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Industry Summary: 

In order to ensure compliance with the current and future air quality regulatory requirements, and to co-exist with 

increasing numbers of neighbors, practical and cost effective air mitigation options should be available to producers. 

Vegetative environmental buffers (VEBs) are a potential cost-effective strategy for reducing multiple air pollutants from 

farms. The VEBs can function as a living bio-filter as well as a windbreak. However, effectiveness of VEBs in reducing 

air pollutants is highly variable and usually depends on site specific design. Lack of information on performance and 

technical guidelines are barriers to adoption of VEBs. In this study, the effectiveness of VEBs in reducing multiple air 

pollutants from a swine facility was tested. Red Cedars were planted to form a line of VEB which is 120-150 feet away 

from the ventilation fans of the swine barn. Gas concentrations at various downwind distances from the swine facility 

were monitored with and without the VEBs to determine the effectiveness of VEBs in reducing air pollutants. The 

following three designs of the VEBs were tested to investigate the effects of height and depth of the VEBs on the results: 

one row of trees at 8 feet height, one row of trees at 12 feet height, and paralleled three rows of trees at 8 feet height. The 

results showed that the VEBs were effective in reducing downwind concentrations of hydrogen sulfide (H2S), ammonia 

(NH3), nitrous oxide (N2O), and methane (CH4). And the 3-row-8' VEB was most effective as comparing with the other 

two designs. When wind speeds were lower than 1.5m/s, the 3-row-8' VEB was able to reduce downwind concentrations 

by up to 60%, 33%, 26%, and 51%, for H2S, NH3, N2O, and CH4, respectively. No reduction on volatile organic 

compounds (VOCs) and odor was observed. As expected, how much air pollutants can be reduced depends on the 

thickness of the VEBs, while the downwind distance from the VEBs within which the reduction is effective depends on 

the height of the VEBs (the barrier height). For H2S, the reduction was no longer effective when the downwind distance 

was beyond 160 feet or 20 times the barrier height from the 3-row-8' VEB. Moreover, the reduction effectiveness for H2S 

was sensitive to wind speed. As wind speed increased, the reduction effectiveness decreased. When wind speeds were 

larger than 3.5 m/s, higher downwind H2S concentrations were observed with VEBs (especially, for the single-row VEBs) 

as compared with the control scenario (no VEB), which could be due to unwanted turbulence or downwash effect caused 

by the VEBs at high wind speeds. The effect of VEBs on downwind PM10 concentrations was more complex than 

expected. On the one hand, 23% PM10 reduction across the 3-row-8' VEB was observed; on the other hand, higher 

downwind PM10 concentrations were observed with VEBs as compared with the control scenario (no VEB), which could 

be due to reduced air movement associated with the VEBs. Further investigation is needed to confirm this observation. It 

is anticipated that further increasing the thickness of the VEBs could result in further reduced downwind PM10 

concentrations, and thus could ensure the reduction of downwind PM10 concentrations as compared with the control 
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scenario (no VEB). In summary, (1) Adequate thickness of the VEBs is very important in order to secure the expected 

effectiveness of VEBs in reducing air pollutants; and multi-row VEBs are recommended. (2) The downwind distance 

from the VEBs within which the reduction is effective could be estimated by multiplying the height of VEBs by 20; and 

reversely, the required height of the VEBs could be estimated when there is a sensitive location downwind of the VEBs 

needs to be protected. (3) At high wind speed, a single row VEB could result in higher downwind concentrations due to 

turbulence and downwash effect induced by the VEB. A multi-row design is desired to increase the effectiveness of 

filtering mechanism and thus overcome this effect. (4) More sophisticated investigation is needed to quantify the effect of 

VEBs in reducing VOCs and odor. 

Contact information: Zifei Liu, 785-532-3587, zifeiliu@ksu.edu 

Keywords:   
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Scientific Abstract:   

The vegetative environmental buffers (VEBs) has been proposed as a potentially cost effective strategy for reducing 

multiple air pollutants from livestock facilities. However, effectiveness of VEBs is highly variable and usually depends on 

site specific design. Lack of information on performance and technical guidelines are barriers to adoption of VEBs. The 

objective of this study was to investigate the effectiveness of VEBs under various design parameters (such as height and 

depth of VEBs) for mitigating emissions of multiple air pollutants including NH3, H2S, N2O, CH4, VOC, odor and PM10, 

from a research swine barn in northeast Kansas. The long term goal of the study is to establish the overall performance, 

identify the key design parameters and contribute to the development of guidelines of VEBs for its application in 

mitigating air emissions from swine production facilities. Four scenarios of VEBs of Red Cedars were established: no 

VEB as the background, one row of trees at 8 feet height, one row of trees at 12 feet height, and paralleled three rows of 

trees at 8 feet height.  The line of the VEBs was 150 feet long and was 120-150 feet away from the ventilation fans of the 

swine barn. Six air sampling locations were set up, at 10 feet, 110 feet, 160 feet, 210 feet, 260 feet, and 310 feet away 

from the ventilation fans of the swine facility respectively. Gas concentrations were measured continuously using an 

