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Abstract: Many farms utilize closed-type livestock systems to enhance productivity and facilitate
effective environmental management. However, the confined nature of these closed spaces poses
an increased risk of exposure to harmful gases and organic dust for both workers and livestock.
Additionally, the introduction of outside air through ventilation systems can lead to temperature
fluctuations within the breeding environment, resulting in potential productivity issues. This
research paper employs computational fluid dynamics (CFD) to develop ventilation operation
management plans that address both the working environment and the breeding environment
simultaneously. The proposed plans are designed to be easily implemented in practical farm
settings. The findings of this study, based on simulation analysis, indicate that while ventilation is
effective in reducing harmful gases and improving the working environment, its efficiency
decreases after the initial 3 minutes of operation. Furthermore, uncontrolled ventilation can cause
sudden temperature changes, which may adversely affect the well-being of the livestock. However,
when upgraded ventilation structures are implemented, significant improvements in the working
environment (an average of 27.3% improvement) can be achieved while maintaining temperature
stability for the livestock. These results highlight the importance of referring to the provided
ventilation operation management table before commencing work, as it enables workers to improve
the working environment while minimizing the potential impact of ventilation on the breeding
environment.

Keywords: Ammonia, CFD, Ventilation, Working and Breeding environment

1. Introduction

The Korean livestock industry has experienced rapid growth, leading to a significant increase in
both the number of livestock and meat consumption. However, this growth has also resulted in a
decrease in the number of livestock farms and a shift towards large-scale and intensive operations.
To manage productivity and control environmental factors such as temperature, humidity, and
ventilation, the majority of farms now adopted closed-type livestock pens. While these closed spaces
allow for effective management, they also present challenges such as increased livestock manure and
odor, as well as higher levels of fine dust. Consequently, there is an elevated risk of workers and
animals being exposed to harmful gases and organic dust within these facilities [1,2]. In light of the
increasing number of occupational accidents among farmers, ensuring the working safety and
welfare of workers has become a paramount concern [3]. Farmers may not possess a complete
understanding of the potential hazards and safety risks associated with agricultural work, leading to
a lack of adequate precautions.

Livestock facilities commonly generate harmful gases, including ammonia and hydrogen
sulfide. Among these, hydrogen sulfide is highly toxic, and exposure to high concentrations can even
result in fatalities. When highly concentrated hydrogen sulfide disperses from livestock excrement
or slurry due to pig movement and rapid changes in internal airflow, there is a significant risk of
workers being exposed to these dangerous gases[4]. Ammonia is a colorless and irritating toxic gas.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Even at low concentrations, ammonia can cause irritation to the eyes and lungs, resulting in
inflammation, sneezing, and excessive salivation. Inhaling harmful gases and organic dust can cause
acute and chronic poisoning, as well as various serious health issues such as bronchitis, pneumonia,
asthma, coughing, allergies, headaches, and dizziness[5-11].

Among the methods available for reducing harmful gases, the ventilation system offers both
technical and economic advantages. It has the capability to directly remove harmful gases by
discharging them outside and can be implemented using the existing infrastructure. However, the
introduction of outside air through ventilation can cause rapid temperature changes in the livestock
breeding environment, which can negatively impact the immune system, respiratory health, and
overall productivity of the animals[12-14]. Therefore, when implementing ventilation, it is essential
to analyze the resulting thermal environment changes.

There has been limited research on strategies for operating ventilation systems to enhance the
working environment in the agricultural field. Moreover, studies that simultaneously consider both
the breeding environment and the working environment are even scarcer. Therefore, there is a need
for monitoring the internal environment and conducting simulation-based research that takes into
account the working environment for workers as well as the animal-centric breeding environment.
To improve the working environment, it is common practice to increase the ventilation volume to
expel more harmful gases. However, increasing the ventilation volume also leads to greater
temperature variations within the livestock breeding area, potentially causing issues in the breeding
environment. Additionally, it is crucial to analyze the working and breeding environments
concurrently since the ventilation volume and temperature inside the facility are highly correlated.
Monitoring the working environment and breeding environment simultaneously poses challenges,
as workers enter and exit the area periodically while the pigs remain relatively constant. Therefore,
utilizing simulation techniques becomes an effective approach to gather diverse environmental data,
such as temperature and location variations within the facility.

