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ABSTRACT 

Livestock buildings are a main source of gaseous emissions, such as 

ammonia (NH3), methane (CH4), carbon dioxide (CO2), and nitrous ox-

ide (N2O). Determination of spatial distribution of indoor gaseous con-

centrations is a particularly difficult task. Therefore, this study aims is 

investigation indoor concentrations of NH3, CH4, CO2, and N2O and ana-

lyzing their spatial distribution. Continuous measurements of indoor gas-

eous concentrations were carried out in a naturally ventilated dairy 

building. Ventilation rates were estimated and emission rates were quan-

tified. Consequently, the results were compared with each other by per-

forming correlation and regression analysis to develop the functions that 

estimate relationships among these gases. A multiple t-test was conduct-

ed for all gases to detect whether the indoor concentrations at different 

measuring points vary significantly from each other. Sensitivity analysis 

was conducted to assess the influence of the uncertainty of individual 

assumptions on the overall results of ventilation and emission rates. The 

results illustrated that spatial distribution of indoor gaseous concentra-

tions is not uniform, where concentrations at the leeward side of the 

building were significantly higher than the concentrations at the wind-

ward side. The emissions factors were 1.8, 10.2, 351, and 0.1 g h-1 AU-1 

for NH3, CH4, CO2, and N2O, respectively. 

Keywords: Spatial distribution, indoor air quality, air distribution, built envi-

ronment, natural ventilation, greenhouse gases, ammonia, live-
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INTRODUCTION 

griculture, with its two main parts plant and animal production, 

is one of the main sources of greenhouse gases emissions and 

the most important source of ammonia emissions. Animal pro-

duction is a major source of atmospheric pollutants, such as: methane 

(CH4), nitrogen oxides (NOx), carbon dioxide (CO2) and ammonia (NH3). 

Methane, nitrogen oxides and carbon dioxide are greenhouse gases 

(GHGs) that add to the global warming. Ammonia is responsible for eu-

trophication and soil acidification (Abdelbary et al. 2004; Abdel-

Rahman et al. 2010; Abdel-Rahman et al. 2011; Samer, 2015). Animal 

production shares with 65% of the universal anthropogenic nitrous oxide 

(N2O) emissions and account for 75% to 80% of the emissions from agri-

culture. Enteric fermentation and manure management account for 35% 

to 40% of the total anthropogenic methane (CH4) emissions and 80% of 

CH4 emit from agriculture (FAO, 2006). CH4 and N2O are greenhouse 

gases (GHG) with Global Warming Potentials (GWP) of 23 and 296 

times that of carbon dioxide (CO2), respectively (IPCC, 2007). About 

94% of global anthropogenic emissions of NH3 to the atmosphere arise 

from the agricultural sector of which close to 64% is associated with 

livestock management (FAO, 2006). Approximately, 75% of NH3 emis-

sions come from livestock production (Reinhardt-Hanisch, 2008). Ex-

travagant levels of NH3 emissions contribute to eutrophication and acidi-

fication of water, soils and ecosystems (Schuurkes and Mosello, 1988). 

In addition to the global warming potential of the greenhouse gases, am-

monia emissions give a share in global warming when the ammonia is 

converted to nitrous oxide (Berg, 1999; Sommer et al., 2000). 

Most of CO2 is created by the animals and exhaled by respiration. It can 

also be fraction of exhaust gases of heating systems being released in the 

barns. Additionally, a particular fraction of CO2 is released by the ma-

nure. The released CO2 from urine and dung in stored manure is less than 

5% of the amount produced by respiration (Schneider, 1988). Low con-

centrations of N2O can be determined in dairy barns with liquid manure 

systems, where daily or recurrent manure removal into external storage 

tanks is applied and this does not make up a major source of N2O 

(Ngwabie et al., 2009). Hydrogen sulfide (H2S) is classified as poison 

A 
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and causes death at 1000 mg/L, where, in most situations, death occurs 

when opening the manure storages for manure removal (CIGR, 1994) 

and, therefore, all workers must leave the area for a while. Odors and 

dust/aerosols, there are increasing difficulties are expected in the near 

future where inconvenience and health-effects are inquiry. Manure man-

agement, inside and outside of livestock buildings, is in charge of emit-

ting several air pollutants, such as: CH4, N2O and NH3 (Samer, 2013). 