INNOVA1412 photoacoustic multi-gas analyzer and a pulsed fluorescence H2S analyzer in a sequential manner from 

sampling points 1 to 6 through a multi-point auto sampling system. For each VEB scenario, at least 10 days of continuous 

measurements were taken. The PM10 concentrations were measured continuously at sampling points 2, 3 and 6 using 

tapered element oscillating microbalances (TEOM). VOC concentrations were measured using a handheld VOC meter 

and odors were measured using a nasal ranger at all of the 6 sampling locations. The gas concentration data points at the 6 

sampling locations were screened first by precipitation and then by wind direction using hourly local weather data. The 

data points were included in data analysis only when the sampling locations were at downwind and under influence of the 

swine facilities. The concentrations at various downwind distances were analyzed to demonstrate the patterns of transport 

and diffusion of air pollutants from the swine barns and the effect of the VEBs. The results showed that the VEBs were 

effective in reducing downwind concentrations of H2S, NH3, N2O, and CH4. And the 3-row-8' VEB was most effective as 

comparing with the other two designs. When wind speeds were lower than 1.5m/s, the 3-row-8' VEB was able to reduce 

downwind concentrations by up to 60%, 33%, 26%, and 51%, for H2S, NH3, N2O, and CH4, respectively. No reduction on 

VOCs and odor was observed possibly due to the limitation of the measuring instrumentations and approaches. As 

expected, how much air pollutants can be reduced depends on the thickness of the VEBs, while the downwind distance 

from the VEBs within which the reduction is effective depends on the height of the VEBs (the barrier height). For H2S, 

the reduction was no longer effective when the downwind distance was beyond 160 feet or 20 times the barrier height 

from the 3-row-8' VEB. Moreover, the reduction effectiveness for H2S was sensitive to wind speed. As wind speed 

increased, the reduction effectiveness decreased. When wind speeds were larger than 3.5 m/s, higher downwind H2S 

concentrations were observed with VEBs (especially, for the single-row VEBs) as compared with the control scenario (no 

VEB), which could be due to unwanted turbulence or downwash effect caused by the VEBs at high wind speeds. The 

mailto:zifeiliu@ksu.edu
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effect of VEBs on downwind PM10 concentrations was more complex than expected. On the one hand, 23% PM10 

reduction across the 3-row-8' VEB was observed; on the other hand, higher downwind PM10 concentrations were observed 

with VEBs as compared with the control scenario (no VEB), which could be due to reduced air movement associated with 

the VEBs. Further investigation is needed to confirm this observation. It is anticipated that further increasing the thickness 

of the VEBs could result in further reduced downwind PM10 concentrations, and thus could secure the reduction of 

downwind PM10 concentrations as compared with the control scenario (no VEB).  

Introduction: 

In order to ensure compliance with the current and future air quality regulatory requirements, and to co-exist with 

increasing number of neighbors, practical and cost effective air mitigation options should be available to producers. Most 

of currently available air mitigation technologies for swine producers are not economically attractive or have various 

limitations and need further refinement. Vegetative environmental buffers (VEBs) are potential cost-effective strategy for 

reducing multiple air pollutants from farms. However, effectiveness of VEBs is highly variable and usually depends on 

site specific design. Lack of information on performance and technical guidelines are barriers to adoption of VEBs. The 

long term goal of the study is to establish the overall performance, identify the key design parameters and contribute to the 

development of guidelines of VEBs for its application in mitigating air emissions from swine production facilities. 

The VEBs can function as a living bio-filter as well as a windbreak. As a living bio-filter, the VEBs can reduce air 

pollutants through (1) interception and retention of dust; and (2) adsorption, absorption and break down of odor 

components. As a windbreak, the VEBs can reduce air pollutants at ground level through (1) enhancing vertical air mixing 

and dilution; (2) enhancing deposition of dust by slowing air movement. The waxy leaf surface area (cuticle) has an 

affinity for N-based chemicals (Walter, 2010), which enable VEBs to adsorb ammonia. Most of dust particles occur in a 

size range that can be captured by trees. Since odor is often carried on dust particles, odor is reduced when dust is reduced 

by VEBs. 

Other advantages of VEBs include: visual screen (aesthetics value); improved neighbor-relations (highly visible); 

increased effectiveness over time; potential energy benefits (buffer for extreme temperature fluctuations); snow drift 

control; soil carbon sequestration; potential soil erosion control; can be planned and utilized by most farms. Published 

research on the effectiveness of VEBs for mitigating air pollutants from livestock facilities are summarized in Table 1. 
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Table 1. Effectiveness of VEBs for mitigating air pollutants from livestock facilities 

