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Abstract

:

Measurements with high time resolution are necessary to capture variation patterns and to facilitate the estimation of uncertainty in ammonia inventories. Continuous real-time monitoring of ammonia was carried out in a naturally ventilated nursery pig house during two periods in winter and summer, respectively. A higher ventilation rate of about 73,799 ± 39,655 m3/h was obtained during the summer period in comparison with 1646 ± 604 m3/h in the winter. Correspondingly, ammonia level observed in summer (0.25 ± 0.10 mg/m3) was lower than that in winter (1.28 ± 0.74 mg/m3). Spatial variation of ammonia concentration was observed during the winter monitoring period. The mean ammonia emission factor was about 0.3221 ± 0.2921 g d−1 pig−1 in summer and 0.1039 ± 0.0550 g d−1 pig−1 in winter, ranging from 0.0094 to 1.9422 g d−1 pig−1 and 0.0046 to 0.2899 g d−1 pig−1, respectively. Significant correlation was found between ammonia emission and indoor temperature and relative humidity during the winter period. For the summer measurement, effects of ventilation rate and ammonia concentration on ammonia emission were significant. Prominent diurnal pattern existed for both ammonia concentration and emission, with higher emission rates during daytime. The results confirmed the existence of considerable uncertainty associated with the ammonia emission factor, acquired by snapshot measurements.
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1. Introduction


Ammonia (NH3) emissions have wider implications for the ecosystem and human health. When deposited from the atmosphere, NH3 can lead to eutrophication in water bodies and acidification of the soil due to the release of H+ during nitrification [1,2]. Moreover, NH3 plays an important role in atmospheric chemistry and contributes to the haze event in various regions of the world [3,4]. With relatively high emissions in China, NH3 can significantly promote nitrous acid (HONO) formation and enhance the atmospheric oxidizing capacity, causing severe secondary aerosol pollution [5]. Studies conducted in Europe and the United States also revealed that aerosol formed with NH3 contributes a high share to the total mass of PM2.5 and PM10 [6,7].



Various sources including vehicular exhausts, chemical industry, and biomass burning contribute to the NH3 inventory [8]. However, unlike other air pollutants, NH3 originates mostly from agricultural activities, including livestock farming and fertilizer application. As a large agricultural country, China produces a huge amount of NH3 emission. It has been reported that NH3 emissions in China exceeded the sum of those in the European Union and the United States [9]. Among them, livestock emission contributed solely about 43% of the national total NH3 budget [8]. Following the continuous population growth and rising incomes, livestock products are expected to increase further. However, control of NH3 emission is imperative in order to achieve the sustainable development of livestock farming. In fact, immense mitigation potential exists in the livestock sector. A recent study revealed that the relative NH3 mitigation potential in China is twice that in Europe. Among them, mitigation potential of livestock production is around 2.1–3.6 Tg N year−1, and the pig industry in China has the largest NH3 mitigation potential at 838–1408 Gg N [10].



In order to fulfill the NH3 mitigation potential and to provide source profiles for air quality modeling, accurate knowledge of NH3 emissions from livestock buildings is essential. Extensive studies have investigated NH3 concentrations, spatial distribution, emissions, and related influencing factors in livestock farms in China to provide a useful database for inventory compilation, air-quality modeling, and reduction strategy design [11,12,13,14,15,16,17]. Great variations on ammonia concentrations and emissions were found in these studies, illustrating the existence of large uncertainties in livestock ammonia emissions. In addition, significant seasonal and diurnal variations in ammonia concentrations and emissions in pig-fattening houses were found. Monitoring instruments with low temporal resolution (i.e., measurements integrated over a few hours to a day) are not able to capture the details of ammonia dynamic behavior [18]. In this sense, measuring concentrations continuously or in real time is advantageous. A broad range of techniques have been applied to measure NH3 concentration in real time, such as differential optical absorption spectroscopy, photoacoustic absorption spectroscopy, conversion of NH3 to NO with subsequent chemiluminescence detection, laser absorption spectroscopy, and cavity ring-down spectroscopy. For example, high frequency online measurements of ammonia concentrations were obtained in Madrid using cavity-enhanced laser absorption spectroscopy to identify the NH3 sources [19]. Recently, a highly sensitive and fast online method was developed for the simultaneous determination of gaseous NH3 and particulate NH4+ in ambient air. In this method, NH3 is sampled in a cylindrical wet diffusion denuder and analyzed online by a continuous flow system with a fluorescence detector [20].