Relying solely on field experiments to gather data on the breeding and working environments
presents several challenges, including limitations related to time, space, the ability to maintain stable
experimental conditions, and restricted measurement points. However, by combining field
measurements with computational fluid dynamics (CFD), it becomes possible to overcome these
challenges and acquire a substantial amount of qualitative and quantitative data. Such data can be
utilized for research purposes, such as investigating automatic environmental control within smart
farms and developing management algorithms. Previous studies employing computational fluid
dynamics have primarily focused on assessing the breeding environment, but their findings can be
extended to encompass other relevant areas as well[15-28].

This research aims to propose a ventilation control standard that considers both the working
environment and the breeding environment in a pig house simultaneously by efficiently reducing
the concentration of harmful gases at the workers' height. The study involves measuring and
identifying the concentration levels of harmful gases to which workers are exposed during specific
tasks in the pig house. The ventilation efficiency by combination of inlet and outlet systems is
evaluated using computational fluid dynamics (CFD).

2. Materials and Methods

2.1. Experimental pig house

The experiment was conducted in a commercial pig house with a capacity of 15,000 pigs, located
in Yeonggwang-gun, Jeollanam-do, Korea. A pigpen that had a relatively high mortality rate was
chosen based on interviews with the farm manager. The dimensions of the selected pigpen are 12
meters in width, 15.6 meters in length, and 3.2 meters in height. Inside the pigpen, there is a central
corridor that is 0.8 meters wide, and the pigpen is divided into 12 compartments by 1-meter-high
walls. Each compartment can accommodate around 18 to 25 fattening pigs. The pigpen has a total
capacity for 300 pigs. There are 12 windows (6 upper and 6 lower) that allow outside air to flow into
the pigpen through the corridor. Additionally, two duct inlets, each with a diameter of 0.94 meters,
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are installed on the left and right sides of the pigpen to distribute air evenly throughout (Figure 1).
On the outer wall, there are two circular exhaust fans with a diameter of 1 meter each, as well as three
square fans with a length of 0.6 meters per side. These fans are used for extracting air from the pigpen.
Furthermore, two 1.5-meter diameter ducts (duct outlets) are installed on the left and right sides,
extending from the outside to the center of the pigpen. These ducts serve the purpose of both
removing harmful gases to the outside and allowing fresh air to enter (Figure 2). The ventilation
system is operated by utilizing different combinations of inlets and outlets based on the season and
internal temperature and humidity conditions.
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Figure 1. Experimental pigpen with mechanical ventilation systems including five different
exhausting fans and duct inlets.
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Figure 2. Ventilation system operated during spring season with combinations of various outlet(red)
and inlet(blue).

2.2. Computatinal fluid dynamics

Computational fluid dynamics (CFD) encompasses three main steps: pre-processing, main
computational processing, and post-processing. In the pre-processing step, the outer shape of the
experimental object and the grid of the target area are designed. In the main computational
processing step, the target area is analyzed using numerical analysis techniques, employing
equations such as the Navier-Stokes equations. Finally, in the post-processing step, the results of the
analysis are qualitatively and quantitatively evaluated. To begin the CFD analysis, the object is
designed as a 3D model. Grid design and boundary conditions are then specified. The calculations
are conducted using FLUENT software (version 18.1, ANSYS Inc.,, USA)[29], employing the
principles of mass conservation, energy generation and movement, and the law of momentum
conservation on each grid. The model utilizes specific boundary conditions, which are outlined in
Table 1.
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Table 1. Input & boundary conditions for the CFD simulation model of the experimental pig house.