Authors Farm, location VEBs Effectiveness 

Hernandez et 

al., 2012 
Swine, Iowa 

Single row of Austree willow, 52-

100m from house, 9m tall 

40-60% reduction in odor compounds; 40% 

reduction in dust across the VEB 

Parker et al., 

2012 
Swine, Missouri 

Five rows, 9-12m from fans,  2.4-

3.6m tall 
66.3% reduction in odor at 15m; no reduction at 

150m & 300m downwind 

Burley et al., 

2011 

Laying hen, 

Pennsylvania 

Four rows, 17.7m from fans,  1.5-

2.1m tall, 12.8m in depth, 11m in 

width 

No effect on dust 

Nicolai et al., 

2010 

Swine, South 

Dakota 
One to three rows 

Most effective reduction occurs just 

beyond VEB; little effect after 500m 

Patterson et 

al., 2009 
Laying hen, 

Pennsylvania 

Four and five rows, 11.4-17.7m from 

fans 

34% reduction in odor with a 4‐row VEB; 46-54% 

reduction in odor with a 5‐row VEB 

Adrizal et al., 

2008 

Poultry, 

Pennsylvania 
Three to twelve rows, 11.4-17.7m 

from fans 

Greater foliar N concentration near the fans 

suggests entrapment of airborne NH3
 

by the plants 

Malone, et 

al., 2004 and 

2008 

Poultry, Delaware 
Three rows, 9m from fans, 4.8m tall, 

6.7m in depth 

56%, 54%, 26% reduction across VEB 

in dust, NH3 and odor, respectively; 19% reduction 

in aerosol bacteria 

Tyndall, 2008 Swine, Iowa - 
6-15% reduction in odor, up to 50% reduction in 

NH3 and dust 

Lin et al., 

2006 

Odor generator, 

Canada 
Single row, 15-60m from odor 

generator, 7.6-18.3m tall 

Reduction in odor: 68% at 117m downwind; 3% at 

520m downwind 

Nicolai et al., 

2004 

Swine, South 

Dakota 

The mature VEB: 8 rows, 1.8m from 

manure storage, 9m tall, 42m in 

depth; the immature VEB: 2 rows 

85% reduction in H2S for the mature VEB; 

reduction in H2S was significant only at V<5mph 

for the immature VEB 

Laird, 1997 
Wind tunnel 

modeling, Iowa 
Three rows  56% reduction in dust 

 

Costs for VEBs include upfront costs (site preparation, tree stock & establishment, 40-70% of total costs) and 

maintenance costs (Tyndall, 2008). Saucer, et al. (2008) reported costs for site preparation was $53.85 per acre, and costs 

for tree stock was from $0.75 (15'' Austree willow) to $18 (2-3' Eastern red cedar) per tree. Cost per head of swine is 

estimated to be around 20 cents by IOWA demonstration cooperators. 

The general suggestions for establishing a VEB include: 

 Greater species diversity and a combination of plant growth rates are recommended to make a robust and mature 

VEB system (Tyndall, 2008; NRCS, 2007).  

 Row spacing of 16 to 20 ft is recommended by NRCS. 

 Appropriate site preparation is critical to the long term health of tree plantings and will contribute toward lower 

tree mortality and faster tree growth. Many VEBs fail (e.g. high tree mortality) because of inadequate site 

preparation (Tyndall, 2008). 

 Design of VEBs should consider air circulation near and through animal houses. Minimum distances of 75 and 

100 ft away from house are recommended for mechanical and natural ventilation, respectively (May, 2008). 

Some studies indicate effective reduction occurs just beyond the VEB (Parker et al., 2012; Nicolai et al., 2010; Lin et al., 

2006). Wind tunnel simulation on barriers at roadside showed that percentage reduction decreases with downwind 

distance, and they are generally below 50% beyond 15 times the barrier height (Heist, 2009).  

However, actual data on how VEBs will affect the transport of various air pollutants from swine facilities is not available. 

It is not well known how VEBs will affect odor footprint and reduce the needed separation distance from neighbors. More 
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research experiments are needed to determine the key design and management parameters (such as, height, depth, 

porosity, tree species, etc.) for maximum performance of VEBs with limited costs. 

Objectives: 

The main objective is to determine the effectiveness of a vegetative environmental buffer (VEB) to mitigate multiple air 

emission constituents, including NH3, H2S, VOC, N2O, CH4, odor and dust, from a swine production facility. The specific 

objectives of the proposed study include: 

(1) Measure the concentrations of multiple air emission constituents at various distance from a swine facility with and 

without the presence of a VEB, and also correlate the mitigation effectiveness of the VEB under various weather 

conditions; 

(2) Determine the effectiveness of the VEB under various design parameters (height and depth) and evaluate how 

height and depth of the VEB will affect the mitigation effectiveness; 

(3) From the study, develop design suggestions and best management procedures to utilize a VEB.   

 

Materials & Methods:   

Experiment site 

Experiments were conducted at the two swine nursery houses (200 head capacity each; 50’  × 27’ × 8’) at Kansas State 

Universities Segregated Early Wean Unit (SEW). The SEW facility has pens that are designed with slatted metal floors. A 

4 foot deep pit with pit ventilation is located underneath pens.  

Establishment of the VEBs 

The original plan was to establish VEBs to the north of the swine facility. Due to the difficulties to transplant trees at the 

original locations (very rocky soils and poor accessibility), the VEBs were established to the west of the swine facility. 

The NRCS (2007) lists red cedar trees as one of the proven plants for VEBs. In this study, red cedar trees were 

transplanted to selected locations to establish 4 scenarios of the VEB: (1) control: no VEB; (2) one row of trees at 12 feet 

height; (3) one row of trees at 8 feet height; and (4) paralleled three rows of trees at 8 feet height.  Tree and row spacing 

was around 12 feet.  The line of the VEBs was 150 feet long and was 120-150 feet away from the ventilation fans of the 

swine barn. A tree spade borrowed from the USDA plant materials center was used for transplanting the trees (Figure 1). 

The four VEB scenarios were established during September 2014 to April 2015. Six air sampling locations were set up, at 

10 feet, 110 feet, 160 feet, 210 feet, 260 feet, and 310 feet away from the ventilation fans of the swine facility 

respectively. Figure 2 is a picture demonstrating layout of the established VEB (1-row-8’ VEB) and the swine facility. 

Figure 3 is a picture of the established 3-row-8’ VEB.  For the 3-row-8’ VEB, the gaps between trees in the 1-row VEB 

were filled by the additional second and third rows. 