Studies with highly time resolved concentration or emission monitoring are currently scant in China. Therefore, the continuous monitoring of ammonia concentrations was conducted in a pig farm in this study, and the hourly emission rates were estimated. Since previous work focused mainly on pig fattening facilities, this study aims to explore the ammonia concentration level and the emission characteristics within a pig barn for weaned piglets. It is expected that this work will provide some insights into the uncertainty associated with ammonia inventory estimation and will contribute to ammonia abatement strategy development.




2. Materials and Methods


2.1. The Pig Farm


The experiment was conducted in a commercial swine farm located in the Jiangxia district, which is one of 13 districts of Wuhan, the capital of Hubei province, China. The farm occupies an area of 8250 m2 and has an annual production capacity of about 8500 pigs. All the pig houses in this farm are oriented east–west. According to the negotiation with the farm owner, and in order not to interfere with the daily management, a nursery pig house with plastic slatted floor was selected for the investigation. The gap width of the slatted floor was around 12 mm. The floor was cleaned at least once at around 7:00. The house was approximately 36 m long and 6 m wide and was divided evenly into three compartments. In each compartment, there were 6 pens with open partitions on either side of a 2-m-wide central alley. Each pen had the capacity of 15 nursery pigs, giving an available floor area of about 0.27 m2 pig−1. The detailed layout of experimental housing is shown in Figure 1. The pigs were moved to the nursery house at the age of 3 weeks with an average body weight of about 7 kg, and the final weight was around 28 kg in average. The pigs were fed ad libitum through the feeding trough. The trough was filled twice a day. Crude protein, lysine, and crude fiber contents were 17–19%, 1.1–1.3%, and 3.5–4%, respectively.



The nursery pig house was naturally ventilated through windows and roof chimneys (unpowered roof draught fan). In winter, the windows were open for only 2 h around noon to induce air exchange and were fully closed for the remaining hours. In summer, on the other hand, windows were fully open.




2.2. Measurement Setup


A 24-h continuous monitoring of ammonia was performed daily from 13 to 21 January 2017 and from 24 July to 18 August 2018. Environmental parameters such as temperature and relative humidity were simultaneously measured. In addition, concentration of CO2 was determined during the 2018 campaign to estimate the ventilation rate. With the multiport sampling unit, gas samples were taken sequentially into an ammonia analyzer with Teflon tubes from 3 points inside the house and 1 point outside. Three inside sampling locations were near to the entrance, in the middle, and in the far end of the house, respectively (Figure 1). The sampling height was around 1.6 m measured from the floor. Each sampling at one location consisted of 8 consecutive measurements with a 100 s time interval. To reduce measurement uncertainties caused by possible delay effects, only the last five measurements were taken into account.



NH3 was measured using an economic ammonia analyzer (Model 907-0016, Los Gatos Research Inc., San Jose, CA, USA) which utilizes a unique laser absorption technology called off-axis integrated cavity output spectroscopy. The analyzer had a precision of 0.2 ppb at a 100 s average and a maximum drift of 0.2 ppb over 24 h. The response time of the analyzer was 10 s.



Small portable sensors (S500-EX, Huato Ltd., Shenzhen, China) were utilized to determine the temperature and relative humidity inside and outside the nursery pig house. The data were logged every 5 min. CO2 concentrations were measured and recorded by a real-time sensing device (S653, Huato Ltd., Shenzhen, China) every 10 min. All analyzers were calibrated by the manufacturer.




2.3. Calculation of Emission Rate


The emissions rates of NH3 in the nursery pig house were estimated by a mass balance according to:


  E F = V ×    C i  −  C o   n   



(1)




where EF is the emission rate expressed on a per pig base, mg h−1 pig−1; Ci is the average concentration of ammonia measured at three inside sampling positions, mg m−3; Co is the concentration outside the pig house, mg m−3; n is the number of pigs in the nursery house; and V is the ventilation rate, m3 h−1.



