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Abstract
This paper presents results of research on ammonia concentrations and emissions from a free stall barn
to the atmosphere in the course of one year, with particular attention to the summer and winter periods. The
rate of ammonia emissions was influenced by the amounts of ventilated air, which were the highest in summer period and lowest in winter. The obtained results were lower than the values provided by other authors,
which points out the need for conducting further detailed studies on ammonia emissions from various types of
free stall barns and cattle breeding systems.
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Introduction
Ammonia from livestock production is an important
factor contributing to air pollution, including acid rain,
eutrophication of waters, acidification of soils or reduction
of plant biodiversity [1, 2], and thereby also contributing to
soil erosion [3].
The combination of ammonia with other air pollutants
may lead to the emergence of respiratory and cardiovascular diseases [4].
According to Pinder et al. [5], the majority of ammonia
emissions are produced by cattle farms. Ammonia is mainly emitted by manure, liquid manure, slurry, bedding, and
feed for cattle [6, 7].
Highly productive cows, in addition to ensuring appropriate circadian rhythm [8], need plenty of fresh air of suitable quality, because insufficient amounts of oxygen slow
down their metabolism, which in turn affects milk production [9].
The concentration of ammonia in barns is highly variable and depends on the type of building, its volume, ventilation system, livestock density, barn maintenance system,
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and the frequency of cattle manure removal [10]. Ammonia
emissions to the atmosphere depend on the amount of produced ammonia and the size of air exchange between a
building and the atmosphere [11, 12]. Specialist literature
presents a number of models for ammonia emissions from
agricultural buildings, depending on animal types and
breeding systems [13-15]. However, in many cases the
modelled calculation values differ significantly from the
values obtained in field research [16], which leads us to
conclude that the emission rate assumed for the needs of
estimating air pollution from barns is not very accurate.
The aim of our study was to define the impact of natural ventilation in a free stall barn on the size of ammonia
emissions to the atmosphere throughout the year. Particular
attention has been drawn to the summer and winter periods,
when cows have the greatest ventilation requirements. The
study included measurements of temperature, humidity, air
flow velocity in the barn and outside the barn, and ammonia concentration. Based on the obtained results and the
size of air exchange in the barn, it was possible to calculate
ammonia emissions to the atmosphere, which were compared to results obtained in other studies.
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Table 1. Technical parameters of the dairy barn in Kobylany.
Parameters of the barn

Unit

Value

m2

1580

cow

176

Usable floor area per animal

m2·cow-1

9

Usable cubage per animal

m3·cow-1

53

Usable floor area
Population

Total area of outside walls

2

m

992

Curtains area

m2

207

Door area

m2

54

Ridge ventilation area

2

m

the help of a Unitox IV gas detector with the measurement
range of 0-100 ppm and measurement accuracy of 0.5 ppm.
Transient measurements in the other barn were conducted
with the help of CHY 361 anemometers and Multiwarn
Draeger, a device used to measure gasses in the air.
Ammonia emissions from the barn were calculated as
the product of ventilation rate and concentration of ammonia in the barn [17, 18]. Ventilation exchange, which was
influenced not only by the power of wind but also thermal
buoyancy [15], was calculated with the help of a formula
developed by Kiwan et al. [11]:

ܳ௧௧ ൌ ටሺܳ௪ௗ௦ ሻଶ  ሺܳ௧௨௬௬ ሻଶ

32.5

Materials and Methods
Our research was conducted in 2012 in two similar free
stall barns for 176 dairy cattle of Holstein Friesian breed. In
one of the barns, the measurements were conducted continuously; in the other, transient measurements were made.
The aim was to verify the repetitiveness of the results. The
analysis was conducted from January to March (winter) and
June to August (summer).
In the case of continuous research, the barn of 1,580 m2
usable floor area was located in the village of Kobylany,
Małopolska Province (N: 50º8' 59" E: 19º45' 12"). It was
oriented along the east-west axis and was a typical building
constructed from pre-fabricated reinforced concrete with a
double-pitched roof (gradient 45%). The building was
equipped with a natural gravitational ventilation system in
longitudinal walls and outlet openings in the form of ridge
vents. Technical parameters of the researched barn are presented in Table 1.
Manure was removed mechanically from the concrete
floor of manure corridors twice a day directly to the manure
pad located on the west side of the building. The lying
boxes were laid with straw once a day. The cattle were fed
according to the total mixed ration method with unchanged
ingredients throughout the year.
The measurement points were located in the barn 1
meter above the ground. The sensors measured temperature, air velocity, and ammonia concentration. The variability of outside weather conditions, such as temperature, relative air humidity, air speed, and direction, was recorded
with the help of a meteorological station located on the west
side of the barn. All measurements were conducted with a
frequency of 6 minutes and recorded automatically.
Air movement velocity was measured with the help of
HD 103T sensors, produced by Delta Ohm. Their measurement range was 0-5 m·s-1. They had measurement
accuracy of 0.04 m·s-1 in the range of 0-0.99 m·s-1 and measurement accuracy of 0.02 m·s-1 in the measurement range
of 1-5 m·s-1. Temperature and relative air humidity were
measured with the help of integrated sensors LB-710 produced by Label, with the measurement range of -40 to
+85ºC. The concentration of ammonia was registered with