  



6 
 

 

Figure 1. The tree spade used for transplanting trees and establishing the VEBs 

 

Figure 2. The established VEB (1-row-8’ VEB) and the swine facility (view from the furthest sampling location) 
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Figure 3. The established 3-row-8’ VEB (view from the swine facility) 

Air sampling protocol 

A mobile lab was set up by the swine facility for the air quality field experiment. Concentrations of NH3, H2S, N2O, and 

CH4 were measured using a pulsed fluorescence SO2-H2S analyzer (TEI Model 450i, Franklin, MA) and an INNOVA 

1412 photoacoustic analyzer (Lumasense Technologies, Ballerup, Denmark) that determines CO2, CH4, NH3 and N2O 

concentrations.  Gas samples were directed to the analyzers in a sequential manner from sampling points 1 to 6 through a 

multi-point auto sampling system. Gas samples from each sampling location were continuously measured for 30 minutes 

and before moving to next sampling location. For each measurement of 30 minutes, the first 20 minutes were used for 

purge of sampling line and stabilization of instruments. Then data was collected for the remaining 10 minutes, and the 10-

minute average concentration was reported as one data point. Each measurement cycle through all the six sampling 

location requires 180 min to complete (6 × 30 min per sampling location). Therefore, for every 24 hours of monitoring, 

there were eight data points (10-minute average concentrations) from each sampling location. For each VEB scenarios, at 

least 10 days of continuous measurements were taken. VOC concentrations were measured using a handheld VOC meter 

(HAL-HVX501, Hal Technology, CA. Range 0 to 2 ppm) and odors were measured using a Nasal Ranger Field 

Olfactometer (St. Croix Sensory) at the 6 sampling locations. The PM10 concentrations were measured continuously at 

sampling points 2, 3 and 6 (110 feet, 160 feet and 310 feet away from the ventilation fans respectively) using three tapered 

element oscillating microbalances (TEOM). Due to technical failure of the TEOM at sampling location 2, we have to 

move the TEOM at sampling location 6 to sampling location 2 to collect PM10 data at upwind and downwind of the VEBs 

simultaneously. The PM10 data from sampling location 2 was only available under the 3-row-8' VEB scenario. 

Data analysis 

Hourly local weather data (wind direction, wind speed, air temperature, relative humidity, solar radiation and 

precipitation) were compiled and matched with each gas concentration data point according to the time of measurement. 

The gas concentration data points at the 6 sampling locations were screened first by precipitation and then by wind 

direction. The data points at raining days were removed. And the data points were included in data analysis only when the 

sampling locations were at downwind and under influence of the swine facilities. For the control scenario, 1081 data 

points were obtained; for the 1-row-12' VEB, 658 data points were obtained; for the 1-row-8' VEB, 110 data points were 

obtained; for the 3-row-8' VEB, 306 data points were obtained.  



8 
 

The gas concentration data points at downwind sampling locations were then analyzed separately at three wind speed 

levels: wind speed ≤1.5m/s; 1.5m/s< wind speed ≤ 3.5m/s; and wind speed > 3.5m/s.  In order to reduce the influence of 

occasional high concentrations on the results, the median instead of average of concentrations at various downwind 

distances were plotted to demonstrate the patterns of transport and diffusion of air pollutants from the swine barns and the 

effect of the VEBs.   

I. Results: 

 (1) H2S 

The average concentration of H2S concentrations at outside of the ventilation fan was 52.75 ppb with a standard deviation 

of 128.46 ppb. The H2S concentrations at various downwind sampling locations under the three VEB scenarios and three 

wind speed levels are presented in Table 2 and Figures 4-6. The 3-row-8' VEB resulted in lowest H2S concentrations 

comparing with all other scenarios. When wind speeds were lower than 1.5m/s, the 3-row-8' VEB was able to reduce 

downwind H2S concentrations by 22% to 60%. But at downwind distance beyond 160 feet or 20 times the barrier height 

from the VEB, no significant reduction was observed. The reduction effectiveness for H2S was sensitive for wind speed, 

and the reduction was more effective when wind speed was lower. When wind speed was between 1.5 and 3.5 m/s, no 

obvious reduction was observed for all the three VEB scenarios. When wind speeds were larger than 3.5 m/s, higher 

downwind H2S concentrations were observed with VEBs (especially, with the single-row VEBs) as compared with the 

control scenario (no VEB).  A possible explanation is that, at high wind speed, when there was no VEB, the air pollutants 

were dispersed quickly and concentrations on ground surface were very low. When there was VEB, the air speed around 

the VEB was reduced and thus the dispersion was reduced. And the VEB could generate unwanted turbulence and 

downwash effect. All these effects could contribute to the observed higher concentrations on ground surface at downwind 

VEB at high wind speed. The 1-row-12' VEB caused fluctuation of H2S concentrations at downwind locations and 

elevated H2S concentrations right downwind of the VEB (160 feet from the ventilation fan, and 10 feet from the VEB), 

which increased with increasing wind speed levels (see Figure 7).  

