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Industry Summary: We have been perfecting the UV technology for the swine industry, starting 
from benchtop lab-scale and moving towards full-scale, farm-scale proven applications. The 
ultimate goal is reducing gaseous emissions from barns to the atmosphere, improving the air 
quality inside the barns, improving workers' safety, improving average daily gains (ADG) and feed 
conversion efficiency (FCE), and reducing the pathogen load with UV light.  
In this research, we investigated the UV light treatment to mitigate gaseous emissions at the pilot- 
and farm-scale. Specifically, we tested the UV-A (non-toxic 367 nm wavelength, a.k.a. ‘black 
light’) photocatalysis at a mobile laboratory-scale capable of treating ~500-2,000 CFMs of barn  
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exhaust air. The targeted gaseous emissions of barn exhaust air were reduced up to: 
• 40% reduction of odor 
• 32~66% reduction of key compounds responsible for downwind odor, i.e., dimethyl 

disulfide, isobutyric acid, butanoic acid, p-cresol, indole, and skatole  
• 41% reduction of hydrogen sulfide (H2S) 
• 100% reduction of ozone (O3) 
• 13% reduction of nitrous oxide (N2O) 
• 21% generation of carbon dioxide (CO2) 
• No reduction of airborne particulate matter (PM). 

The % reduction of odorous targeted gases depended on the UV dose, UV wavelength, and PM 
concentration in the air, as illustrated in the Final Report. The cost of UV treatment was 
comparable or better to available mitigation technologies for at least a few selected targeted 
odorous compounds based on the initial economic analyses based on the removal of each 
targeted gas from barn exhaust. There are a few recommended next logical steps towards farm-
proven applications.  These include full-scale trials of UV treatment to (a) improve air quality 
inside the barn, (b) potentially reduce the pathogen load, and (c) improve ADG and FCE. 
Overall, UV treatment technology is technically capable and competitive with other technologies 
to comprehensively reduce gaseous emissions.  
 
Key Findings 
 
Phase I – Pilot-scale (mobile lab testing at field laboratory and commissioning stage) 
 

• Under UV-A (367 nm, black light) photocatalysis, the % reduction of targeted gases 
was: 
 Up to 63% reduction of odor 
 Up to 51%, 51%, 53%, 67%, and 32% reduction of acetic acid, propanoic acid, 

butanoic acid,  p-cresol, and indole, respectively  
 Up to 9% reduction of ammonia (NH3) 
 Up to 100% reduction in ozone (O3) 
 Up to 14% reduction of nitrous oxide (N2O), the most potent greenhouse effect gas  
 Up to 41% reduction of N-butanol 
 Up to 26% generation of carbon dioxide (CO2) 

• Under UV-C (185+254 nm) photocatalysis, the % reduction of targeted gases was:  
 Up to 54% and 47% reduction of p-cresol and indole, respectively  
 Up to 71% reduction of methane (CH4) 
 Up to 25% reduction of nitrous oxide (N2O) 
 Up to 46% generation of carbon dioxide (CO2) 
 Up to 139% generation of ozone (O3) 
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Phase II – Field-scale (mobile lab treating barn exhaust air at ISU Farm AG 450) 
 

• Under UV-A (367 nm, black light) photocatalysis, the % reduction of targeted gases 
was: 
 Up to 40% reduction of odor 
 Up to 62%, 44%, 32%, 40%, 66%, and 49% reduction of dimethyl disulfide, 

isobutyric acid, butanoic acid, p-cresol, indole, and skatole, respectively  
 Up to 41% reduction of hydrogen sulfide (H2S) 
 Up to 100% reduction of ozone (O3) 
 Up to 13% reduction of nitrous oxide (N2O) 
 Up to 21% generation of carbon dioxide (CO2) 
 No reduction of airborne particulate matter 
 The % reduction of target gases decreased as the airborne particulate matter 

increased. 
 