The factors-of-influence (FOI) that strongly affect the dispersion of NH3 

are: NH3-mass-flow, internal and external temperatures, mean and turbu-

lent wind components in horizontal and vertical directions, atmospheric 

stability, and exhaust air height where the continuous measurement of 

NH3 remains a difficult and costly project, in terms of capital investment, 

running costs or both (Von Bobrutzki et al., 2011). The determination of 

emission mass flow is essential not only to compute dispersal but also to 

develop reduction strategies. While husbandry, dunging, and feeding 

influence the indoor concentrations and emissions of harmful gases, the 

same for both forced ventilation and natural ventilation, the building en-

velope including ventilation openings (design and control) and the out-

side climatic conditions are the controlling influencing factors (Samer, 

2011a,b,c; Samer and Abuarab, 2014). The highest average ammonia 

emission synchronizes with higher environmental temperature. The gase-

ous emissions from naturally ventilated cattle buildings significantly in-

crease with air temperature (Morsing et al., 2008; Adviento-Borbe et al., 

2010; Pereira et al., 2011). Low emission values can only be accom-

plished by reducing the emission source surfaces, decreasing temperature 

and air velocity near the source, minimizing airflow rates throughout the 

livestock buildings, and installing biofilters and bioscrubbers (Blanes-

Vidal et al., 2007; Bjorneberg et al., 2009; Adviento-Borbe et al., 2010). 

Harmful gases emission flux drawing-off from a naturally ventilated 

building is dependent on wind velocity and turbulence fields inside and 

over the building envelope; therewith the emission mass flow is highly 

variable and difficult to estimate (Ngwabie et al., 2009; Van Buggen-

hout et al., 2009). The effects on indoor concentrations and emissions of 

harmful gases are as an outcome of changing airflow patterns and differ-

ent types of flow in the boundary layer between slurry and ventilation air 



BIOLOGICAL ENGINEERING 

Misr J. Ag. Eng., April 2018                                                                                - 660 - 

(Samer et al., 2011c). The ventilation rate and the gaseous emissions 

from a naturally ventilated livstock building are relying on wind velocity. 

In order to study air temperature and gaseous concentrations distribution 

all over the different zones of the building and to achieve an efficient 

control of the bio-responses, continuous observation and controlling of 

the micro-environment to variations of air velocity inside the building is 

required. Therefore, the air profiles should be examined and airflows 

should be analyzed through the building zones (Samer et al., 2011c). 

Large oscillations occur in ventilation rates estimated using the combined 

effects of wind pressure and temperature difference forces, owing to 

large oscillations in the wind velocity. The fluctuations of wind velocity 

negatively affect the estimation of ventilation rates and then the gaseous 

emissions (Samer et al., 2011a). Hence, the airflow profiles should be 

investigated and airflows should be analyzed in livestock barns. Studying 

the airflow profiles inside a livestock building is important to determine 

the air and pollutants distribution. Airflow patterns in animal buildings 

impact the distribution of air temperature, gas concentrations, and gases 

release from manure. Air velocity measurements have been used for air-

flow pattern measurements (Samer et al., 2011c). Gases emitted from 

animal houses are strongly related to airflow (Morsing et al., 2008). 

The objectives of this study were: (1) investigating the indoor concen-

trations of NH3, CH4, CO2, and N2O and analyzing their spatial distribu-

tion, (2) deriving functions that estimate the relationships among these 

gases, (3) finding out whether the indoor concentrations at the different 

measurement points differ significantly from each other, and (4) quanti-

fying the emissions factors of the gases under investigation. 

MATERIAL AND METHODS 

1. Description of the investigated barn 

The investigated barn is surrounded by several agricultural buildings, 

except for the northern and western sides. Fortunately, the predominant 

winds are from the north and northwest. The dairy barn dimensions are 

114x36 m, with roof height at the sidewalls of 3.5 m and 9 m at the gable 

peak, thus resulting in internal volume of the barn of 25,650 m3. The barn 

is designed to house 420 Holstein Friesian dairy cows (673 kg average 

body mass) in a loose housing system with freestalls. There is a manure 
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channel with a depth of 2.34 m (manure depth was 0.7 to 1.2 m during 

the different experiments) under each cow pathway with a slotted floor, 

and there are four pathways, two on each side (the first is 3 m wide, and 

the second is 4 m wide). Manure removal procedure is performed when it 

reaches a depth of 1.8 m. The total volume of the manure channels is 

3750 m3, which is part of the barn volume, as the floor is slatted, subse-

quently, calculated barn volume is considered as 29,400 m3. Naturally 

ventilation by a draft introduced into the building through open sidewalls 

is used for the dairy barn under investigation, an open ridge slot, and 

open gates in the gable walls. Five ceiling fans are used to enhance the 

air distribution uniformity inside the barn for the duration of warm and 

hot periods. These fans are mounted to the ceiling along the building cen-

terline and have a diameter of 6 m. 

2. Experimental measurements 

Course measurements were conducted throughout three consecutive 

weeks in midseason. Exterior, interior air temperatures, relative humidi-

ty, wind velocity were recorded. Furthermore, aerial gases concentrations 

of CH4, NH3, N2O and CO2 were continuously measured (1 minute inter-

val) at 13 and 6 locations inside and outside the barn, respectively (Fig. 