Prior to calculate the NH3 emission rate, ventilation rate must be firstly determined. CIGR (International Commission of Agricultural Engineering) proposed three balance equations, namely heat balance, moisture balance, and the CO2 balance method, to estimate the ventilation flow of a naturally ventilated livestock house. According to the comparable study by Pedersen et al. [21], the carbon dioxide method is recommended for uninsulated buildings due to the difficulties in estimating the heat transmission loss from the building, and either method is applicable for insulated buildings under conditions of relatively large differences between indoor and outdoor temperatures, absolute humidity and carbon dioxide concentration. In this study, ventilation rates were obtained by using heat balance equations in the winter campaign, and the CO2 balance method was employed for the summer measurements. The detailed description of methods can be accessed elsewhere [22,23].




2.4. Data Analysis


Differences among ammonia concentrations measured at different indoor positions were evaluated with Tukey’s multiple comparison test. Pearson correlation analysis was performed to explore the association between ammonia emission and environmental parameters in the pig house. In addition, a multiple linear regression model was used to quantitatively describe the relationships between NH3 emission and the influencing factors. All these analyses were achieved with R, an open-source statistical programming language.





3. Results and Discussion


3.1. Environmental Parameters


Due to the completely closed windows during the monitoring period in winter, significant differences existed between the indoor and outdoor temperature, which were 19.9 ± 1.5 °C and 5.6 ± 2.9 °C, on average. On the other hand, the indoor relative humidity of 69.7 ± 6.0% was comparable to the outdoor level of 62.6 ± 16.0%. In the summer campaign, the average outside temperature of 30.0 ± 3.9 °C was quite close to the inside temperature of 30.3 ± 2.9 °C. This was rational since the fully opened windows facilitated the exchange of indoor and outdoor air. Very similar average relative humidities of 75.6 ± 11.1% and 75.4 ± 14.3% were recorded for the indoor and outdoor environment, respectively.



Temporal variations in both temperature and humidity were obvious. Outdoor temperature and humidity fluctuated significantly during both winter and summer periods. Due to the adequate ventilation, similar variation trends as for outdoors were observed for indoor temperature and humidity during the summer campaign (Figure 2b). By contrast, environmental parameters inside the nursery house showed only marginal variation in winter, being less influenced by the outdoor air (Figure 2a).




3.2. Ventilation Rates


Ventilation rate is one of the key variables in the animal buildings and is closely related to the indoor temperature, internal air flow, aerial pollutant emission and concentration. Insufficient ventilation hinders the dispersion of air pollutants and leads to high indoor pollution levels, which poses health threats to animals and workers. On the other hand, enhanced internal air flow due to the high ventilation favors the ammonia volatilization from manure. The daily average ventilation rates estimated using CIGR balance methods are shown in Figure 3. As expected, much better ventilation was observed in the summer period than in winter. On average, ventilation rate was 73,799 ± 39,655 m3/h in summer and 1646 ± 604 m3/h in winter. Both the seasonal trend and the magnitude of the ventilation flow were consistent with those reported by Xu et al. [14] for a naturally ventilated pig house in China, also using the CIGR method.



Hourly mean ventilation rates over the two monitoring periods were calculated and are plotted in Figure 4. It can be seen that the ventilation rates were generally higher during daytime as compared to the nighttime. According to the pig farm management in winter, windows were open for about 2 h around noon, which corresponded to the occurring time of high-level ventilation rates in Figure 4. This probably explained the apparent diurnal pattern of ventilation flow in winter. Although there was no difference in window openings between day and night in summer, variations in ambient environment condition such as wind speed and wind direction could lead to a fluctuation in ventilation between day and night.




3.3. Ammonia Concentration


Overall average ammonia concentrations were 1.28 ± 0.74 mg m−3 and 0.25 ± 0.10 mg m−3 for the winter and summer monitoring period, respectively. According to Environmental Parameters and Environmental Managements for Intensive Pig Farms in China (GB/T 17824.3-2008), the NH3 concentration in commercial pig farms should not exceed 25 mg m−3. The results of this study, although only measured continuously for a limited number of days during the two periods, indicated that the average NH3 concentration in the nursery pig house was far below the thresholds of the Chinese standard.