Keywords: Odor, Livestock Production, Air pollution control, Photocatalysis, UV light, Waste 
Management, Emissions Mitigation, Air Quality. 
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Scientific Abstract: We have been perfecting the UV technology for the swine industry, starting 
from benchtop lab-scale and moving towards full-scale, farm-scale proven applications. The 
ultimate goal is reducing gaseous emissions from barns to the atmosphere, improving the air 
quality inside the barns, improving workers' safety, improving average daily gains (ADG) and feed 
conversion efficiency (FCE), and reducing the pathogen load with UV light.  
In this research, we investigated the UV light treatment to mitigate gaseous emissions at the pilot- 
and farm-scale. Specifically, we tested the UV-A (non-toxic 367 nm wavelength, a.k.a. ‘black 
light’) photocatalysis at a mobile laboratory-scale capable of treating ~500-2,000 CFMs of barn 
exhaust air. The targeted gaseous emissions of barn exhaust air were reduced up to: 

• 40% reduction of odor 
• 32~66% reduction of key compounds responsible for downwind odor, i.e., dimethyl 

disulfide, isobutyric acid, butanoic acid, p-cresol, indole, and skatole  
• 41% reduction of hydrogen sulfide (H2S) 
• 100% reduction of ozone (O3) 
• 13% reduction of nitrous oxide (N2O) 
• 21% generation of carbon dioxide (CO2) 
• No reduction of airborne particulate matter (PM). 

The % reduction of odorous targeted gases depended on the UV dose, UV wavelength, and PM 
concentration in the air, as illustrated in the Final Report. The cost of UV treatment was 
comparable or better to available mitigation technologies for at least a few selected targeted 
odorous compounds based on the initial economic analyses based on the removal of each 
targeted gas from barn exhaust. There are a few recommended next logical steps towards farm-
proven applications.  These include full-scale trials of UV treatment to (a) improve air quality 
inside the barn, (b) potentially reduce the pathogen load, and (c) improve ADG and FCE. 
Overall, UV treatment technology is technically capable and competitive with other technologies 
to comprehensively reduce gaseous emissions.  
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Introduction 
Odorous gas emissions, an unwanted side effect, are essential to mitigate to increase swine 
industry sustainability. Ammonia (NH3) and hydrogen sulfide (H2S) are harmful to the health 
and performance of livestock and human, sometimes even deadly. Greenhouse gases, such as 
carbon dioxide (CO2), nitrous oxide (N2O), and methane (CH4) are one of the significant causes 
of climate change and global warming. Many of the volatile organic compounds (VOCs) have a 
very unpleasant odor and possibly travel to miles away from communities causing odor conflict. 
Helping to solve this issue, Iowa State University extension and Outreach organized the Air 
Management Practices Assessment Tool on manure storage and handling and gave 12 methods 
for mitigation of emissions from manure. Also, these 12 technologies investigated for mitigating 
odorous emissions were summarized in (Maurer et al., 2016). 
 
UV treatment is one of them and has been considered as a promising technology for odorous gas 
reduction and air quality control based on previous studies. Since 2005, Dr. Koziel's laboratory at 
Iowa State University has been conducting research to reduce odor using UV technology with 
experiments of a lab-scale and pilot-scale. Through our research, shorter UV wavelengths and 
photocatalysis were found to be more effective than longer UV wavelengths and photolysis (Lee, 
Li, et al., 2020; Lee, Wi, et al., 2020; Maurer, Koziel, Bruning, & Parker, 2017; Rockafellow, 
Koziel, & Jenks, 2012; Yang et al., 2020). In addition, the optimum conditions of photocatalysis 
were investigated on variables (catalytic coating type, coating dose, light intensity, relative 
humidity, temperature, treatment time, and dust accumulation) to increase the reduction of target 
odorous gases (Lee, Wi, et al., 2020; Zhu, Koziel, & Maurer, 2017).  
 
UV photocatalysis treatment has shown a significant reduction in odorous VOCs even after a 
short treatment time irradiation (Koziel et al., 2008; Yang et al., 2020). Based on the previous 
study, we have known that UV photocatalysis is a potential technology for reducing the odorous 
gases, and need to scale up the research to the field. Therefore, the objective of this study is to 
evaluate the effectiveness of UV photocatalysis treatment on mitigating odor, NH3, H2S, GHGs, 
and VOC from the swine farm with a mobile laboratory setup that is designed for testing UV 
photocatalysis treatment without directly UV irradiation on swine. 
 
Here we report on the design of a mobile laboratory for testing the reduction of odorous gas 
emissions with UV photocatalysis treatment in the field-scale and the performance data of UV 
treatment. Specifically, 1) the design and performance of a mobile laboratory are described in 
detail. 2) we investigated the performance of UV photocatalysis treatment using swine manure in 
the mobile lab. 3) Lastly, a mobile lab was installed in the ISU Farm 450 swine farm to 
investigate the UV photocatalysis performance for reducing the odorous gases emitted from the 
pit fan. 
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Objective 
The main objective of this research was an evaluation of UV photocatalysis treatment based on 
TiO2 coating for use in the swine farm condition as to their effectiveness in the mitigation of 
odors and reduction of H2S, NH3, O3, GHGs, and volatile organic compound gas emissions.  
 