1). Temperature-humidity sensors (HX93AC, Omega Engineering, Stam-

ford, Conn.) are used to carry out the measurements of temperature and 

relative humidity at 4 locations inside and at 1 location outside the barn 

(Fig. 1).  These measurements were recorded every minute in order to 

notarize the indoor microenvironment of the livestock building. The am-

bient wind conditions were measured every minute with a weather station 

(Premium Weather Station, MEA, Magill, South Australia) located near 

the barn. The animal activity was measured using pedometers (AfiTag, 

Madero Dairy Systems Inc., Texas, USA). Two infrared photo-acoustic 

analyzers (1412, Innova AirTech Instruments, Ballerup, Denmark) are 

used to measure gaseous concentrations at 19 sampling points, with gas 

sampling duration of 1 min at each sampling point. Table 1 shows an 

overview of the instruments used to carry out the measurements inside 

and outside the investigated barn. Figs 1 and 2 show the design of the 

investigated dairy barn and the different measuring points. The red 

squares allocate the gas sampling points (MP) of the first multi-gas moni-
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tor, the blue squares specify the gas sampling points of the second multi-

gas monitor, and the green squares label the temperature-humidity sen-

sors (TFL). All instruments were placed at a height of 2.5 m to be un-

reachable by curious cows. Six external gas sampling points and one 

temperature-humidity sensor were located adjacent to the barn in order to 

sample the gases from fresh outdoor air as a reference for the indoor air 

and to measure the outdoor temperature and relative humidity. 

3. Estimation of ventilation rates 

The ventilation rate was calculated using the carbon dioxide balance 

method. This method is based on the balance between the indoor and 

outdoor concentrations of carbon dioxide (DIN 18910-1, 2004). Since 

carbon dioxide is supplied in the barn primarily by the animals, the bal-

ance calculation is then based on the principle of the method of constant 

tracer gas addition. The calculation was based on Eq. 1, as follows: 

 

 
(Eq. 1) 

4. Quantification of gaseous emissions 

Aerial gases (NH3, CH4, CO2 and N2O) emissions mass flow rates were 

calculated using Eq. 2 (Müller et al., 2006): 

 

 
  (Eq. 2) 

5. Sensitivity analysis 

Sensitivity analysis (study of uncertainty in a mathematical model or a 

numerical system output) can be apportioned to different sources 

of uncertainty in its inputs. 

Table (1). Instruments used to perform the measurements. 

Parameter Measurement Technology Number of Instruments 

Temperature  

and relative humidity 

Temperature-Humidity sensor 

(course measurements) 
5 

Gas concentration 
Multi-gas monitor 

(course measurements) 
2 

Wind velocity 
Weather station 

(course measurements) 
1 
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Fig. (1). Investigated barn plan view, (Red MP: first multi-gas monitor; blue MP: 

second multi-gas monitor; TFL: temperature-humidity sensor). The light-colored 

areas are the freestalls, and the dark-colored area is the feeding table in the middle 

of the barn. 

 
Fig. (2).Side view of the investigated dairy barn (MP: gas sampling point; TFL: 

temperature-humidity sensor). 

In order to estimate the influence of individual assumptions on the over-

all result of calculated ventilation rates and gaseous emission mass flow 

rates of ammonia, methane, carbon dioxide and nitrous oxide, so, sensi-

tivity analysis method was applied in the present work. The sensitivity S 

is the ratio of the relative change of the target size and the relative change 

of a parameter or an input variable (Flassak et al., 1996). The target of 

interest ā is a function of the parameters b, c and d (Fig. 3), where the 

sensitivity S of ā can be determined using Eq. 3: 

 

 

(Eq. 3) 
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Fig.(3). Schematic representation of an example process: the target 

of interest ā as a function of the three input variables b, c and d. 

 

Flassak et al. (1996) stated that if, for example, the sensitivity is 0.8 then 

the variation of the input size by 10% causes a change of the target by 

8%. Direct comparison of the various parameters in terms of their accu-

racy requirements is considered as the main advantage of this method. 

Sensitivities of 1 or -1 value show that the relative changes in the input 

variable induce an almost equally large relative change of the target. A 

decrease in the target with an increase in an input parameter will reflect-

ed in negative sensitivities and vice versa. Sensitivities, which are greater 

in magnitude than one, indicate a particularly strong influence of the con-

sidered parameter to the target size, which imply that this parameter must 

be specially designed exactly. 