...where: Qtotal – total ventilation rate, (m3·s-1), Qwindforces – the
ventilation rate due to wind forces, (m3·s-1), Qthermalbuoyancy –
the ventilation rate due to thermal buoyancy (m3·s-1).
The particular components of the model were calculated with the help of the following formulas:
1. Ventilation rate due to thermal buoyancy [19]:

ܳൌ

ܥௗ ȉ ܣ
οܶ
ȉ ඨ݃ ȉ  ܪȉ
ܶ
͵

...where: Cd – discharge coefficient (0.86), A – area of the
opening, (m2), g – gravitational acceleration, (m·s-2), H –
height of the openings, (m); Ti – indoor air temperature,
(K); ΔT = Ti – Te, Te – outdoor air temperature, (K).
2. Ventilation rate due to wind forces [11]:

ܳ ൌܧȉܣȉܸ
...where: E – effectiveness of openings (0.35), A – free area
of inlet openings, (m2), V – wind velocity, (m·s-1).

Results
During the winter period, the exchange of ventilated air
was limited because the main door was closed and the curtains in longitudinal walls were raised in order to protect the
cows from excessive cooling. During that time of year, the
wind was very strong and despite raised curtains it
increased inside air velocity to the level of 0.2 m·s-1. As a
result, Ti and Te differed significantly over the 24-hour daily
cycle.
On the other hand, during the registered summer period
of high temperatures, Ti and Te did not differ significantly
over the 24-hour daily cycle. With significantly lower wind
velocity (Ve) in winter, the ventilated air movement velocity (Vi) rarely exceeded 0.5 m·s-1.
Averaged results of temperature and air movement
velocity for the summer and winter of 2012 are presented in
Table 2.
The values presented in Table 2 were used as a basis for
calculating ventilation rate for the barn. The calculations
take into account the fact that the door and curtains were
open during the entire summer period. In winter, the curtains
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Table 2. Air parameters for select study periods.
Ti

Te

Vi

Ve

ºC

ºC

m·s-1

m·s-1

January

0.95

-1.47

0.28

2.70

February

-0.93

-6.50

0.27

2.15

March

9.36

5.06

0.23

2.35

June

19.69

17.88

0.39

1.61

July

21.90

20.20

0.38

1.55

August

21.15

19.36

0.37

1.40

Month

Ti – monthly average inside air temperature
Te – monthly average outside air temperature
Vi – monthly average indoor air speed
Ve – monthly average wind speed

were closed but the door was open from time to time when
the manure was being removed or feed was being delivered.
During the studied period of one year, an average
monthly ammonia concentration in the barn was at the levels presented in Table 3. During severe frosts, when manure
corridors were cleaned only once a day, ammonia concentration reached the maximum levels of 8.0 ppm. In turn,
average summer values of ammonia concentration were at
the level of 1.0-1.5 ppm. During extreme heat waves, when
the temperature exceeded 25ºC, ammonia concentration
reached the level of approx. 0.5 ppm.