Phase I – Pilot-scale. Design and build a mobile UV lab for onsite treatment of swine barn 
emissions of odor and target gases (ammonia, hydrogen sulfide, greenhouse gases, and odorous 
volatile organic compounds). We retrofitted the existing NAEMS project (2007-2009) mobile 
laboratory with the following features: 
 Air inlet and outlet 24-36” variable speed fans and controls.  
 Air inlet fan capable of connecting to swine odor source (e.g., pit manure access).  
 UV lamps and controls capable of testing the effects of UV wavelength, UV dose, UV 

contact time.  
 Photocatalytic surfaces (e.g., PureTi coating) with the option of adding and removing 

them, studying the effects of dust on performance.  
 Odor and air sampling ports and the inlet and outlet.  
 Power usage monitoring for treatment cost estimations. 
 Flexibility for adding additional types of air quality measurements in the future (e.g., 

microbial analyses for airborne diseases).  
 

Phase II – Field-scale.  Test the UV treatment at ISU Swine Farm 450 using the mobile UV 
laboratory. Treat pit manure access air with UV. Specifically, this phase: 
 Allowed testing the performance of UV treatment for odor and gas emissions by 

comparing measured concentrations at the inlet and outlet of the mobile UV lab.  
 Provided performance data needed for UV treatment optimization, cost analysis, and 

scale-up.  
 Brought UV treatment closer to full barn-scale treatment and provided much-needed data 

for the UV technology performance.   
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Materials and Methods 

1. Ammonia and hydrogen sulfide  

NH3 and H2S concentrations were measured with OMS-300, which can be used to measure real-
time gas concentrations. For this equipment, high precise standard gases were used to calibrate. 5 
points calibration curves were also created to correct the values (R2=0.99). OMS-300 is equipped 
with NH3/CR-200 and H2S/C-50 electrochemical gas sensors (Membrapor, Wallisellen, 
Switzerland). In the case of NH3, the sensor (NH3/CR-200) can detect up to 0 to 100 ppm. 
Hydrogen sulfide sensors (H2S/C-50) can detect up to 0 to 50 ppm. OMS-300 was calibrated with 
standard gases on two days before the experiment. 

2. Greenhouse gases 

Greenhouse gases (GHG) were measured for CO2, N2O, and CH4. First GHG samples were 
collected with a syringe from the headspace of the manure simulators in 5.9 ml Extainer vials 
(Labco Limited, U.K.). All vials have been pre-cleaned with helium gas (UHP 300) and vacuumed 
for over 7 cycles. Then the samples were analyzed with GHG-GC (SRI Instruments, Torrance, 
CA, USA) equipped with FID and ECD. Before each use of the GHG-GC, the standard curves 
were created for each targeted greenhouse gas by using 1005 ppm and 4010 ppm of CO2, 10 ppm 
and 20 ppm of CH4, and 0.1 ppm and 1 ppm of N2O. 

3. Ozone 

The O3 detector was connected to the monitoring system (Series 500 monitor, Aeroqual, New 
Zealand) and installed at the sampling site inside the reactor. The ozone sensor (OZS, Aeroqual, 
New Zealand) was sent to the professional company (Gas Sensing, IA, USA) for certified 
calibration before use. The detection range was from 0 to 50 ppb. 

4. Volatile organic compounds 

VOC analysis was conducted in the same way as in the previous study (Chen et al., 2020). To 
analyze the VOC samples were collected in 1 L gas sampling glass bulbs (Supelco) by using 
portable sampling pumps. The airflow was at 5 air exchange rates. Every time a clean bulb, flushed 
with DI water and baked in the oven at 97 ˚C overnight, was used for sampling. The gas bulbs 
were always transported using a chest cooler to reduce light contact. Concentration errors related 
to leakage was also reduced by onsite injection of 1 µL internal standard (100 ppm Hexane) 
immediately after each sample collection to the gas sampling glass bulb. After bringing back to 
the lab, VOCs were absorbed with a 2 cm DVB/Carboxen/PDMS solid-phase microextraction 
(SPME) fiber (57384-U, Supelco, Bellefonte, PA, USA) for 50 minutes at lab temperature (23-24 
˚C), then analyzed with a multidimensional GC-MS within 12 h of sample collection. 
 