6. Statistical analysis 

Correlation analysis refers to any of a broad class of statistical relation-

ships involving dependence, (any statistical relationship between two 

random variables or two sets of data) and regression analysis (a statistical 

method that estimates the relationships among variables). This statistical 

method models and analyzes several variables, and focuses on the rela-

tionship between a dependent variable and one or more independent vari-

ables. Furthermore, t-test can be used to determine if two sets of data are 

significantly different from each other (Field, 2009). 

Based on the above mentioned concepts, correlation and regression anal-

ysis were implemented to derive the predictive relationships and the re-

gression functions that estimate the relationships between NH3 and CH4 

concentrations on the one hand and between CH4 and CO2 on the other 

hand. The coefficient of determination (R2) was estimated for each of the 

derived functions. A multiple t-test was conducted for all gases to find 

out whether the interior concentrations at the different measuring points 
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differ significantly from each other. The means and the standard devia-

tions were calculated, then coefficients of variations, (the ratio of stand-

ard deviation to the mean) can be calculated. The coefficient of variation 

shows clearly the amount of variation expressed. The statistical analysis 

was carried out using SAS v.9.2 (SAS Institute, Inc., Cary, N.C., USA). 

The 3D plots were drawn using MATLAB (MathWorks, Inc. Natick, 

Massachusetts, USA). 

RESULTS AND DISCUSSION 

1. Indoor and outdoor conditions 

Mean outdoor and indoor temperatures were of 9.1°C and 10.6°C , re-

spectively, during the experiments. Fig. 4 shows the results of the course 

measurements of wind speed and wind direction during whole experi-

mental   measurements. Both wind direction and speed fluctuated, with 

average wind direction of 215° and average wind speed of 2.9 m s-1 

throughout the experiments.  

 

 

Fig.(4). Course measurements of wind speed and wind direction during the whole 

measurement campaign. 

 

2. Indoor concentrations of gases 

The results of correlation analysis of ammonia and methane gases are 

shown in Fig. 5. The axes were randomly selected, since there is no es-

sential relationship between these two variables. The coefficient of de-

termination of the regression function underlines an average correlation 

between ammonia and methane concentrations. 
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Fig.(5). Estimated relationship between NH3 and CH4 concentrations (Regression 

function, R2 is the coefficient of determination). 
 

The following linear relationship was derived between ammonia and me-

thane concentrations: 

             NH3 = 0.6 + 0.15CH4   , (mg.m-3);     R2 = 71%            (Eq. 4) 

The correlation between ammonia and carbon dioxide concentrations 

showed a weaker relationship than between the ammonia and methane 

concentrations, where the regressions function was: 

                        NH3 = -3.2 + 0.01CO2, (mg.m-3);   R2 = 56%         (Eq. 5) 

The previously established theory for methane and carbon dioxide con-

centrations using a regression analysis was checked. The corresponding 

linear regression is shown in Figure 6. 

 

 
Fig. (6). Regression function that estimates the relationship between CH4 and CO2 

concentrations, where R2 is the coefficient of determination. 



BIOLOGICAL ENGINEERING 

Misr J. Ag. Eng., April 2018                                                                                - 667 - 

The axes were randomly selected, because there is no causal relationship 

between these two gases. The coefficient of determination (R2) of the 

regression functions of 88% indicates a high correlation between the 

concentrations of both gases in question. The linear relationship between 

the concentrations of methane and carbon dioxide was as follows: 

               CH4 = -20 + 0.03CO2, (mg m-3);          R2 = 88%             (Eq. 6) 

Afterwards, the spatial distribution of the mean gas concentrations is ex-

amined overall points inside and outside the investigated barn. The spa-

tial distributions of the average interior concentrations of ammonia, me-

thane, carbon dioxide and nitrous oxide gases are shown in Figs. 7 

through 10. The following views toward the barn were understood when 

one of the northern corners of the barn (Fig. 1) is facing the north. The 

direction of the prevailing wind throughout the experimental period is 

illustrated, using the arrow, and was 215o approximately. 

Figs. 7 through 10 show that indoor concentrations of NH3, CH4 and CO2 

gases were significantly higher (p < 0.05) than the outdoor concentra-

tions. This is particularly obvious for CH4 (Fig. 8). Additionally, an im-

portant tendency for these three gases was observed where the indoor 

gaseous concentrations are affected by the prevailing wind direction 

(from north). The average CH4 concentration at the southern side of the 

barn was 8.1 mg m-3 which is almost twice as high as the average me-

thane concentration at the northern side of the barn which was 4.3 mg m-

3. Furthermore, Figs. 7 to 9 show that the maximum concentrations of the 

gases NH3, CH4 and CO2, which were measured at the measuring point 8 

(Fig. 1). The values were 1.6 to 2.2 times the measured values by the 

other points. A multiple t-test was conducted for all gases to find out 

whether indoor concentrations at the different measuring points differ 

significantly from each other. The analysis showed that the indoor con-

centrations of the different gases in the vicinity of the barn were signifi-

cantly different from each other (p < 0.05), which means that the spatial 

distribution of indoor gaseous concentrations is not homogeneous. Re-

garding the gases NH3 and CH4, it was found that the gas concentrations 

at the measuring point 8 differ significantly (p < 0.001) from the gas con-

centrations of the other internal measurement points. On the other hand, 
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the concentrations of carbon dioxide at the measurement points 8 and 11 

did not differ significantly from each other.  