Table 1 summarizes the NH3 concentrations at different monitoring points. Due to the excellent air exchange with outdoor air in summer, indoor NH3 concentrations were remarkably lower than those measured during the winter period. In addition, ammonia concentrations at three indoor sampling positions were close to each other in summer. Tukey’s multiple comparison test gave the p value of 0.368 and 0.058 for the comparison of forepart and middle with the back monitoring positions, suggesting there were no statistically significant differences. This is because substantial air movement in summer favored the mix and dispersion of ammonia. Thus, concentrations measured at a limited number of positions were possible to represent the overall pollution level inside the livestock buildings. On the other hand, significant variations in ammonia concentrations were found among the three measuring positions during the winter period (p < 0.05). This was not surprising since less air flow existed within the nursery house. The highest concentration appeared at the position furthest from the entrance door, where the air movement was the smallest. Ammonia level was the lowest at the middle sampling position near to the windows. Although the windows were closed for most of the time, more air movements were possible at this position due to the window opening around noon and the window leakage. This might be the reason for the observed low ammonia level.



Figure 5 and Figure 6 show the time series of ammonia concentrations measured continuously during winter and summer, respectively. Pronounced oscillation in indoor ammonia concentrations can be seen in Figure 5, and the fluctuation patterns in the three indoor measuring positions were consistent (Figure 5a–c). By contrast, the outdoor concentration curve was relatively flat. As for the summer campaign, concentration variations with time were less notable. Because the windows were fully open in summer, the outdoor concentration exhibited a similar pattern to the indoor concentrations. Both Figure 5 and Figure 6 suggest that the variations in ammonia concentration happened probably more within a day than between days. Therefore, Figure 7 was prepared to illustrate the hourly average concentrations for all measurement days in winter and summer. It can be seen that the diurnal pattern was more obvious in summer than in winter. In summer, a clear peak appeared around 7:00 (Figure 7b). After that, ammonia concentration dropped significantly, probably due to the routine removal of manure under the slatted floor with flushing water. The lowest concentration was observed at around 18:00. After that, ammonia concentrations increased again. At night from 20:00 to 6:00, the fluctuation of ammonia concentration was relatively small. This trend was quite similar to those observed in another pig farm by Xu et al. [14] in August, though their measurement was not continuous. From Figure 7a, a small increase in ammonia concentration until noon can be identified in winter, corresponding possibly to the increase in temperature.




3.4. Ammonia Emission


Based on the ventilation rates and ammonia concentrations within and outside the pig house, hourly resolved ammonia emission factors were obtained for the two monitoring periods. Overall, the average emission rates of ammonia were 0.3221 ± 0.2921 pig−1 and 0.1039 ± 0.0550 g d−1 pig−1 for the summer and winter periods, respectively. The mean emission rate observed during summer period was almost three times that of the winter period, which was in contrast to the seasonal trend of ammonia concentration. This is not surprising since the NH3 volatilization from the urine and feces was more notable at high temperatures in summer. High temperature favors the urea hydrolysis and increases the enzyme activity for the manure decomposition. On the other hand, the higher air flow efficiently diluted and transported the ammonia to the outdoor air, which led to lower concentrations than those in winter.



Although the seasonal trend in emission was consistent with those observed in other pig production buildings in China [11,14,24], the magnitude of emission rate from this study was relatively smaller. Other studies were carried out in fattening pig houses. However, this study took place in a nursery house and the smaller amount of excretion from the nursery pigs of light weight can partially explain the differences in ammonia emission rates. Furthermore, the routine flushing of the manure under the slatted floor kept the NH3 emissions at lower level. Research on the emission rate from nursery pigs is relatively scarce. Cabaraux et al. [25] evaluated the emission rate from the weaned pigs of body weight ranging from 7 kg to 23 kg with different floor systems. The observed mean NH3 emission rate of 0.40 g d−1 pig−1 for a fully slatted floor is in good agreement with our result of 0.3221 g d−1 pig−1.