The SPME fiber loaded with VOCs was inserted into a 260 ˚C G.C. (Microanalytics, a part of 
Volatile Analysis Corporation, Round Rock, TX, USA) inlet, then VOCs were thermally desorbed 
for 2 minutes and analyzed by a mass spectrometer (model 5973N, Santa Clara, CA, USA). Two 
capillary columns, a 5% phenyl polysilphenylene-siloxane (30 m × 0.53 mm inner diameter × 0.5 
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µm thickness, Trajan Scientific, Austin, TX, USA) column followed by a polar column bonded 
polyethylene glycol in a Sol-Gel matrix (30 m × 0.53 mm inner diameter × 0.5µm thickness, Trajan 
Scientific, Austin, TX, USA), were used in the chromatographic part and constant pressure of 0.39 
atm was maintained at the mid-point of two columns by a pneumatic switch. A total 40 min run 
time performed with a starting G.C. oven temperature of 40 ˚C for 3 minutes, then a 7 ˚C/min ramp 
up to 240 ̊ C and then held for 8.43 min. The carrier gas used was ultra-high pure helium (99.999%, 
Airgas, Des Moines, IA, USA). The G.C. inlet was operated in splitless mode. The target 
compounds were scanned on SIM mode, and the full scan range was from 34 m/z to 350 m/z. The 
quadrupole M.S. was using electron ionization (E.I.) mode with ionization energy of 70 eV. The 
system automation software Multitrax v. 6.00.1 (Microanalystics, Round Rock, TX, USA) and 
data acquisition software ChemStation E.01.01.335 (Agilent Technologies, Santa Clara, CA, 
USA) were used respectively for this study. The NIST mass spectral library (with at least 80% 
spectral match) was used to identify the compounds in this study. Further, a set of 15 pure VOC 
standards were run (Table 1) and calibrated to verify the retention time of the VOCs investigated 
in this study. 

 
Table 1. Selected odorous volatile organic compounds targeted in this research. 
 

Compound 
type 

Compound name G.C. 
column 

retention 
time (min) 

CAS # Ion 
selected 

Volatile Fatty 
Acids 

Acetic acid 12.6 64-19-7 60 
Propionic acid 14.2 79-19-4 126 
Isobutyric acid 14.8 79-31-2 43 

Butyric acid 15.9 107-92-6 60 
Isovaleric acid 16.7 503-74-2 60 
Valeric acid 17.9 109-52-4 60 

Hexanoic acid 19.7 142-62-1 60 
Sulfides Dimethyl disulfide 

(DMDS) 
7.03 624-92-0 94 

Diethyl disulfide (DEDS) 11.5 110-81-6 122 
Dimethyl trisulfide 

(DMTS) 
13.9 3600-24-

6 
74 

Phenolics Guaiacol 20.4 90-05-1 109 
Phenol 22.0 108-95-2 94 

p-Cresol 23.3 106-44-5 107 
4-Ethyl phenol 24.7 123-07-9 107 

Indole 28.3 120-72-9 117 
Skatole 29.1 83-34-1 130 
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5. Odor 

The odor samples were collected weekly by using Vac-U-Chamber and transfer back to the lab in 
10 L Tedlar sample bags. Tedlar sample bags were flushed and vacuumed with air multiple times 
before using them. Within 3 hours, all the odor samples were analyzed with AC'SCENT 
International Olfactometer using dynamic triangular forced-choice methods. There were 4 
panelists, and each sample was evaluated twice by each panelist. 

6. Particulate matter 

The concentration of particulate matter (PM) floating in the air was measured using TSI Dusttrak 
(Monitor 8533, Shoreview, MN, USA). The PM concentration was measured simultaneously 
while the target gas was being measured. At 5 second intervals, airborne PM concentration was 
recorded by size (PM 1, PM 2.5, Respirable size= PM 4 - PM 10, PM 10, and total PM). 