 

Fig.(7). Spatial distribution of mean NH3 concentrations for all MPs during the 

measurement campaign. 

 

Fig. (8). Spatial distribution of mean CH4 concentrations for all MPs during the 

measurement campaign. 

The concentrations of these two measurement points, however, differ 

significantly (p < 0.001) from the concentrations of all other measure-

ment points. In addition to the indoor concentrations of the gases NH3, 

CH4 and CO2, it was found that the concentrations at the measurement 

points located at the northern long side of the barn were not significantly 
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different from each other. Which is means that there is a homogeneous 

distribution of the concentrations of these gases at the northern side of 

the barn. Otherwise, no homogeneous distribution of the concentrations 

of these gases was found at the southern side of the barn. In general, the 

concentrations of these three gases sampled at the northern side of the 

barn differ significantly (p < 0.05) from the concentrations of these gases 

sampled at the southern side of the 

barns.

 

Fig.(9). Spatial distribution of mean CO2 concentrations for all MPs during the 

measurement campaign. 

 

Fig.(10). Spatial distribution of mean N2O concentrations for all MPs during the 

measurement campaign. 
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3. Ventilation rates 

The ventilation rates were estimated using the carbon dioxide balance 

method. Table 2 shows the means of the air exchange rate and the venti-

lation rate with the standard deviations. The high standard deviations 

display the high variability of the ventilation rates.  

4. Emission rates 

Gaseous average emission mass flow rates of ammonia, methane, nitrous 

oxide and carbon dioxide are presented in Table 3. The mean emission 

mass flow rates of ammonia and nitrous oxide have coefficient of varia-

tion of 65% and 78%, respectively, which elucidates very high fluctua-

tions. The coefficient of variation of carbon dioxide was very low and 

was about 5%. 

Table (2). Means and standard deviations of air exchange rate and 

ventilation rate. 

 
Air exchange 

rate (h-1) 

Ventilation 

rate (m3 s-1) 

Ventilation rate per 

cow (m3 h-1 cow-1) 

Mean 50.1 348.4 3053 

Standard  

deviation 
24.3 169.3 1482 

Table (3). Mean emission mass flow rates with standard deviations and the 

specific emission factors of NH3, CH4, CO2 and N2O during the measure-

ment campaign. 

Gas 

Emission mass flow 

rates (g h-1) ± stand-

ard deviation 

Emission mass flow 

rates per animal unit 

(g h-1 AU-1)* 

Emission mass 

flow rates per cow 

(g h-1 cow-1) 

NH3 925.1 ± 549.3 1.81 20.10 

CH4 5281 ± 1825 10.20 113.80 

CO2 181980 ± 5309 351.10 3925.00 

N2O 47.8 ± 33.2 0.10 1.10 

*AU is animal unit which is equal 500 kg 

Fig. 11 shows the NH3 and CH4 emission mass flow rates in the course of 

a daily average over the 21 days of the measurement campaign. After 

milking the cows at 06:00, 14:30 and 21:30 HR, the emissions of NH3 

and CH4 increase noticeably. The effect of feeding on the level of the 

CH4 emissions can be recovered from the figure, where the cows were 

fed twice a day. The first feeding took place in the morning after first 

milking period, where, an increase in CH4 emissions was observed. In the 



BIOLOGICAL ENGINEERING 

Misr J. Ag. Eng., April 2018                                                                                - 671 - 

afternoon, between 16:30 and 18:30 HR, the cows were supplied with 

fresh forages. The second feeding time is not fixed. Due to the fact that 

the emissions were averaged over 21 days, the second feed-related peak 

emission is not clearly observable as of the morning. Fig. 12 shows the 

course of animal activity based on the average of daily results through 

the measurements campaign. The animal activity is important for inter-

preting the diurnal variation of interior gaseous concentrations. 

 
Fig. (11). NH3 and CH4 emission mass flow rates in the course of a day averaged 

over the 21 days of the measurement campaign (M referrers to the milking time). 

 
Fig.(12). Cows’ activity in the course of a day averaged over the 21 days of 

the measurement campaign. 