Content Value

Number of mesh

about 4.5 million

Mesh design Tetra-headron
Boundary conditions Velocity inlet & Pressure outlet
Input temperature 291.8 (K)
Output temperature 289.5 (K)
Inside initial temperature 297.8 (K)
Pig heat flux 210.9 (W-m-1)
Ventilation rate (air exchanges) 0.55 (m-1)
Velocity at the inlet vent 3.71 (m-s-1)
NH3 concentration at work height (1.5m) 38.7 (ppm)

2.3. Tracer gas decay method

Tracer gas decay (TGD) method was used to compute regional ventilation efficiency using CFD
simulation[30-33]. The conventional method used for calculating the internal ventilation rate was
based on the mass flow rate calculation. This determines the air replacements per unit hour, assuming
that all the air entering the pig house was used to replace the air by ventilation. While the mass flow
rate calculation method offers the advantage of a straightforward calculation for determining the
ventilation volume of the entire facility, it does not allow for the analysis of regional ventilation
effects. Consequently, it is not suitable for evaluating the ventilation volume of individual
compartments within the pig house or the dilution effect of harmful gases. It does not provide
insights into the flow behavior inside the facility, which can vary based on the combination of
ventilation structures.

Among air age theories, the tracer gas decay method (TGD method) is utilized to calculate the
regional ventilation efficiency by analyzing the change in tracer gas concentration over time. This
study employs the TGD method to analyze the regional ventilation efficiency of the pig house. This
method quantitatively determines the ventilation amount by analyzing the reduction in
concentration over time after initiating ventilation, after patching a tracer gas having a uniform
concentration. The Air Exchange Rate (AER, min™) is used as a unit to denote the amount of
ventilation, representing the number of times the incoming air from outside replaces the entire indoor
air. In the CFD simulation, carbon dioxide was uniformly distributed at a concentration of 2000 ppm
inside the pig house, while the air entering from outside contained 400 ppm of carbon dioxide.

AERypp = 224 x 60 = 220 60 (1)
Co
AER;¢p = ﬁ (2)

Where AERyr is air exchange rate of mass flow (min'), AERy¢p is air exchange rate of tracer gas
decay(min-1), V is volume of pig house (m?%), vy, v; is velocity at inlet and outlet (m's?), 4,, 4; is vent
area of inlet and outlet (m?), C, C, is concentration of tracer gas at ty,t time (ppm)

2.4. Experimental procedure

Ventilation operating standard was suggested based on field monitoring of gas concentration
and CFD modelling according to various combinations of ventilation systems as shown in Figure 3.
The first step involves measuring the concentration of harmful gases to which workers were exposed
during various tasks performed in the pig house. Using this model, the ventilation efficiency was
analyzed for different combinations of ventilation openings within the pigpen to select an upgraded
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ventilation operation method that effectively reduces harmful gases at the workers' height. To
enhance the accuracy of the analysis, the selected ventilation system considered the ammonia
emission from the floor. The analysis takes into account the changes over time during ventilation, as
well as the thermal environment of the pig herd. This is important because sudden temperature
changes can impact the breeding environment for the pigs. By implementing the ventilation
operation plan, which aims to reduce harmful gases such as ammonia concentration, the extent of
harmful gas removal by the ventilation system for improving the working environment is analyzed.
Additionally, the thermal environment of the pig herd were utilized to develop the ventilation
operation standardtable that aims to enhance both the working and breeding environments.

. : Field experiment
Field harmful gases measurement |:| P

Vent-operation for reducing
ammonia concentration
at working height
“ Ventilation operating systems for improving "
working & breeding environment

Figure 3. Research procedure for modeling ventilation efficiency considering regional thermal
condition.