Table 2. H2S concentrations at various downwind sampling locations under the three VEB scenarios and three 

wind speed levels 

Wind speed 
Downwind 

distances 

Median of concentrations (ppb) Standard deviation of concentrations (ppb) 

Control 
1-row-12’ 

VEB 

1-row-8’ 

VEB 

3-row-8’ 

VEB 
Control 

1-row-12’ 

VEB 

1-row-8’ 

VEB 

3-row-8’ 

VEB 

Calm 

v≤1.5m/s 

110 feet 0.88 0.43 0.65 0.71 0.81 0.53 0.61 0.37 

160 feet 0.36 0.93 0.54 0.28 0.80 1.43 0.47 0.35 

210 feet 0.68 0.46 0.55 0.27 0.57 0.44 0.48 0.27 

260 feet 0.38 0.41 0.90 0.25 0.33 0.63 1.14 0.30 

310 feet 0.39 0.39 0.71 0.46 1.03 0.62 1.40 0.66 

1.5<v≤3.5m/s 

110 feet 2.42 0.84 0.85 0.81 1.03 0.57 0.55 0.79 

160 feet 0.55 1.38 0.88 0.62 0.70 2.26 0.95 0.44 

210 feet 0.38 0.51 0.45 0.83 0.77 0.57 0.56 0.44 

260 feet 0.92 0.86 0.41 0.36 2.20 0.43 0.24 0.33 

310 feet 0.59 0.65 0.73 0.54 2.95 0.54 0.77 0.70 

v>3.5m/s 

110 feet 0.52 0.91 1.98 0.70 0.65 0.43 1.76 0.69 

160 feet 0.44 1.66 1.14 0.87 0.33 1.60 0.36 1.13 

210 feet 0.36 0.96 1.09 0.62 0.51 2.48 0.53 0.88 
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260 feet 0.57 0.38 0.59 0.79 1.07 0.50 0.84 0.83 

310 feet 0.91 0.60 0.90 0.74 62.05 0.48 0.25 1.54 

 

 

 
 

Figure 4. H2S concentrations at various downwind sampling locations under the three VEB scenarios when wind 

speed was less than 1.5 m/s 
 

 

 
 

Figure 5. H2S concentrations at various downwind sampling locations under the three VEB scenarios when wind 

speed was between 1.5 and 3.5 m/s 
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Figure 6. H2S concentrations at various downwind sampling locations under the three VEB scenarios when wind 

speed was larger than 3.5 m/s 
 

 

Figure 7. H2S concentrations at various downwind sampling locations for 1-row-12’ VEB at different wind speed 

levels 
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wind speed levels are presented in Table 3 and Figures 8-10. At all wind speed levels, the 3-row-8’ VEB resulted in 

lowest NH3 concentrations comparing with all other scenarios at downwind distances 160, 210, 260 and 310 feet. The 

reduction effectiveness for NH3 was also affected by wind speed, although not as sensitive as H2S. The reduction of NH3 
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was able to reduce downwind NH3 concentrations by 10% to 33%. When wind speeds were larger than 3.5 m/s, higher 

downwind NH3 concentrations were observed with single-row VEBs as compared with the control scenario (no VEB). 

Table 3. NH3 concentrations at various downwind sampling locations under the three VEB scenarios and three 

wind speed levels 

Wind speed 
Downwind 
distances 

Median of concentrations (ppm) Standard deviation of concentrations (ppm) 

Control 
1-row-12’ 

VEB 

1-row-8’ 

VEB 

3-row-8’ 

VEB 
Control 

1-row-12’ 

VEB 

1-row-8’ 

VEB 

3-row-8’ 

VEB 

Calm 
v≤1.5m/s 

110 feet . 0.22 0.24 0.17 . 0.11 0.07 0.23 

160 feet 0.20 0.24 0.20 0.18 0.06 0.16 0.07 0.14 

210 feet 0.19 0.23 0.20 0.15 0.03 0.15 0.05 0.13 

260 feet 0.27 0.23 0.24 0.18 0.02 0.18 0.56 5.23 

310 feet 0.24 0.24 0.24 0.18 0.06 0.17 0.73 0.28 

1.5<v≤3.5m/s 

110 feet . 0.22 0.35 0.16 . 0.12 0.16 0.35 

160 feet 0.27 0.23 0.34 0.16 0.07 0.12 0.20 0.39 

210 feet 0.23 0.27 0.35 0.18 0.05 0.11 0.28 0.39 

260 feet 0.29 0.30 0.36 0.18 0.02 0.13 0.16 0.66 

310 feet . 0.30 0.41 0.17 . 0.13 0.25 0.72 

v>3.5m/s 

110 feet 0.22 0.33 0.23 0.18 0.03 0.15 0.02 0.20 

160 feet 0.17 0.28 0.20 0.18 0.01 0.15 0.02 0.18 

210 feet . 0.33 0.22 0.16 . 0.15 0.02 0.16 

260 feet . 0.31 0.50 0.16 . 0.16 0.43 0.19 

310 feet 0.40 0.35 0.53 0.21 1.25 0.17 0.42 0.20 

 

 

 
 

Figure 8. NH3 concentrations at various downwind sampling locations under the three VEB scenarios when wind 

speed was less than 1.5 m/s 
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Figure 9. NH3 concentrations at various downwind sampling locations under the three VEB scenarios when wind 

speed was between 1.5 and 3.5 m/s 
 

 

 
 

Figure 10. NH3 concentrations at various downwind sampling locations under the three VEB scenarios when wind 

speed was larger than 3.5 m/s 
 

 

(3) N2O 

The average concentration of N2O concentrations at outside of the ventilation fan was 0.94 ppm with a standard deviation 

of 0.78 ppm. The N2O concentrations at various downwind sampling locations under the three VEB scenarios and three 

wind speed levels are presented in Table 4 and Figures 11-13. At all wind speed levels, the three VEB scenarios all 

resulted in reduced N2O concentrations comparing with control and no significant difference was observed from the three 
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VEB scenarios. The reduction effectiveness for N2O was not sensitive to wind speed. When wind speeds were lower than 