5. Sensitivity analysis 

The variations of the individual input parameters have very different ef-

fects on the overall performance and calculation result of the ventilation 

rate (Table 4). The input variables of CO2 concentration difference be-

tween indoor and outdoor air and CO2 produced by the animals have a 

strong influence on the overall result of the ventilation rate calculation. A 
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variation of any of these parameters by 10% leads to a change of the tar-

get value of ventilation rate by about 7-8%. On the other hand, the nega-

tive sensitivities which are based on a reduction in CO2 concentration 

difference lead to an increase in ventilation rate and vice versa. It was 

noticed that the input variable of the indoor temperature has little influ-

ence on the ventilation rate. An increase or decrease of this value by 10% 

causes a decrease or increase in the ventilation rate by 0.7-1.5%. The 

variation of parameters such as body weight and milk yield by 10% and 

3% direct to a variation of the ventilation rate by 3% and 0.1%, respec-

tively. The influence of these parameters on the result of the ventilation 

rate calculation can also be considered low. The pregnancy has a very 

small effect on the ventilation rate.  

Table (4). Sensitivity S and the relative change of the target ventila-

tion rate in terms of the influencing factors. 

Input parameter 
Parameter 

change 
Sensitivity S 

Change of the 

target size 

CO2 concentration 

difference between 

indoor and outdoor 

air (g m-3) 

 

+10% -0.71 -7.10% 

-10% -0.82 +8.20% 

+1% -0.61 -0.61% 

-1% -0.65 +0.65% 

CO2 production per 

cow (g h-1 cow-1) 

+10% 0.75 +7.50% 

-10% 0.79 -7.90% 

+1% 0.65 +0.65% 

-1% 0.62 -0.62% 

Indoor temperature 

Ti (oC) 

+10% -0.07 -0.70% 

-10% -0.15 +1.50% 

Body weight (kg) 
+10% 0.28 +2.80% 

-10% 0.30 -3.00% 

Pregnancy (day) +30 d <0.1 <0.1% 

Milk yield (kg) 
+3% 0.1 +0.1% 

-3% 0.1 -0.1% 

The variation of this parameter by 30 days leads to a change in the venti-

lation rate by less than 0.1%. The variation of the input parameter gas 

concentration difference between indoor and outdoor air and its effect on 

the result of the emission calculation was investigated. This investigation 

considered NH3 as an example. Since the emission mass flow rates of a 

gas can be calculated using Equation 2, the investigation results are trans-
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ferable to the gases CH4, CO2 and N2O which were calculated using the 

same equation. 

Table 5 shows the variations of the input variables of NH3 concentration 

difference and ventilation rate which bring to mind exactly the same 

changes in the target NH3 emission mass flow rates. Thus, these input 

variables have a very strong influence on the amount of the calculated 

gas emissions. Using the law of propagation of error, i.e. propagation of 

uncertainty (Blobel and Lohrmann, 1998), the total error of ventilation 

rate calculation was determined and found to be 10% approximately. 

Table (5). Sensitivity S and the relative change of the target ammonia 

emission mass flow rate in terms of the influencing factors. 

Input parameter 
Parameter 

change 
Sensitivity S 

Change of the 

target size 

NH3 concentration dif-

ference between indoor 

and outdoor air (g m-3) 

 

+10% 1 +10% 

-10% 1 -10% 

+1% 1 +1% 

-1% 1 -1% 

Ventilation rate (m3 h-1) 
+10% 1 +10% 

-10% 1 -10% 

The results of this study showed that emissions flux of harmful gases 

from naturally ventilated livestock buildings is dependent on wind ve-

locity and, therefore, the emission mass flow is highly changeable and 

difficult to estimate. This conclusion agrees with the investigations con-

ducted by Ngwabie et al. (2009) and Van Buggenhout et al. (2009). Fur-

thermore, the results of this study agree with Von Bobrutzki et al. (2011) 

who stated that the dispersion of NH3 is strongly influenced by NH3-

mass-flow and mean wind components and directions. Moreover, the 

results of the study showed that the CO2 produced by the animals has a 

severe influence on the estimated ventilation rate which agrees with Xin 

et al. (2009). The results of this study showed that indoor gaseous con-

centrations are not homogeneous all over the barn. Consequently, the 

mass transfer laws apply and the gas flows from higher concentration 

zone to the zone with lower concentration. This statement is in agreement 

with Okuyama et al. (2009) and Sherman (1989) who stated that multi-

zone techniques recognize that not only does airflow between the inves-

tigated building and the outside, but that there are airflows between dif-
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ferent zones, inside buildings and multizone techniques are able to meas-