2.4.1. Field monitoring of harmful gas concentrations

The concentration of harmful gases to which workers are directly exposed is measured at the
height of their respiratory system during different types of work performed inside the pigpen. The
measurements were conducted for both morning and afternoon daily working routines, with break
time between 12 pm and 1 pm. To assess the exposure level for workers, ammonia and hydrogen
sulfide sensors were attached at shoulder height, which is approximately the same height as the
worker's respiratory tract (Figure 4). The working tasks were categorized as either contact work or
non-contact work, depending on their interaction with the pigs. During contact work with pigs, more
gases were dispersed from the floor due to animal movements. The concentrations of harmful gases
were analyzed by considering the characteristics of each working tasks.

(b)

Figure 4. Research procedure for modeling ventilation efficiency considering regional thermal

condition (a) NH3 & H2S sensors and (b) Installation of sensors at worker’s shoulder.
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2.4.2. CFD analysis for ventilation efficiency and thermal environment

The ventilation system in the experimental pigpen was characterized by combination of vent
openings with multiple inlets and outlets that can be operated in various configurations to assess the
ventilation efficiency. The outlet ventilation system was comprised with 3 small square-shaped fans
(SF) measuring 0.6 x 0.6 m, 2 circular fans (CF) with a diameter of 1.0 m, and a large duct located on
the upper right side of the pigpen (RBD, right big duct). These outlet components are labeled
alphabetically from A to H. The inlet ventilation system consisted of a large duct on the left-hand side
(LBD, left big duct), two small elongated ducts positioned on the upper side of the pigpen (SD, small
duct), and a total of 12 windows (UW/LW, upper windows and lower windows) located at the end
of the pigpen. These inlet components are grouped numerically from 1 to 5. The ventilation efficiency
of a total of 42 ventilation systems, comprising different combinations of the exhaust structures
(outlets) and inflowing structures (inlets), is evaluated and presented in Table 2.

Table 2. Combination of various ventilation systems.

G Square | Circle Right .Light Small Upper L.ower
Fan Fan | Big Duct | Big Duct | Duct | Window | Window

A O O

B O (@)

C O

D O (@)

E O

F O I

G O O O

H O I I

1 I I I I I

2 I I I

3 I I

4 I

5 I

In order to improve the working environment and minimize the impact to the pig, an analysis
of the thermal condition was conducted based on the ventilation period. An optimal ventilation level
was identified to provide suitable breeding environment while ensuring the removal of harmful
gases inside the pigpen. When ventilation started, outside air enters into the pigpen resulting in
sudden change in the thermal environment which can lead to respiratory diseases or decreased
immunity. Therefore, it is crucial to analyze both ventilation efficiency reducing gases and thermal
condition for pig breeding environment. The height of the pig herd was set at 0.5 m where the pigs
breathe.

The CFD model was designed with a combination of regular tetrahedron, triangular-shaped
tetrahedron, grids, regular hexahedron, and square-shaped hex-dominant grids to represent the
complex shapes found in the pigpen following the previous validated modelling
approaches[17,34,35]. Dense meshes were used for aerodynamically importance areas of the pigpen,
such as inlets, outlets, or regions near complex structures to enhance model accuracy. The calculation
area was subdivided into smaller sections, for analyzing the ventilation efficiency and thermal
condition. Frequency analysis was performed by dividing the height of the breeding environment
into a total of 630 compartments, each with a consistent size of 0.52 x 0.56 cm (Figure 5). When the
temperature difference compared to the average temperature of the pigpen is less than 3C, it is
considered a suitable temperature. Temperature difference levels were categorized into three levels:
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the warning level, caution level, and normal level were defined based on the proportions of
compartments representing suitable temperatures, with less than 60% of the total area, less than 70%,
and more than 70%, respectively.

Figure 5. Divided sectors for analysis of thermal-environment at 1.5m height.

The ventilation efficiency of each region was analyzed for 42 different combinations of
ventilation system in order to identify which system can efficiently ventilate harmful gases at the
worker's height. When the outlets remain the same, the ventilation efficiency was high by increasing
inlet area by additionally opening the 6 lower windows located on the corridor wall. Replacing
exhaust vents from three square-shaped fans to two larger circular fans installed for summer season
leads to increased ventilation efficiency at the worker's height. As high ventilation efficiency is crucial
for effectively diluting harmful gases, these two ventilation schemes were selected for improving the
working environment.