1.5m/s, the 3-row-8' VEB was able to reduce downwind N2O concentrations by 18% to 26%, 

Table 4. N2O concentrations at various downwind sampling locations under the three VEB scenarios and three 

wind speed levels 

Wind speed 
Downwind 
distances 

Median of concentrations (ppm) Standard deviation of concentrations (ppm) 

Control 
1-row-12’ 

VEB 

1-row-8’ 

VEB 

3-row-8’ 

VEB 
Control 

1-row-12’ 

VEB 

1-row-8’ 

VEB 

3-row-8’ 

VEB 

Calm 
v≤1.5m/s 

110 feet . 0.60 0.60 0.60 . 0.02 0.03 0.04 

160 feet 0.73 0.59 0.61 0.61 0.06 0.02 0.03 0.03 

210 feet 0.73 0.59 0.61 0.60 0.02 0.02 0.03 0.03 

260 feet 0.82 0.60 0.61 0.61 0.04 0.02 0.07 0.04 

310 feet 0.82 0.60 0.60 0.62 0.06 0.02 0.09 0.04 

1.5<v≤3.5m/s 

110 feet . 0.59 0.63 0.59 . 0.03 0.03 0.05 

160 feet 0.73 0.58 0.61 0.58 0.05 0.03 0.04 0.05 

210 feet 0.78 0.58 0.63 0.59 0.06 0.02 0.04 0.05 

260 feet 0.82 0.58 0.63 0.59 0.00 0.02 0.04 0.07 

310 feet . 0.58 0.63 0.59 . 0.02 0.05 0.08 

v>3.5m/s 

110 feet 0.77 0.55 0.55 0.57 0.02 0.02 0.00 0.02 

160 feet 0.70 0.57 0.56 0.57 0.02 0.02 0.00 0.02 

210 feet . 0.58 0.56 0.58 . 0.02 0.00 0.01 

260 feet . 0.57 0.61 0.58 . 0.02 0.07 0.03 

310 feet 0.79 0.57 0.62 0.58 0.54 0.01 0.06 0.03 

 

 

Figure 11. N2O concentrations at various downwind sampling locations under the three VEB scenarios when wind 

speed was less than 1.5 m/s 
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Figure 12. N2O concentrations at various downwind sampling locations under the three VEB scenarios when wind 

speed was between 1.5 and 3.5 m/s 

 

Figure 13. N2O concentrations at various downwind sampling locations under the three VEB scenarios when wind 

speed was larger than 3.5 m/s 
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concentrations by 28% to 51%. It should be noted that the observed high CH4 concentrations at downwind distances 260 

and 310 feet could be due to the contribution of cattle facilities which are located to the southeast of the swine facility. 

Table 5. CH4 concentrations at various downwind sampling locations under the three VEB scenarios and three 

wind speed levels 

Wind speed 
Downwind 
distances 

Median of concentrations (ppm) Standard deviation of concentrations (ppm) 

Control 
1-row-12’ 

VEB 

1-row-8’ 

VEB 

3-row-8’ 

VEB 
Control 

1-row-12’ 

VEB 

1-row-8’ 

VEB 

3-row-8’ 

VEB 

Calm 
v≤1.5m/s 

110 feet . 3.85 7.86 4.68 . 2.54 2.98 3.37 

160 feet . 3.99 6.45 4.65 . 2.04 3.08 1.81 

210 feet . 4.02 6.88 4.67 . 1.82 2.74 1.69 

260 feet . 4.09 9.04 4.97 . 2.34 7.14 19.84 

310 feet . 4.10 9.90 4.83 . 1.98 9.85 4.35 

1.5<v≤3.5m/s 

110 feet . 4.37 8.64 5.78 . 2.20 1.56 4.78 

160 feet . 5.67 8.65 5.71 . 1.62 2.24 5.67 

210 feet . 6.18 8.49 5.85 . 1.43 3.30 5.95 

260 feet . 6.34 9.19 5.83 . 1.65 1.05 7.96 

310 feet . 6.78 10.27 5.98 . 1.50 2.79 10.14 

v>3.5m/s 

110 feet . 4.44 9.60 6.30 . 1.63 1.83 1.73 

160 feet . 4.78 9.34 6.38 . 1.44 1.45 1.69 

210 feet . 4.99 9.43 6.10 . 1.40 0.60 1.69 

260 feet . 5.14 12.23 5.80 . 1.36 4.07 1.89 

310 feet . 5.48 12.49 6.32 . 1.55 4.25 2.48 
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Figure 14. CH4 concentrations at various downwind sampling locations under the three VEB scenarios when wind 

speed was less than 1.5 m/s 
 

 

 

 
 

Figure 15. CH4 concentrations at various downwind sampling locations under the three VEB scenarios when wind 

speed was between 1.5 and 3.5 m/s 

 

 
 

Figure 16. CH4 concentrations at various downwind sampling locations under the three VEB scenarios when wind 

speed was larger than 3.5 m/s 
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Table 6. CO2 concentrations at various downwind sampling locations under the three VEB scenarios and three 

wind speed levels 

Wind speed 
Downwind 

distances 

Median of concentrations (ppm) Standard deviation of concentrations (ppm) 

Control 
1-row-12’ 

VEB 

1-row-8’ 

VEB 

3-row-8’ 

VEB 
Control 

1-row-12’ 

VEB 

1-row-8’ 

VEB 

3-row-8’ 