ure these flows. The average indoor NH3 concentration was 1.44 mg m-3 

which is 1.7 times the average outdoor NH3 concentration. The average 

indoor CH4 concentration was 5.7 mg m-3 which is 16 times the average 

outdoor CH4 concentration. The average indoor concentration of CO2 

was 981.6 mg m-3 which exceeds the outdoor concentration by 219.8 mg 

m-3. The investigations of Ngwabie et al. (2009) in a similar freestall 

barn (natural ventilation, open longitudinal sides, slurry-based system) 

showed that the average indoor concentrations of the gases NH3, CH4 and 

CO2 were 6.4, 14.8 and 3 times the outdoor concentrations of these gases, 

respectively; which harmonizes only with the results of CH4 in the pre-

sent study. On the other hand, CH4 had the highest concentration differ-

ences between indoor and outdoor air compared to the other gases. The 

differences between indoor and outdoor concentrations of N2O were not 

significant. This confirms that there are no sources of N2O inside the 

barn. This is consistent with the statement of Hüther (1999) who stated 

that the liquid manure systems release little or no N2O due to the fact that 

the liquid manure contains few amounts of nitrate and nitrite, which can 

be converted to N2O by nitrification and denitrification under aerobic 

conditions where the presence of oxygen is obligatory. The gases NH3, 

CH4 and CO2 are released inside the barn from different sources. Ammo-

nia is emitted from the excrements of the animals (Hartung, 1995). Me-

thane is emitted from the excrements as well as by eructation of animals 

(Hartung, 2001). Carbon dioxide is produced mainly by animal respira-

tion with a little amount produced from the animal excrements (Kinsman 

et al., 1995). The results of the regression analysis showed a weak rela-

tionship between NH3 and CO2 (R
2 = 56%) and an unreliable relationship 

between NH3 and CH4 (R2 = 71%). In contrast, the regression analysis 

showed a reliable relationship between CH4 and CO2 (R
2 = 88%). This 

can be explained by the fact that both CH4 and CO2 have the same main 

source which is the animals. The spatial distribution of the indoor gase-

ous concentrations is highly affected by the wind direction, whereas the 

barn is naturally ventilated. Generally, the spatial distribution of indoor 

gaseous concentration is not homogeneous. The gaseous concentrations 

were higher at the leeward side of the barn than the windward side of the 

barn. Focusing on the windward side, the measurements of gaseous con-

centrations showed a homogeneous distribution through the windward 
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side. This can be explained by the fact that when the wind intrudes into 

the barn a few air vortices may take place. However, the longer the dis-

tance from the air inlets the more and stronger air vortices take place, 

which result in a non-homogeneous distribution of gaseous concentra-

tions. An example for this occurrence is the results of measuring point 8 

(MP8) which measured higher gaseous concentrations than the surround-

ing points. 

In the literature, the NH3 emissions factor from freestalls barns for dairy 

cows was in the range between 1 g h-1 AU-1 and 2.4 g h-1 AU-1 (Seipelt, 

1999; Schneider et al., 2006; Ngwabie et al., 2009). The emissions fac-

tor of CH4 ranged from 8.6 g h-1 AU-1 and 23 g h-1 AU-1. In the present 

study, the emissions factors of NH3 and CH4 were 1.8 g h-1 AU-1 and 10.2 

g h-1 AU-1, respectively. These results are in the ranges given in the lit-

erature. The emissions factor of N2O, in the present study, was very low 

where the determined value was about 0.1 g h-1 AU-1 which disagrees 

with that of Schneider et al. (2006) who found a value of 0.70 and 0.74 g 

N2O h-1 AU-1 in two different barns. This disagreement regarding the 

N2O emissions factor can be attributed to the fact that N2O release inside 

the barn is dependent on several factors such the temperature and the 

aerobic conditions required by the nitrification and denitrification pro-

cesses which are responsible of N2O release. Another cause is the feed 

which is a source of N2O release, where the feed rations differ substan-

tially between both the investigated barn in the present study and the 

barns in investigated by Schneider et al. (2006). The mean diurnal varia-

tions and trends of NH3 and CH4 emissions (Fig. 11) are in full agree-

ment with the activities of the dairy cows (Fig. 12). In the early morning 

hours, the lowest emission levels were found due to lowest activity of the 

animals. The activities of the dairy cows were increased by the milking 

and feeding processes. The CH4 release and emissions are increased by 

the feed intake and the digestion processes, during the feeding period, 

which release the accumulated CH4 in the rumen through eructation. 