To promote the development of an ammonia emission inventory, China issued technical guidelines for an ammonia emission inventory in 2014. Based on the guidelines, ammonia emission factors were estimated and compared with those derived from the current study in Table 2. Temperature and age of pigs were also included in the table. The emission factors obtained from this study in winter varied from 0.0046 to 0.2899 g d−1 pig−1 with an average of 0.1039 ± 0.0550 g d−1 pig−1. In summer, values ranging from 0.0094 to 1.9422 g d−1 pig−1 were observed, resulting in an average of 0.3221 ± 0.2921 g d−1 pig−1. Apparently, emission rates derived from this study were much lower than those from the Chinese guideline. The estimates from the guideline are based on the general environmental factors and production practices popular in China. Lower emission factors obtained in the present study could be related to different environmental factors and production practices, including temperature, air flow, age of pigs, feeding strategy, and manure management, etc. Therefore, to reduce the uncertainty in emission inventory, it is better to use farm-specific emission rates whenever possible. Field measurements of emission such as this study can provide valuable information for assessing uncertainty when default values given in the guideline are used.



Hourly averaged ammonia emission rates were given in Figure 8. It was shown that the emission rates varied significantly within one day. From both measurements in winter and summer, higher emissions during daytime were observed. In summer, the peak value occurred around 9:00 and the troughs appeared at around 2:00. In winter, the highest emission was observed at 13:00 and the lowest at around 22:00. The diurnal pattern of being high in daytime and low at night has also been discussed by Ulens et al. [26] when evaluating the sampling strategy for the estimation of ammonia emission factors in pig-fattening facilities. It is imperative to take into consideration the existence of these large hour-to-hour differences in ammonia emission when designing a sampling protocol. Higher temperature, increased urination behavior of the pigs, and higher air movements over the floor during daytime were possible reasons for the diurnal variations.




3.5. Relation of Environmental Parameters with Ammonia Emission


The statistical correlations between environmental parameters and NH3 emissions are given in Table 3. Because the exchange with outdoor air was quite limited during the winter measurement period (Figure 3), the relationship of ventilation rate with NH3 emission was only significant at the 0.05 level. On the other hand, the indoor temperature and relative humidity showed statistically significant effects on ammonia emission rates (p < 0.01). This is consistent with the result of Bluteau et al. [27] in dairy cattle buildings. High relative humidity usually hinders the air pollutants dispersion [28]. Consequently, negative correlation coefficients between NH3 emission and humidity were obtained in both the winter and summer periods. With the fully opened windows in summer, more influence of ventilation and ammonia concentration on NH3 emissions were suggested (Table 3) than of indoor temperature and humidity. Both ventilation rate (r = 0.80, p < 0.01) and ammonia concentration (r = 0.58, p < 0.01) were positively related to NH3 emissions. A strong correlation between NH3 emission and body weight was observed for the summer period (r = 0.67, p < 0.01), but not for the winter period, which might be explained by the wide range of body weights resulting from relatively longer monitoring durations in summer. Vranken et al. [28] also demonstrated that ventilation rate and body weight of the fattening pigs had a strong correlation with ammonia emission.



The quantitative relationship between ammonia emissions and environmental variables can be established to understand the effects of these variables [13,29,30,31]. Based on the hourly averaged emission rates and the corresponding environmental variables, multiple linear regression models Equations (2) and (3) were proposed to describe their relationships in winter and summer, respectively. In the analysis, 80% of datasets were randomly selected for model development and the remaining 20% were used for model evaluation.


  E F = − 0.2393 + 0.1018  C i  + 0.0297 V + 0.0143 W + 0.0067 T − 0.0016 H ,    R 2  = 0.76    



(2)






  E F = 0.7475 + 1.0226  C i  + 0.0177 V + 0.0185 W − 0.0236 T − 0.0076 H ,    R 2  = 0.80    



(3)




where EF is the emission rate, g h−1 pig−1; Ci is the average indoor ammonia concentration, mg m−3; V is the ventilation rate, m3 h−1; W represents the body weight, kg; T and H stand for indoor temperature, °C, and relative humidity, %.