2.4.3. CFD analysis for ventilation efficiency and thermal environment

To develop a ventilation operation standard that simultaneously considers the work
environment and breeding environment based on CFD-computed results, it is essential to analyze
the combination of ventilation system, ventilation efficiency which can reduce harmful gas over
ventilation time, and temperature difference affecting to pigs. Considering easy accessibility for
farmers in the field, a single sheet visualized, simplified, and presented for ventilation operation
standard was suggested by combining the multiple analyzes from the CFD model need. By utilizing
the double linear interpolation method through polynomial regression analysis, the reduction rate of
harmful gases in the working environment and the results of thermal environment analysis for the
breeding environment were presented together for each ventilation system.

3. Results & Discussion

3.1. Field monitoring for harmful gas concentrations

To analyze the exposure of workers to gas concentration inside the pigpen, comprehensive
analysis was conducted using measured data by gas detectors attached at the height of the worker's
shoulder and image data captured during the measurements. The works performed in the pig house
were categorized into morning and afternoon works including shipment, animal manure treatment,
vaccine administration, condition checking, cleaning, and marking. During continuous monitoring
of gas concentration including ammonia and hydrogen sulfide, each data was obtained based on the
average concentrations during each task performed as shown in Figure 6. Each work is further
classified as either a "contact" work if the worker directly contacts the pigs or a "non-contact" work if
there is no direct contact with the pigs.
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Figure 6. Ammonia and hydrogen sulfide concentrations monitored at shoulder height in pig room
(yellow section at working time).

Each data point in Figures 7 & 8 represents the average ammonia and hydrogen sulfide
concentrations monitored at the worker's height during the working time. During contact works such
as general checking, manure treatment, and cleaning tasks, ammonia concentrations was higher
compared to non-contact works. Generally, workers were exposed to ammonia concentrations
ranging from the late 20 ppm to 40 ppm during contact works. During the shipment task of pigs,
workers are exposed to low ammonia concentrations of 5 ppm or lower due to increment of
ventilation by opening whole doors in the pigpen. The average exposure to ammonia is further
analyzed by the type of work. The highest ammonia concentration was observed when workers
moved pigs between compartments within the pigpen, with an average exposure of 43.0 ppm. Other
tasks associated with relatively high ammonia concentrations included manure treatment (31.8 ppm),
condition checking (26.5 ppm), and cleaning (27.0 ppm). On the other hand, marking (8.8 ppm) and
vaccine injection (6.2 ppm) resulted in relatively low ammonia exposure. The average ammonia
concentration during the shipment of pigs was 3.0 ppm, indicating a low exposure level despite the
direct contact with pigs. This can be attributed to the fact that the task is mainly performed in the
corridor outside the pigpen. The average levels of ammonia exposure are compared between contact
works and non-contact works. Contact works have an average ammonia concentration of 24.7 ppm,
which is 1.58 times higher than the average concentration of 15.6 ppm observed in non-contact works.

The average exposure to hydrogen sulfide by working types was also analyzed (Figure 8). The
highest hydrogen sulfide concentration was observed during the vaccine injection task, with an
average exposure of 4.0 ppm. Internal cleaning, manure treatment, and condition checking tasks
resulted in average exposures of 3.4 ppm, 1.9 ppm, and 1.5 ppm, respectively. The average levels of
hydrogen sulfide exposure were compared between contact works and non-contact works. Non-
contact works have an average exposure of 1.1 ppm, while direct contact works have an average
exposure of 3.0 ppm, indicating approximately 2.73 times higher concentration in contact works. It
should be noted that while hydrogen sulfide tends to be concentrated on the floor of the pigpen, the
measurements in our experiment were taken at the worker's shoulder height, which corresponds to
the height of the worker's respiratory system.
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Figure 7. Average ammonia concentration during contact & non-contact works in pig house.
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Figure 8. Average ammonia concentration during contact & non-contact works in pig house.

