�1, the spectral region that is
most affected by the ambient emission.
2.3. Experimental set-up

In order to verify if the accumulation chamber technique can be
applied to a livestock building to measure emissions of NH3, N2O,
CO2 and CH4, a two-days measurements campaign was performed.
The experiment was carried out in a naturally ventilated building of
La Laguna (Tenerife Island, Spain). The dimensions of the shedwere
30 (long) � 10 (wide) � 6 (high) yielding a volume of 1800 m3.

After taking the cows out of the building, the first day was
devoted to the preparation of the complex, building cleaning
(mainly the soil surface), installation of scientific instruments,
installation of six fans for mixing the indoor air, sealing the win-
dows and holes in the barn to make “a closed chamber” and taking
measurements with “clean air”. The second day was used to
perform measurements after entering the livestock into the
building again. After the start of the measurements, when clean-air
concentrations were recorded, 20 cows entered in the building.
Windows and gates were then closed in order to emulate an
accumulation chamber. However, the building was not hermeti-
cally closed to avoid overpressure and satisfy one of the assump-
tions of the methodology. The measurements monitored the
evolution of CH4 and CO2 concentrations until they remained
constant, which meant that the plateau of the accumulation curve
had been attained.

Gas measurements were obtained with OP-FTIR MIDAC system.
The experimental scheme is shown in Fig. 1b (the scheme is not
drawn to scale). The IR source and the interferometer were set-up
at both sides of the building and between the two areas assigned to
the livestock. The path lengthwas 25m at 1.5m above the floor. The
six fans were set-up to mix the air inside the building, four at floor
level and two at elevated positions, ensuring a path length repre-
sentative of the whole building.

A meteorological station registered the temperature, pressure
and humidity inside the building. The pressure was stable during
the experiment, bounded between 960 and 964 mb. The temper-
ature varied between 18 and 25 �C. This information is necessary to
convert the concentrations measured in ppm to mg L�1 units to
calculate the emissions, as will be seen in Section 3. In addition,
Table 2
Fluxes and emission factors per head cattle and year.

CH4 CO2 NH3

Flux (g head�1 h�1) 19.1 � 0.5 540 � 30 0.15 � 0.2
R2 0.98 0.97 0.89
Emission factor (kg head�1 year�1) 167 � 5 4743 � 200 1.3 � 0.2
these meteorological parameters can be crucial when interpreting
the results.
3. Results

The OP-FTIR technique has been used to provide the concen-
trations needed to calculate the emissions. The spectra analysis
requires a very careful design of the analysis method since it may
easily lead to large errors in the concentrations retrieved from
spectra. Absorbance spectrawere analyzed with the tested method.
The concentrations (ppm) obtained for CO2, CH4, NH3 and N2O are
presented in Fig. 2.

The first measurements correspond to the empty building. The
cows went into the building at 10:16 am and CO2 and CH4 con-
centrations started to increase. At 10:34 am the livestock was in-
side and the door was closed. From 10:34 am to 10:40 am, the
detector was refilled with liquid nitrogen, which is reflected in
Fig. 2 as a gap between the measurements. After this moment, the
CO2, CH4, NH3 concentrations increased although the level of N2O
remained nearly constant. The CO2 and CH4 concentrations
reached a plateau approximately 2 h after the beginning of the
measurements.

Although water vapour absorbs IR energy, it is not considered a
greenhouse gas due to its high variability. However, it is interesting
to study its evolution since it can be used to check the quality of the
spectra and the analysis by comparing the concentrations with
those calculated from the relative humidity and the temperature.
The comparison can be used to reject any failed spectra. In this
experiment, the H2O concentrations calculated from OP-FTIR
spectra also increase from the first measurements (almost line-
arly) when the cows went into the building, which agree with the
water vapour emission from respiration and the temperature and
relative humidity increase (from 18 to 25 �C for temperature and
from 82 to 98% for relative humidity). Average differences between
the H2O concentration values calculated by both methods (OP-FTIR
and relative humidity/temperature) are around 10%, which can be
explained by the different measurement concept of both tech-
niques: extractive methods vs. remote sensingmethods (Bacsik and
Komlósi, 2006). This agreement confirms the quality of the
measurements.