VEB 

Calm 

v≤1.5m/s 

110 feet . 451.27 465.39 450.91 . 22.05 19.99 14.30 

160 feet 443.11 450.05 467.04 450.59 22.87 15.54 18.30 15.52 

210 feet 454.40 455.67 472.21 452.45 8.72 15.06 16.36 13.15 

260 feet 494.20 450.83 461.59 452.59 12.59 25.47 14.38 18.29 

310 feet 496.68 450.46 466.73 454.34 29.84 22.70 14.35 22.52 

1.5<v≤3.5m/s 

110 feet . 444.54 450.20 444.08 . 32.81 11.81 12.80 

160 feet 445.24 445.39 451.08 446.20 20.92 38.09 7.14 10.37 

210 feet 478.89 446.54 452.56 446.28 24.19 30.29 33.87 26.76 

260 feet 491.99 446.39 452.38 445.05 1.78 12.95 24.83 16.49 

310 feet . 448.92 452.68 447.08 . 11.68 17.04 11.52 

v>3.5m/s 

110 feet 467.12 419.34 434.90 437.21 10.30 11.96 6.41 9.58 

160 feet 427.77 433.79 433.61 436.20 5.06 19.50 3.00 10.76 

210 feet . 434.77 433.11 436.91 . 15.54 1.66 6.73 

260 feet . 433.32 439.45 437.90 . 13.38 10.74 6.89 

310 feet 486.57 431.33 438.75 436.59 724.79 12.10 9.53 6.70 
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Figure 17. CO2 concentrations at various downwind sampling locations under the three VEB scenarios when wind 

speed was less than 1.5 m/s 
 

 
 

Figure 18. CO2 concentrations at various downwind sampling locations under the three VEB scenarios when wind 

speed was between 1.5 and 3.5 m/s 

 
 

Figure 19. CO2 concentrations at various downwind sampling locations under the three VEB scenarios when wind 

speed was larger than 3.5 m/s 
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than the lower VEB (8 feet). The PM10 concentrations at upwind and downwind of the VEB (sampling locations 2 and 3) 

under the 3-row-8' VEB scenario are compared in Table 7-2. Results of paired t-test showed that the PM10 concentrations 

at downwind of the VEB was 23% lower than that at upwind of the VEB (P<0.05). The results indicated that the effect of 

VEBs on local concentrations of dust or particulate matter could be more complex than expected. It is common sense that 

dust particles can be captured by trees. However, on the one hand, 23% PM10 reduction across the 3-row-8' VEB was 

observed; on the other hand, higher downwind PM10 concentrations were observed with VEBs as compared with the 

control scenario (no VEB). Further investigation is needed to confirm this observation on the effect of VEBs on 

downwind PM10 concentrations. It is anticipated that further increasing thickness of the VEBs could result in further 

reduced downwind PM10 concentrations, and thus could ensure the reduction of downwind PM10 concentrations as 

compared with the control scenario (no VEB). In Table 7-1, it was observed that the PM10 concentrations at the sampling 

location at downwind distance of 310 feet were generally higher than that right behind the VEB (160 feet from the 

ventilation fan, and 10 feet from the VEB). This could be due to other fugitive dust sources (there is a small unpaved trail 

to the south of sampling location 6) and may not be connected to the swine facility. 

Table 7-1. PM10 concentrations at sampling locations 3 and 6 under the three VEB scenarios 
Sampling 

locations 

(downwind 

distances) 

Average concentrations (μg/m3) Standard deviation of concentrations (μg/m3) 

Control 
1-row-12’ 

VEB 
1-row-8’ VEB 3-row-8’ VEB Control 

1-row-12’ 

VEB 
1-row-8’ VEB 3-row-8’ VEB 

#3 (160 feet) 10.56 30.73 14.40 15.73 14.10 35.91 24.57 6.71 

#6 (310 feet) 17.52 36.91 23.34 18.42 15.87 40.19 30.89 17.87 

 

Table 7-2. PM10 concentrations at sampling locations 2 and 3 under 3-row-8' VEB scenario 

Sampling locations (downwind distances) Average concentrations (μg/m3) Standard deviation of concentrations (μg/m3) 

#2 (110 feet, upwind of the VEB) 15.33 17.32 

#3 (160 feet), downwind of the VEB) 11.83 17.24 

 

 

(7) VOC 

VOC measurements were taken only when sampling locations were at downwind of the swine facilities. For each 

scenario, 15 VOC measurements were taken at each sampling locations. The average concentration of VOC 

concentrations at outside of the ventilation fan was 0.439 ppm with a standard deviation of 0.574 ppm. The VOC 

concentrations at various downwind sampling locations under the three VEB scenarios are presented in Table 8 and 

Figures 20. Due to the high uncertainties observed in VOC measurements, no significant difference was observed for 

VOC concentrations among different VEB scenarios. 