The coefficient and the significance of each variable are given in Table 4. Except for the ventilation rate in winter (p > 0.05), all other variables were shown to have a statistically significant influence on ammonia emission. During the winter measurement, the ventilation rates were low and spanned a relatively narrow range. Thus, its impact was not strong.



In order to evaluate the performance of Equations (2) and (3), scatter plots of predicted values versus respective observed values are illustrated in Figure 9. It can be seen that the predicted NH3 emission rates were in good agreement with measured counterparts for both winter and summer measurements. Nevertheless, the resulting equations are specific for the current nursery pig houses because ammonia emission depends upon a great variety of variables, such as: building design, floor system, manure management, ventilation rate, body weight, indoor temperature, relative humidity, airflow pattern, and many others. In fact, different variables were involved in equations proposed from various studies [13,29,31], highlighting the different effects of individual variables for specific livestock facilities.





4. Conclusions


Ammonia concentrations within the pig nursery house were continuously monitored during the two periods in winter and summer and the ammonia emission factors were subsequently calculated. Ammonia concentration was higher in winter (1.28 ± 0.74 mg/m3) than in summer (0.25 ± 0.10 mg/m3). On the other hand, a higher mean emission rate of 0.3221 g d−1 pig−1 was obtained during the summer measuring period than during winter (0.1039 g d−1 pig−1). Through multiple regression analysis, the ammonia emission rates could be related to the indoor temperature, humidity, ventilation rates, and body weights. Spatial variation of ammonia concentration existed when the air flow within the house was weak in winter, suggesting multi-point monitoring is necessary to obtain the representative concentration. Higher emission rates during daytime in both the winter and summer measuring periods were found, with different peaking times in summer and in winter. The results indicate that the snapshot measurements of ammonia over a few minutes or hours might lead to considerable biases in quantifying ammonia emission.
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Figure 1. Structure of pig house and distribution of monitoring points. 
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Figure 2. Temporal variation of air temperature and relative humidity inside and outside the nursery house. (a) Winter; (b) Summer. 
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Figure 3. Daily variation of ventilation rates in pig house. (a) Summer; (b) Winter. 
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Figure 4. Diurnal variation of ventilation rate in pig house. 
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Figure 5. Variation of ammonia concentration in the pig house in winter. (a) Forepart; (b) Middle; (c) Back; (d) Outdoor. 
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Figure 6. Variation of ammonia concentration in the pig house in summer. (a) Forepart; (b) Middle; (c) Back; (d) Outdoor. 
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Figure 7. Box plot of hourly average concentrations of NH3 inside the pig house. (a) Winter; (b) Summer. 
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Figure 8. Diurnal variation of NH3 emission inside the pig house. (a) Winter; (b) Summer. 
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Figure 9. Predicted by multiple linear equation versus the measured NH3 emission rates. (a) Winter; (b) Summer. 
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Table 1. Ammonia concentration at different monitoring positions (mg/m3).
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Monitoring Period

	
Sampling Position

	
Mean

	
Standard Deviation






	
Winter

	
Forepart

	
1.1632

	
0.3830




	
Middle

	
0.6956

	
0.2912




	
Back

	
1.9844

	
0.7568




	
Outdoor

	
0.6292

	
0.4332




	
Summer

	
Forepart

	
0.2397

	
0.0873




	
Middle

	
0.2622

	
0.1115




	
Back

	
0.2485

	
0.0941




	
Outdoor

	
0.1575

	
0.0656
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Table 2. Emission factors from this study and guideline for inventory.
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Temperature (°C)

	
Age of Pigs (d)

	
Emission Rate (g d−1 pig−1)






	
Estimated from guideline

	
<10

	
<75

	
0.5248




	
>20

	
<75

	
1.1986




	
This study

	
−2.3~10.5

	
40~49

	
0.0046~0.2899




	
24.6~37.7

	
25~50

	
0.0094~1.9422
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Table 3. Correlations between ammonia emission and environmental parameters.
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NH3 Emission Rate




	
Winter

	
Summer






	
Tin

	
0.28 **

	
0.15




	
RH

	
−0.34 **

	
−0.13




	
Ventilation rate

	
0.19 *

	
0.80 **




	
Body weight

	
0.1

	
0.67 **




	
NH3 concentration

	
0.77*

	
0.58 **








Notes: ** means correlation is significant at the 0.01 level (2-tailed) and * means correlation is significant at the 0.05 level (2-tailed).
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Table 4. Statistics of multiple regression analysis for ammonia emission.
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Variables