3.2. CFD analysis for ventilation efficiency and termal environment

The ventilation efficiency analysis was conducted through CFD simulation for a total of 42
ventilation systems in the experimental pigpen at a height of 1.5 m (representing the worker's
respiratory tract location) and 0.5 m (representing the pig's respiratory tract location). Table 3
provides the minimum, average, and maximum ventilation efficiencies at the corresponding heights,
along with the individual analysis of ventilation efficiencies on the corridor side. Among the 50
ventilation combinations, the top 20% structures that exhibit the highest ventilation efficiency at both
the worker's height and the pig's height commonly utilize both upper and lower windows as inlets.
These combinations demonstrate an average airflow exchange rate (AER, m-1) of 0.34 at the worker's
height and 0.4 AER(m-1) at the pig's height. Comparing these values with the average value of 0.28
AER(m-1) for the previously operated ventilation system, which represents the 24% improvement in
ventilation efficiency at the worker's height and a 43% improvement at the pig's height are observed
at the same ventilation capacity with changing the combinations of vents.

In cases where a single-floor window inlet structure is used, the analysis reveals higher
ventilation efficiency when the upper windows are employed rather than the lower windows.
Specifically, when only the upper windows are utilized, the average ventilation efficiency is 10.7%
higher at the worker's height and 17.8% higher at the pig's height compared to using only the lower
windows. Conversely, when both upper and lower windows are utilized, the overall ventilation
efficiency improves compared to using a single-floor window. This shows an average improvement
of 25% at the worker's height and an average improvement of 45% at the pig's height. The larger
improvement at the pig's height is attributed to the height of the inlet windows. Regarding the
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exhaust structure, analysis results demonstrate that ventilation efficiency improved in all ventilation
structure combinations when two circular fans, which were previously only used in summer, are
utilized instead of the three square-exhaust fans. On average, the efficiency improvement is 10.8% at
the worker's height and 12% at the pig's height. While the three square-fans are located on the walls
of the left and right sides of the pigpen and in the center close to the corridors, the two circular fans
are positioned in the center of the pigpen where the pigs are reared, resulting in higher ventilation
efficiencies. Based on the ventilation efficiency analysis mentioned above, the air flow pattern based
on inlet and outlet combinations significantly affects to the levels of ventilation efficiency at both the
worker's and the pig's heights for reducing harmful gases.

Table 3. Result of ventilation efficiency considered various ventilation structure.

Human height (1.5m) Pig height (0.5m)

Case Outlet Inlet Mi Av Ma Pas Mi Av Ma .
n X Sag n X sag

g e g e

Stan  orpBD  41BD+sD+UW 22 92 032 o028 024 028 035 OO
dard 4 8 3
SF-CF-  +LBD+SD+UW+ 02 0.3 0.08

A-1 BD oW .o 045 035 025 035 047
-SF-CF- 02 03 0.07

A-2 D SDYUWDW 041 043 023 041 047
-SF-CF- 02 03 0.07

A-3 D +TUW+DW L o 039 044 023 040 047
-SF-CF- 02 03 0.02

A-4 D TUW C ) 034 028 026 028 034 g
-SF-CF- 02 02 0.04

A-5 D DW . . 031 028 024 024 037
{LBD+SD+UW+ 02 03 0.07

B-1  -SF-RBD oW S 044 044 026 043 047
B-2 -SE-RBD  +SD+UW+DW 052 oéz 031 026 023 028 031 0‘52
B-3  -SF-RBD +TUW+DW 052 Of 036 039 025 039 043 0‘25
B-4  -SF-RBD +TUW 05'52 oéz 032 025 023 031 032 0';’2
B-5  -SF-RBD DW 05‘52 oéz 031 027 022 029 038 0‘54
{LBD+SD+UW+ 02 03 0.06