Discussion
Ventilation efficiency influences pollution emissions
from buildings, including ammonia emissions [20]. The
recommended ventilation rate for dairy cattle provided in
specialist literature varies and the values differ significantly. Seedorf et al. [20] makes a distinction between ventilation requirements in the barn during the winter period: 67
m3·h-1·AU-1 and during the summer period: 417 m3·h-1·AU-1.
According to Pajumägi et al. [16], the minimum rate of air
exchange in the barn should range from 0.15 to 0.35 m3·h-1
per 1 kg of cattle body weight; while the maximum rate of
air exchange should not exceed 10 h-1.
In barns ventilated naturally, it is difficult to estimate air
exchange rate and each of the known methods has certain
limitations and does not yield a fully accurate result [14].
Pajumägi et al. [16] are probably right when criticizing the
theoretical ventilation efficiency calculated on the basis of
thermal and humidity balance. According to the calculations performed by the authors with the method described
above, the values of ventilation rate varied in the range 530
to 2,300 m3·h-1·cow-1 in the winter period. Those values
seem to be completely unrealistic. The obtained results of
ventilation rate calculation, determined with the help of formulas presented in the methodology and taking into consideration wind speed and thermal buoyancy confirm that
this method is more accurate and reliable.

Wu et al. [21] state that the concentration of ammonia
in naturally ventilated barns is mostly influenced by temperature and air movement. The research confirms that the
level of ammonia in the case of free stall breeding with litter boxes is mostly affected by air temperature. Significant
concentration falls are only possible with open doors. In the
summer, the concentration of ammonia in the studied barns
was on average 1.25 ppm. This was mainly caused by the
movement and exchange of air, which was determined to be
3 h-1 for the winter period and 12 h-1 for the summer. Such
a conclusion was also in line with conclusions put forward
by Zhao et al. [12] and Harper et al. [22], who claimed that
increasing air temperature affects the growth of ammonia
emissions, which are later diluted by the movement of air.
Herbut et al. [23], however, point out the fact that air
exchange in barns with a natural ventilation system is complex and depends on a number of factors. As a result, the
real exchange rate of ventilated air may be lower; thus the
emission of ammonia may also be lower.
Open curtains in the studied barn supported the increase
of air in the summer season, which prevented the growth of
ammonia concentration in the barn. This can be confirmed
by the analysis of data obtained for the winter period, especially for severe frosts. In this case, limited ventilation contributed to the increase of ammonia concentration by
approx. 8.0 ppm. With respect to the annual average concentration of 2.73 ppm, this was a very high value. The conclusions presented above can be confirmed by the study
conducted by Kang and Lee [24], according to which
excessive reduction of ventilation inside the building leads
to the deterioration of indoor air quality.
The total annual ammonia emission to the air from the
studied barn was 564.8 kg NH3. The highest value was
noted for the summer (218.0 kg NH3) and the lowest in
winter (41.2 kg NH3), when the exchange of ventilated air
inside the barn was significantly limited. The calculated
yearly emissions from the barns was 8.79 g·d-1·cow-1,
including 2.57 g·d-1·cow-1 for the winter period and 13.46
g·d-1·cow-1 for the summer.
Monteny and Erisman [14] suggested that the emissions
of ammonia for a free stall barn with natural ventilation are
25 g·d-1·cow-1. In turn, Harper et al. [22] calculated that the
emissions for 2 free stall barns with boxes covered by sand
is 16.77 g·d-1·cow-1 and 7.89 g·d-1·cow-1 in winter; and 33.22
g·d-1·cow-1 and 38.42 g·d-1·cow-1 in summer. The research
conducted by Ngwabie et al. [17] covering the months of
February and May determined the emissions of ammonia at
the level 9.6-36 g·d-1. However, this could have been the
result of the breeding system: the cows lied on rubber mats
covered with peat.
The coefficients of ammonia emissions used for evaluating air pollution in Poland determined for dairy cattle are
27.8 kg NH3·cow-1·year-1; and for high-yield cows kept on
shallow litter, it is 32.42 kg NH3·cow-1·year-1 [25]. Based on
the conducted research, the authors conclude that these values are highly overestimated.
Moreover, the authors do not agree with Mielcarek [25]
that ammonia emissions from livestock buildings are easy
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Table 3. Ammonia concentration, calculated ventilation rate,
and monthly barn ammonia emissions in 2012.

References

Average NH3
concentration
in barn air

Average
ventilation
rate in barn

Monthly
average NH3
emission from barn

1.

ppm (mg·m-3)

m3·h-1

kg NH3

2.
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2.98 (2.09)

7,083

11.0
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3.49 (2.45)

10,335
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March
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8,912
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4.
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July
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111,346

65.5

August
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111,872
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11.3

December

2.46 (1.71)
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11.8

Month
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of adopted methods of calculating ventilation rate, different meteorological conditions, locations, cattle breeds, and
maintenance systems, or technological solutions in barn
structure. These are the factors that primarily impact the
size of ammonia emissions from free stall barns into the
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systems.
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their ventilation systems.
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