	
Winter

	
Summer




	
Coefficient

	
SD

	
p Value

	
Coefficient

	
SD

	
p Value






	
Intercept

	
−0.2393

	
0.0705

	
0.00093

	
0.7475

	
0.3667

	
0.04220




	
NH3 concentration

	
0.1018

	
0.0072

	
<2 × 10−16

	
1.0226

	
0.1543

	
1.2 × 10−10




	
Ventilation rate

	
0.0297

	
0.0173

	
0.08795

	
0.0177

	
0.0008

	
<2 × 10−16




	
Body weight

	
0.0143

	
0.0023

	
1.42 × 10−8

	
0.0185

	
0.0030

	
2.6 × 10−9




	
Temperature

	
0.0067

	
0.0026

	
0.00974

	
−0.0236

	
0.0071

	
0.00103




	
Relative humidity

	
−0.0016

	
0.0005

	
0.00148

	
−0.0076

	
0.0020

	
0.00011

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
Ammonia Concentration (mg/m®)

2 (a) Forepart
0
14 15 16 mn7 18 119 120 121 122
3 (b) Middle
2
0 MMW
14 115 V16 1”17 118 119 120 121 122
4 ©Back
2
0
114 1ns 16 nm7 18 119 120 121 22
4 (@) Outdoor
2
: A I Mt n
14 15 116 nmn7 118 119 120 121 122

Date





media/file13.png
2.5 A

- — (W]
o in o
1 1 1

. 3
NH, Concentration (mg/m’)

=
n
1

0.0

NH, Concentration (mg/m")

T T T T T T T T T T T T T T
: 00 5: 00 8: 00 11:00 14:00 17:00 20:00 23:00

Time

(a)

T L T e
: 00 5: 00 8: 00 11:00 14:00 17:00 20:00 23:00

Time

(b)





media/file12.jpg
NH, Concentration (mg/m’)

e

08 Too 1400 1700

2T T






media/file18.jpg
- =

DS 3 = 0.9711x + 00225
e ¥=0.8011x+0.0297 s ¥

T s £

is 8

H 2

iz :

is H

i° H

i, i,

PRI R .

Messurd NH, emison e 5 & pis ) Measured NH, emission rte (2 1 pig )

(@) (b)





media/file9.png
Ammonia Concentration (mgz’m"’)

4 _ (a) Forepart

2

“ | | | | | | | 1
1/14 1/15 1/16 1/17 1/18 1/19 1/20 1/21 1/22
4 - (b) Middle

R WMWWMWWM

0 ' | ' ! ' | ' ! ' | ' | ' 1 ' |
1/14 1/15 1/16 1/17 1/18 1/19 1/20 1/21 1/22
4 - (c) Back

2 — |

“ | 1 | ! | | ! 1
1/14 1/15 1/16 1/17 1/18 1/19 1/20 1/21 1/22
4 - (d) Outdoor

2

0 ww .
1/14 1/15 1/16 1/17 1/18 1/19 1/20 1/21 1/22

Date





media/file14.jpg





media/file5.png
140,000 -+

/h)

>~ 120,000 -

3

100,000 -~

>

e

(=]
1

60,000 -

Ventilation Rate (m
*L
=

40,000 -

L L] Ll L l T L) L]
7/22 7127

LI LA
8/1

rrJ] rTrreoroo T
8/6 811

Date

(a)

T rrr
8/16

1 7 7
8/21

Tl rrri
8/26

Ventilation Rate (m*/h)

3000 -

]

th

=]

=]
1

2000 -

1500

1000

500

1/14

1/15

1/16 117 1/18 1/19 1/20 1/21

Date

(b)

1/22





media/file19.png
Predicted NH; emission rate (g d ! pig 1)

0.5
1.5

0.4

y=0.9711x + 0.0225

- = +
y =0.8011x + 0.0297 2=().8339

*=0.7725

Predicted NH; emission rate (g d ! pig !)