C-1 -SF i o . 043 043 026 041 046
c2 -SF +SD+UW+DW 062 053 042 042 026 040 047 0'26
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W 37 7
H-5 _SF +RBD$BD+D 052 0; 035 029 023 030 040 O

Table 4 presents the thermal distribution analysis for uniformity and stability during ventilation
period. The temperature difference levels are indicated by different colors: white for normal, gray for
caution, and black for warning. When the exhaust system was changed from the [B+LW] case to the
[B+LW-CF] case, there was an increase in the proportion of sections representing small temperature
changes of less than 3 C. This increase was particularly significant in the case of a ventilation
efficiency of 0.75 AER. The analysis indicates that while increasing the inlets by opening the lower
windows has an impact on the ammonia reduction rate. The change in the ventilation system using
larger exhausting fans may lead to temperature drops affecting the breeding environment of the pigs.

Table 4. Temperature analysis at pig height (0.5m) on improving ventilation system cases.

Temperature gap of average temperature (°C)
Ventilation Rate o ) x<3°C 3°C<x<5°C
Case Ventilation Time
(AER-m™)
60s 82.9 16.5
0.55 180s 75.9 23.7
300s 84.6 15.4
60s 73.3 26.3
Basic
0.75 180s 64.6 33
(Standard)
300s 61 34.9
60s 69 31
1.0 180s 59.2 38.4
300s 49.5 45.9
60s 66.3 31.6
0.55 180s 60.8 32.2
300s 66 30
60s 441 49.8
8) d
perade @ | 75 180s 39.7 53
(B+LW) 300s 33 56.2
60s 67.8 32.2
1.0 180s 41.6 56
300s 394 58.1
60s 80.2 17.3
0.55 180s 81 18.9
8) de (2
pgrade (2) 3005 82.7 14.6
(B-CF)
60s 73.8 25.9
0.75
180s 64.9 33.7
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300s 67 29.2
60s 69.8 30.2
1.0 180s 41
300s 50.5
60s 65.2) 32.1
0.55 180s 67.1 29.4
300s 63.5 325
Upgrade 60s 65.7 33.3
(1)+(2) 0.75 180s 71.4 26.7
(B+LW-CF) 300s 60.6 38.7
60s 68.7 31.3
1.0 180s 55.7
300s 55.4

3.3. Ventilation operating standard for improving working and breeding environment

When the ventilation was continuously operated for a long duration, it can lead to temperature
drops affecting the thermal environment in the pigpen. The ventilation time is one of important factor
not only for removing harmful gas but also for controlling internal thermal conditions. Figure 9
illustrates the ammonia reduction rate based on ventilation capacity and time for each system. The
maximum ammonia reduction rate increases significantly from 28.8% at a ventilation time of 60
seconds to 42.6% at a ventilation time of 180 seconds. However, there is no significant increase beyond
180 seconds, with the reduction rate remaining at 42.5% at a ventilation time of 300 seconds.
Additionally, as the ventilation time increases, the level of temperature dropped in the herd of pigs
progresses from Caution to Warning. Therefore, the most efficient ventilation time for reducing
ammonia gas can be determined to be up to 3 minutes considering the balance between ammonia
reduction and thermal stability.

i" II i |‘|‘
- IIII Basic B+LW
B-CF

Reduction Rate(%)

Reduction Rate(%)

_ BeLW-CF
-

2 Basic B+LW B+LW-CF Ventilation system
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@ (b)

B+LW-CF

Reduction Rata(%)
e e et e R |
fi=—= i
f=——_—_Ff|

|

(o]
-
EEEe—— I
I ——
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Ventilation system

mE0s W120i W180: m240s w3005
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Figure 9. NH3 reduction rate to ventilation time each ventilation structure combinations (red box is
time of increasing sharply reduction rate) (a) 0.55AER, (b) 0.75AER, (c) 1.0AER.