Kinsman et al. (1995) stated that the diurnal variations of CH4 emissions 

are primarily influenced by the feeding, where they found variation 

trends similar to those found by the present study. On the other hand, 

through the feed intake process, the feed enters the rumen which causes a 

pressure that leads to excrete the rest of the previously digested feed ra-

tion, the excreted feces and manure increase the release of NH3 which 
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explains the trend shown in Figure 11. This can be further elucidated by 

the statements of Hartung (1995) who mentioned that the increased ex-

cretion of urine and faeces after the milking and at the beginning of feed-

ing led to an increase in NH3 emissions. The excrements come to the 

contact with the urease present in urine with the nitrogen compounds of 

the manure; thereby NH3 is formed and released inside the barn which 

increases the indoor NH3 concentrations and as a result the NH3 emis-

sions mass flow rates increase. In the present study, the different sensors 

were symmetrically distributed inside the building to cover the whole 

area of the barn, where this procedure is usually implemented by similar 

studies in the literature (Ngwabie et al., 2009; Samer et al. 2011a,b). 

However, in order to get better results in the future investigations, it is 

recommended to implement the method of finite elements analysis to 

determine accurately the best locations of the different sensors inside the 

investigated livestock building. This requires a separate intensive investi-

gation that focuses on the implementation of the methodology of the fi-

nite elements analysis. 

CONCLUSIONS 

Based on the results of this study, it can be concluded that: 

1. The spatial distribution of interior concentrations of ammonia, me-

thane and carbon dioxide gases is not homogeneous. 

2. Indoor concentrations of these gases were significantly higher than 

the outdoor concentrations. 

3. Indoor concentrations of ammonia, methane and carbon dioxide sam-

pled at the leeward side of the barn were significantly higher than that 

at the windward side of the barn. 

4. The spatial distribution of the indoor gaseous concentrations is af-

fected by the prevailing wind direction, whereas the barn is naturally 

ventilated. 

5. The trends of the diurnal variations of indoor gaseous concentrations 

and consequently the emissions mass flow rates are dependent on the 

animal activity, milking and feeding processes. The emissions in-

crease noticeably after milking, during the feeding period and with 

animal activity. 

6. CO2 concentration difference between indoor and outdoor air and the 

CO2 produced by the animals, strongly, affect ventilation rate calcula-

tions when the CO2-balance is implemented. 
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7. Gas concentration difference between indoor and outdoor air and the 

ventilation rate have strong influence on the emission mass flow rate 

of this gas. 
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 الملخص العربي

ماشية في مبنى ل لغازات الدفيئة والأمونيالالتوزيع المكاني للتركيزات الداخلية 

 طبيعيا ىمهواللبن 

 1خالد محمد عبد الباري و  3جالا العزب  , 2عصام عبد السلام   , 1محمد سامر 

 CH)4 (انوالميث NH)3 (الأمونيا مثل الغازية للانبعاثات رئيسيا مصدراماشية ال مبان تشكل

 للتركيزات المكاني التوزيع إن تحديد. 2(N (Oالنيتروز وأكسيد CO)2 (الكربون أكسيد وثاني

 اتالتركيز دراسة إلى الدراسة هذه تهدف لذلك .للغاية صعبة مهمة المغلقة الأماكن في الغازية

 وزيعهات وتحليل النيتروز وأكسيد الكربون، أكسيد وثاني والميثان، ،3NHالداخلية لكل من 

 ىمهو لألبانلماشية ا مبنى فيالداخلية  الغازية للتركيزات مستمرة قياسات أجريتحيث  .المكاني

 النتائج مقارنة تمت لذلك، ونتيجة .الانبعاث معدلات تحديد وتم التهوية معدلات وقدرت .طبيعيا

 العلاقات تقدر التي دوالال لتطوير والانحدار الارتباط تحليل إجراء خلال من البعض بعضها مع

 التركيزات كانت إذا عما للكشف الغازات لجميع متعدد t اختبار إجراء تم .الغازات هذه بين

 تحليل أجري وقد. البعض بعضها عن كبيرا اختلافا تختلف مختلفةال قياسال نقاط في الداخلية

 التهوية لمعدلات يةالإجمال النتائج على الفردية الافتراضات في اليقين عدم تأثير لتقييم الحساسية

 ليس المغلقة الأماكن في الغازية للتركيزات المكاني التوزيع أن النتائج وأظهرت  .والانبعاث

 أعلى للمبنى)الغير مواجه لاتجاه الرياح(  الجانبي الجانب في التركيزات كانت حيث موحدا،

 و 1،8 هي الانبعاث معاملات وكانت. حاالريالمواجه لاتجاه  الجانب في التركيزات من بكثير

 و 2CO و 4CH و 3NH كل من  إلى بالنسبة 1-وحدة حيوانية  1- س .جم 1،0 و 351 و 2،10

O 2N التوالي على. 

 الطبيعية، التهوية المبنية، البيئة الهواء، توزيع ،الداخلى الهواء جودة ،التوزيع المكانيالكلمات الدالة: 

 .الماشية مباني الأمونيا، الدفيئة، غازات
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