The accumulation curve is a representation of the concentration
(mg L�1) versus time (h). The fluxes were calculated fitting the
accumulation curve of each component by applying HMR model
(http://cran.r-project.org/web/packages/HMR/index.html) (see
Fig. 3). The period used to calculate the curve are those from
10:40 am (when all cows are inside the building) to 12:31 pm for
CH4 and CO2, and from 10:40 am to 11:45 am for NH3, since this
range can be fitted to an exponential model (HMeHMR). All
emissions factors have been obtained by HMR model and pro-
cedures proposed by Pedersen et al. (2010) and confirmed with
accumulation curve (Equation (3) ). The emission factors per ani-
mal, fluxes and errors values are depicted in Table 2.

http://cran.r-project.org/web/packages/HMR/index.html


Fig. 2. Evolution of concentrations for each component. The concentrations begin to rise when animals are put into the building. The concentration increase of CO2, NH3, CH4 and
N2O is associated to livestock emissions.
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4. Discussion

4.1. Greenhouse gases

The temporal concentration evolution of target gases is shown
in Fig. 2. The concentration ranges of CO2 and CH4 are in good
agreement with those measured by Ngwabie et al. (2009) who also
measured concentrations in a naturally-ventilated dairy cows
building (see Table 3). The concentrations obtained by us are of the
same order of magnitude although the lowest values are lower than
those measured by Ngwabie et al. (2009). This is a reasonable result
since the first measurements were made when the cows began to
enter the building. In addition, the highest values obtained are very
close to those of Ngwabie et al. (2009).

The N2O concentration remains around a value of 0.3 ppm,
which is also in good agreement with the indoor concentrations
range measured by Ngwabie et al. (2009), from 0.16 to 0.75 ppm
(see Table 3). The maximum concentration measured (0.6 ppm) is
close to the one of (0.56 ppm) observed by Jungbluth et al. (2001).

The curves in Fig. 2 also show that the livestock building clearly
behaves like an accumulation chamber for CH4 and CO2. That is,
they exhibit a strong growth at the beginning of the experiment,
after the building was closed. Then the increase slows down until a
plateau zone is reached and the concentrations stay nearly
constant.

The CH4 emission calculated by the method here proposed
(19.1 g head�1 h�1) is higher than those obtained by Ngwabie et al.
(2009), which are between 9 and 13 g LU�1 h�1 measured in May
and January 2007 respectively (see Table 4). The CH4 emission
factor can be also compared with that provided by EMEP/CORINAIR
data. The CH4 emission factor calculated with the proposed meth-
odology (167 kg head�1 year�1) is higher than the EMEP/CORINAIR
factor (100 kg animal�1 year�1) considering only enteric fermen-
tation and not including manure management. The higher emis-
sions in this experiment can be attributed to the peculiarities of the
livestock production system: cattle feeding, housing system etc.

In this work the CO2 emission factor has been evaluated at
540 g head�1 h�1, thirty times bigger than the CH4 emission factor.
However, it is difficult to compare this result with other data since
CO2 emissions are not taken into account in EMEP/CORINAIR
guidebook and nor in other works because it is considered that its
emission effect is balanced with photosynthesis.

No N2O emission has been observed in this experiment. This
was expected since N2O is emitted in the degradation of the organic
matter from manure, as a product of nitrification/denitrification
processes during storage under condition of low oxygen availabil-
ity, or manure spreading. However the building under study was
cleaned just before the measurements. In fact, Ngwabie et al.
(2009) refers to occasional outdoor N2O concentrations higher
than the indoor ones.