Table 8. VOC concentrations at various downwind sampling locations under the three VEB scenarios 

Downwind 
distances 

Median of concentrations (ppm) Standard deviation of concentrations (ppm) 

Control 
1-row-12’ 

VEB 
1-row-8’ VEB 3-row-8’ VEB Control 

1-row-12’ 

VEB 
1-row-8’ VEB 3-row-8’ VEB 

110 feet 0.052 0.032 0.063 0.010 0.027 0.166 0.546 0.169 

160 feet 0.039 0.039 0.050 0.018 0.017 0.148 0.579 0.150 

210 feet 0.037 0.058 0.030 0.012 0.051 0.168 0.609 0.134 

260 feet 0.034 0.063 0.021 0.106 0.008 0.155 0.574 0.117 
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310 feet 0.032 0.097 0.017 0.100 0.007 0.143 0.520 0.106 

 

 

Figure 20. VOC concentrations at various downwind sampling locations under the three VEB scenarios  

 

(8) Odor 

Odor measurements were taken only when sampling locations were at downwind of the swine facilities. For each 

scenario, 15 odor measurements were taken at each sampling locations. The odor dilution ratios measured by nasal ranger 

at various downwind sampling locations under the three VEB scenarios are presented in Table 9. The percentages of 

chances that odor can be detected by human nose were also listed.  The odor dilution ratios at outside of the ventilation 

fan were in the range of undetected to more than 60, with a median dilution ratio of 30. At sampling locations equal and 

more than 160 feet from the ventilation fan, odor dilution ratios were all not detectable using nasal ranger (dilution ratio 

less than 2), and odor can only be detected by human nose directly. No difference was observed with regard of percentage 

of odor detection at downwind locations under various VEB scenarios. 

Table 9. Odor measurement at various downwind sampling locations under the three VEB scenarios 

Downwind 

distances 

Median of odor dilution ratios Percentage of odor detection (number of odor detection/all) 

Control 
1-row-12’ 

VEB 
1-row-8’ VEB 3-row-8’ VEB Control 

1-row-12’ 

VEB 
1-row-8’ VEB 3-row-8’ VEB 

10 feet 30 30 15 4 100% 100% 100% 87% 

110 feet 2 2 2 2 100% 100% 100% 66% 

160 feet 1 1 1 1 66% 66% 90% 60% 

210 feet 1 1 1 1 66% 66% 92% 66% 

260 feet 1 1 1 1 66% 66% 82% 66% 

310 feet 1 1 1 1 66% 66% 60% 66% 

 

 

II. Discussion 

The 3-row-8' VEB was most effective in reducing downwind concentrations as comparing with the other two designs. 

When wind speeds were lower than 1.5m/s, the 3-row-8' VEB was able to reduce downwind concentrations by up to 60%, 
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33%, 26%, and 51%, for H2S, NH3, N2O, and CH4, respectively. For H2S, the reduction was no longer effective when the 

downwind distance was beyond 160 feet or 20 times the barrier height from the 3-row-8' VEB. This result is comparable 

with finding of Heist (2009) in wind tunnel simulation. But for NH3 the reduction can be effective beyond 160 feet or 20 

times the barrier height from the VEB. The reduction effectiveness for H2S was sensitive to wind speed, and the reduction 

was more effective when wind speed was lower. When wind speeds were larger than 3.5 m/s, higher downwind H2S 

concentrations were observed with VEBs (especially, with the single-row VEBs) as compared with the control scenario 

(no VEB). A possible explanation is that, at high wind speed, when there was no VEB, the air pollutants were dispersed 

quickly and concentrations on ground surface were very low. When there was VEB, the air speed around the VEB was 

reduced and thus the dispersion was reduced. And the VEB could generate unwanted turbulence and downwash effect. All 

these effects could contribute to the observed higher concentrations on ground surface at downwind of VEB at high wind 

speed. The reduction effectiveness for NH3 was also affected by wind speed, although not as sensitive as H2S. The 

reduction of NH3 was more effective and stable when the wind speed was lower. The reduction effectiveness for N2O was 

not sensitive to wind speed. This could be due to different reducing mechanisms for different air pollutants. One major 

reducing mechanism is adsorption on the VEBs and the VEBs function as a filter for reducing the air pollutants. Another 

reducing mechanism is the enhanced vertical air mixing and dilution. When the reduction effectiveness is very sensitive to 

wind speed, it may indicate that the first mechanism may play a less important role in reducing this specific air pollutant 

(e.g. H2S), and a thicker VEB may be desirable in order to enhance the filtering mechanism. The effect of VEBs on 

downwind PM10 concentrations was more complex than expected. On the one hand, 23% PM10 reduction across the 3-

row-8' VEB was observed; on the other hand, higher downwind PM10 concentrations were observed with VEBs as 

compared with the control scenario (no VEB), which could be due to reduced air movement associated with the VEBs. 

Further investigation is needed to confirm this observation. It is anticipated that further increasing the thickness of the 

VEBs could result in further reduced downwind PM10 concentrations, and thus could ensure the reduction of downwind 

PM10 concentrations as compared with the control scenario (no VEB). No reduction on VOCs and odor was observed in 

our study. This is possibly due to the limited thickness of the VEBs, and the limited precision of the measuring 

instrumentations and approaches in this study. Another limitation of our study is that we did not consider the effects of 

solar radiation or air stability on dispersion of pollutants in our data analysis due to amount of available data.  

In summary, (1) Adequate thickness of the VEBs is very important in order to secure the expected effectiveness of VEBs 

in reducing air pollutants; and multi-row VEBs are recommended. (2) The downwind distance from the VEBs within 

which the reduction is effective could be estimated by multiplying the height of VEBs by 20; and reversely, the required 

height of the VEBs could be estimated when there is a sensitive location downwind of the VEBs needs to be protected. (3) 

At high wind speed, a single row VEB could result in higher downwind concentrations due to turbulence and downwash 

effect induced by the VEB. A multi-row design is desired to increase the effectiveness of filtering mechanism and thus 

overcome this effect. (4) More sophisticated investigation is needed to quantify the effect of VEBs in reducing VOCs and 

odor. 
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