Figure 10 illustrates the ventilation operating standard for the experimental pigpen considering
different ventilation structures on reducing harmful gases and controlling breeding environment.
When the ventilation rate was maximum, the reduction rate of harmful gases was the highest for all
cases. However, it is important to consider that the maximum ventilation rate can lead to sudden
temperature drops, which can be problematic for the breeding environment. In the case of the existing
ventilation system, the reduction rates of harmful gases are relatively low: 1.4% at 0.55 AER, 13.9%
at 0.75 AER, and 23% at 1.0 AER. As the ventilation rate increased, the breeding environment
deteriorated to the level of Caution and Warning on thermal stability. This indicates that it is
necessary to consider a balance between reducing harmful gases and maintaining a stable breeding
environment when selecting the appropriate ventilation system.

Among the upgraded ventilation system, the increased inlet area with the lower windows shows
that the highest ammonia gas reduction rate, averaging 27.7%, while the average reduction rates for
different ventilation volumes are 16.2% at 0.55 AER, 29.3% at 0.75 AER, and 37.5% at 1.0 AER. When
the ventilation efficiency was only considered to achieve the highest performance in reducing
harmful gases, it also leads to sudden temperature drops in the pig height. In most cases, temperature
differences were reached to Warning levels within 1 minute of ventilation time. Consequently, this
ventilation system can make problems for the breeding conditions during removing harmful gases
for the working environment (Figure 10b). When more exhaust fans were used with two large circular
fans, the results showed a relatively low improvement in the working environment, averaging 12.1%.
Specifically, this system has achieved working environment improvement effects of 1.6% at 0.55 AER,
12.8% at 0.75 AER, and 22% at 1.0 AER (Figure 15c).

The ventilation system with the increased inlets is effective in improving the working
environment due to its successful reduction of harmful gases, while the system with the increased
outlets has minimized the adverse effects on the breeding environment. When both upgraded
measures are applied together, an overall improvement effect of 27.3% is achieved; ammonia
reduction rates of 16.5% at 0.5 AER, 28.3% at 0.75 AER, and 37.2% at 1.0 AER(min-1). As for
temperature differences, the level has not exceeded the Warning threshold in most cases. By applying
both upgraded ventilation structures, a high level of working environment improvement (27.3%
improvement for workers) and temperature stability for the herd of pigs have been achieved (Figure
15d).

2

Ventilation time (s)
]

Ventilation time (s)

07 o055 08 085 06 08 07 o0rs 08 085

Amount of ventilation (AER/min) Amount of ventilatiom (AER/min)
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Figure 10. Basic;Solid lines represent NH3 reduction rate at working height, dotted lines with

numeric values represent thermal suitability ratio at pig height, white=normal, yellow=caution,
red=warning) (a) Basic (Standard), (b) Upgrade (1) (B+LW), (c) Upgrade (2) (B-CF), (d) Upgrade
D+2) (B+LW-CF).

4. Conclusions

This study has comprehensively analyzed the ammonia gas reduction rates and the thermal
environment at the pig level by using various combinations of ventilation system. As a result of the
analysis, the optimized ventilation operation standard has been developed to simultaneously
enhance the working environment and the breeding environment. Field measurements have shown
that workers had been exposed to high ammonia concentrations of 43 ppm on average when moving
pigs inside the pigpen. When the worker performs a task that involves direct contact with pigs, they
were exposed to 1.58 times higher ammonia concentration compared with that of non-contact work.
CFD (computational fluid dynamics) were used to make the optimal ventilation operation standard
for improving both the working and breeding environment at the same time in a pig house. Among
50 combinations of ventilation systems, the upgraded ventilation system was chosen considering gas
reduction rate and thermal stability.

As suggested in this study, the working and the breeding environment should be considered
simultaneously to improve the ventilation system, and the ventilation operation standard was sugges
ted by consideration of ventilation time, gas reduction rate, and thermal stability for workers and
pigs. The results can be used to make a livestock environment management algorithm for using IoT-
based automatic precision control in the future and making precision agricultural system considering
upgraded working and breeding environment, simultaneously.
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