4.2. Ammonia

The temporal evolution of NH3 concentration is shown in Fig. 2.
The NH3 concentration values also increase after livestock entered
the building and the concentrations range (3e7 ppm) is in agree-
ment with that of Ngwabie et al. (2009) (1.7e17.93 ppm) (see
Table 3). However the increase took place around 20 min later than



Fig. 3. Fitting and fluxes for each components (mg L�1) with its equations and corre-
lation coefficient.

Table 3
Comparison of concentrations ranges measured in this work and Ngwabie et al.
(2009).

CH4 CO2 N2O NH3

Concentration
range (this work) (ppm)

0.2e201.3 391e3457.0 BDL-0.6 3e7

Concentration range (Ngwabie
et al., 2009) (ppm)

9e283 644e3530 0.16e0.75 1.70e17.93

Table 4
Comparison of gas emission factors estimated in this work with other authors.

Emission CH4 CO2 NH3

This work (g cattle head�1 h�1) 19.1 540 0.15
Ngwabie et al. (2009)

(g LU�1 h�1)a
9e13 0.89e1.13

Amon et al., 2001
(g LU�1 h�1)

0.165e0.3

Oldenburg, 1989
(g LU�1 h�1)

0.158e0.45

Bluteau et al. (2009)
(g cattle head�1 h�1)

0.157e0.7583

Koerkamp et al. (1998)
(g cattle head�1 h�1)

0.314 (England litter)e
2.001 (Netherlands cubicles)

a LU: live unit (500 kg animal weight).
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for the rest of the gases, and, although a linear increase is observed,
the NH3 concentration does not fit exactly to an accumulation curve
as well as can be seen in Fig. 2. Moreover, the typical zone of nearly
constant concentration could not be observed, even at the end of
the measurement time (15:00 pm).
There are several factors associated to NH3 emissions that could
explain this behaviour. To begin with, it is important to highlight
that the building was cleaned before the measurements started.
Therefore, therewas nomanure accumulated in it. The delay in NH3
concentration increase reveals that it took a time for the manure to
be emitted and NH3 to be generated. This agrees with the fact that
NH3 is not a pollutant emitted directly from animals but generated
instead from the urea and undigested proteins in the urine and
faeces respectively. Moreover, the NH3 emission involves chemical
degradation reactions, liquid phase equilibrium between ammo-
nium and ammonia and evaporation processes that depend on
several factors such as pH and temperature (Elzing and Monteny,
1997). Nevertheless, the conversion rate NH4

þeNH3 is largely un-
known (Aneja et al., 2001) since the reaction dependsmostly on the
acid concentration and air humidity and temperature (Seinfeld and
Pandis, 1998). As mentioned before, these last two parameters
evolved during the day. All these factors working together may
contribute to explain the observations although it is difficult esti-
mate the contribution of each one.

If we assume that the building can be considered an accumu-
lation chamber, the NH3 emissions can be inferred from the curve
formed with the measurements. The NH3 emission factor calcu-
lated from experimental measurements in the livestock building is
0.15 g head�1 h�1 (1.3 kg head�1 year�1) (see Table 4), whilst the
emission factor proposed by EMEP/CORINAIR is 0.993 g head�1 h�1

(8.7 kg head-1 year�1). The difference is acceptable considering that
the first value 0.15 g head�1 h�1 take into account only the emis-
sions due to the animal housing excreta and the second one
0.993 g head�1 h�1 is a global emission factor. In Table 4 a com-
parison of the emissions obtained in this work with the values
measured by other authors is shown. Our emission values obtained
are similar to those reported as 0.158 g LU�1 h�1 (Oldenburg, 1989),
0.163 g LU�1 h�1 (Amon et al., 2001) and 0.157 g LU�1 h�1 (Bluteau
et al., 2009) (see Table 3).