—

J | ' T T T T

0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.5 1.0 15

. o
Measured NH; emission rate (¢ d™* pig =) Measured NH; emission rate (g d~! pig !)

(a) (b)





media/file15.jpg
30
525
£20
&
515
M
&

05

00

| sl

2






media/file2.jpg
Temp.(°C) / RH(%)

in

—— Indoor Temp.

ws
Date

(@)

o,

|/z|

Teamp.6C)/ RI%)






nav.xhtml


  atmosphere-13-00442


  
    		
      atmosphere-13-00442
    


  




  





media/file11.png
Ammonia Concentration (mg;’m’)

0.9 -
0.6
0.3

(a) Forepart

0.0 4
7/24

0.9 1
0.6 -
0.3
0.0 -

—
727 7/30

(b) Middle

L L
8/11 8/14 817

7/24
0.9 -
0.6 -
0.3 -
0.0 4

7/27 7/30

(¢) Back

8/5 8/8 8/11 8/14  8/17

724 7/27 7/30

0.9
0.6 -
0.3 -

(d) Outdoor

8/2

8/11 8/14 8/17

0.0 4

7/24

727

7/30 8/2

8/5 8/8 §8/11 8/14 8/17

Date





media/file6.jpg
—=— Summer
150,000 —e— Winter

_ 120000
90,000
60,000
30,000

3000

Ventilation Rate (m’/h

2000

1000

15:00 18:00 2 24:00

06:00 09:00 1






media/file1.png
36,400

12,000 I 12,000 {} 12,000
Forepart Middle Back
— _ AN — —
N INNEN NN 1
3] &
o a
g - _SOA Alley Alley J _Yo Alley % é
i A s B A i |
/L L 1 s

: m A
Ammonia analyzer

F——— Window

&—— Qutdoor

B CO, sensor @ NH; sensor A Temperature and relative humidity sensor





media/file16.png
S ST
!
Tt
s |
S
!
o |
i
|
¥ S
m— e W
S -
oy
e
e |
L
!
i
o H
T
g
1.
_ I _._.

P| Sid ,_p 3) s10)de ] uorsstuy

17:00 20:00 23:00

14:00

00 00

00

11:00
Time

(a)

8:





media/file10.jpg
Ammonia Concentration (mg/m®)

09
0.6
03
0.0

() Forepart

4
09
06
03
00

121 130
(b) Middle

85 811 814 817

724
09
06
03
00

1
(¢) Back

730 82 85 s 814 817

24
09
06
03
0.0

17 730 85 88 8M1 814 817

(d) Outdoor

724

721 730 8/5

Date

811 814 817





media/file7.png
Ventilation Rate (m3/h)

—s=— Summer
150,000 A —e— Winter

120,000 -
90,000 -
60,000 -

30,000 -

-"'
-

3000 -
2000 -

1000

0 | L AL L R R I LA R LI R RN R B L R R |
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 24:00
Time





media/file3.png
Temp.(°C) / RH(%)

—o—Indoor Temp. —+— Indoor RH
—>— Qutdoor Temp. —— Outdoor RH

1/13

1/17 1/19 1/21

Date

(a)

1/18

Temp.(°C) / RH(%)

\o
=]
1

=)
=]
1

w
<
1

—>—Indoor Temp. ——Indoor RH
—— QOutdoor Temp. —— Outdoor RH

F
e
.,
-
- - o .
.
[y

I ]
i : E * . 0 ’ ' H
| y 1 % ' :

7/23

8 8»2 8/7 8/12
Date

(b)

8/17





media/file17.png
Emission Factors (g d”! pig 1)

— —_ () (] (] )
<o N [ N o N
P I RN RN R R

o
in
1

=
o

! -1 r 1 . 1 - 1T 1
2. 00 5: 00 8: 00 11:00 14:00 17:00 20:00 23:00
Time

(b)





media/file4.jpg





media/file0.jpg
36400,

om iom om
o e Back
: | £
E =] wea Al N Ay iy | £8
T I ] M H
‘Ammonia analyzer - 2 Qo

=== Window  MCO,snsor @ NHysensor A Temperature and relative humidity sensor