Thedifferences in the emission factors cannot be accounted for by
the inaccuracies of the method. On the contrary, they should be
attributed to thedependenceof emissions onmultiple factors such as
different species, ageof theanimals,manure storage (in this caseonly
manure inside the building should be considered), climatic condi-
tions, etc. This is further confirmed by the high variability of the
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emissions found in the revised bibliography from 0.157 g head�1 h�1

in Bluteau et al. (2009) to 23.38 g LU�1 h�1 in Koerkamp et al. (1998).

5. Conclusions

An experiment with dairy cows has been carried out in a
naturally ventilated livestock building in Tenerife Island (Spain) in
order to test a new methodology to calculate the emissions pro-
duced by cattle, based on the accumulation chamber technique.
Livestock was put inside the shed and the CH4, CO2, NH3 and H2O
concentration was measured by OP-FTIR technique.

The temporal evolution of CH4 and CO2 concentrations
demonstrate that the closed building behaves like an accumulation
chamber. This proves that the proposed methodology is applicable
and makes it easier to calculate the emissions factors of gases
produced by cattle and possibly by other kind of animals.

The emissions factors that were obtained experimentally in
this work have been compared to those proposed by the EMEP/
CORINAIR Guidebook and those measured by other authors. The
calculated CH4, CO2 and NH3 emissions in this work are of the
same order of magnitude. The differences may be attributed
mainly to the livestock feed and other relevant factors: different
species, age of the animals, the manure storage, climatic condi-
tions, etc. For this reason the emission factors cannot be applied to
any livestock building. However the methodology can be appli-
cable to natural ventilation buildings covered completely to
simulate an accumulation chamber whenever the animals are in
similar conditions.

Regarding the NH3 concentrations, the results are not so easy to
interpret since although the evolution increases in time in a similar
way, NH3 is not directly emitted by the livestock but generated from
the urea and the undigested proteins in the urine and faeces. In fact,
a delay of almost 20 min in the NH3 emissions was measured. More
work should be carried out in order to ensure that the NH3 follows
the same scheme at longer times. The method applied in this work
offers many advantages. First of all it can be applied to groups of
animals ‘in situ’, which provides more representative data of live-
stock in general and makes it possible to study the factors that
influence the emissions in field conditions. It can also be applied to
characterize the cattle facilities individually. This would prevent
the need for extrapolation of the emission factors supplied by in-
ventories or other authors.

The method is also advantageous when compared to other
methods that are applied to naturally ventilated buildings
(Demmers et al., 1998; Ngwabie et al., 2009) since these methods
require accurate measurements of ventilation rates of the buildings
and the concentration in the exit air. Ventilation rates can be ob-
tained by monitoring the pressure differences over the ventilation
openings or using a tracer gas mass balance, which entails
measuring its concentration at the inlets and the outlets. The
disadvantage of the tracer gas method lies in the non-
homogeneous gas distribution that makes necessary the use of
many sensors around the building in order to calculate a more
representative concentration value. Since the method proposed is
based on a fan system that mixes the air inside the building, the air
homogeneity is ensured and the number of sensors can be reduce
notably. Especially when OP-FTIR spectroscopy is used since it
measures simultaneously all the target gases. In addition, the
deleterious effects of the ambient conditions, such as temperature
and humidity (Koerkamp et al., 1998), are reduced when the
emission measurement is carried out with the openings (or win-
dows) close.

Once it has been demonstrated that the building behaves as an
accumulation chamber, the measurements can be repeated in cy-
cles of ventilation/closing in longer periods of time to measure the
emissions in different conditions. Besides, the instrumentation
reduction makes possible the use of this method by non-
specialized personnel.

In addition, this method could be a simple tool to calculate
emissions factors associated to different activities provided that
they take place in a closed building.

The methodology proposed could evolve in the future a
simple tool to study the variability of emission factors with the
characteristics of the animals and their breeding since the
methodology errors are lower than EMEP/CORINAIR ones (30%
for CH4 and NH3). This methodology also could be used to adapt
the established emission factors to specific conditions of each
building.
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