7. TiO2 photocatalyst coating 

TiO2 Coating was conducted in the same method as in the previous study (Lee et al., 2020). TiO2 
coating on the pre-cut panels for the UV mobile laboratory was carried out based on an 
application protocol provided by PureTi (Cincinnati, OH, USA). In addition, training was 
provided by SATA (Spring Valley, MN, USA) for accurate spraying control. The temperature 
(25 ℃) and relative humidity (40-45%) were adjusted to prevent instant evaporation of the 
sprayed TiO2 solution (nanostructured anatase 10 μg TiO2, PureTi, Cincinnati, OH, USA) before 
application. After cleaning the surface of the panel, the TiO2 solution was sprayed. The spray 
pressure was adjusted to 60 psi with a regulator from the compressor, and the distance between 
the panel and the spray was ~0.15 m (6 inches) at an angle of 90 degrees. Coated panels were 
dried for 3 days. 

8. AG450 Swine Farm 

Field-scale testing was conducted at AG450 Farm (Ames, IA, USA). The study was not using 
animals, and they were not exposed to UV light. The swine farm was a finishing operation 
facility with about ~ 350 pigs. Pigs started at ~ 18-23 kg (40-50 lbs) a few weeks before the 
initiation of the study and followed the finishing diet. Animal stocking density was 0.56-0.62 m2 
head-1. The farm used a pit ventilation system in which the flow rate of the fan was not 
controlled. The pit of the experimental farm is divided into four independent spaces, and manure 
is discharged periodically. In four separate manure pits, there are two pit fans each. The hight of 
the manure pit is 2.4 m (8 ft). In this study, the mobile laboratory was connected to a pit fan that 
was installed in one of four independent pits. 

9. Data analysis 

The overall mean % reduction for each measured gas was estimated as follows: 
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% 𝑅𝑅 = 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐− 𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐

 ×  100  (1) 

Where:  
%R = percent reduction in gas concentrations in UV treatment.  
CCon and CTreat = the mean measured concentrations in control and treated air, respectively. 
 
Measured gas concentrations were adjusted to standard conditions (defined as 1 atm, 273.15 K), 
and dry air using collected environmental data:  

𝐶𝐶 =
𝐶𝐶′

(1 −𝑊𝑊) ×
𝑃𝑃 ∙ 𝑀𝑀𝑊𝑊
𝑅𝑅 ∙ 𝑇𝑇

    (2) 

Where:  
C is a standard dry concentration of measured gas (g∙dsm-3).  
C′ is the mean measured gas concentration in control and treated air (mL∙m-3).  
W = humidity ratio was calculated with Eq. 4 (Cai et al., 2015; Handbook, 2013; Hoff et al., 
2009).  

MW = molecular weight of target gas (g∙mol-1).  
R = 0.082057 L∙atm∙mol-1∙K-1 
T = measured temperature (K) 
P = measured pressure (atm). 
 
Measured treated airflow was also adjusted to standard dry conditions at both control and 
treatment sampling locations:  

𝑄𝑄 = 𝑄𝑄′ × (1 −𝑊𝑊) ×  
𝑃𝑃′ × 273.15

𝑃𝑃 × (273.15 + 𝑇𝑇)    (3) 

Where:  
Q = dry standard airflow rate (dsm3∙min-1),  

Q′ = actual measured (humid) airflow rate (m3∙min-1).  
W = humidity ratio calculated with Eq. 4 (Handbook, 2013; Hoff et al., 2009).  
𝑃𝑃′= actual pressure at the sampling point (atm),  
𝑃𝑃 = standard pressure (atm),  
T = temperature in control or treated air (deg C). 
 
The humidity ratio was estimated as:  

𝑊𝑊 = 0.62198 ×
𝑒𝑒𝑓𝑓(𝑇𝑇)𝜑𝜑

𝑃𝑃𝑠𝑠 − 𝑒𝑒𝑓𝑓(𝑇𝑇)𝜑𝜑   (4) 

Where:  
W = humidity ratio (kg of water ∙ kg-1 of dry air),  
Ps = pressure at the sampling location (Pa),  
𝜑𝜑 = relative humidity (decimal). 
For cases where T < 273.15 K: 
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𝑓𝑓(𝑇𝑇) =
𝑐𝑐1
𝑇𝑇 + 𝑐𝑐2 + 𝑐𝑐3𝑇𝑇 + 𝑐𝑐4𝑇𝑇2 + 𝑐𝑐5𝑇𝑇3 + 𝑐𝑐6𝑇𝑇4 + 𝑐𝑐7𝑙𝑙𝑙𝑙𝑇𝑇 

For cases where T > 273.16 K: 
𝑓𝑓(𝑇𝑇) =

𝑐𝑐8
𝑇𝑇 + 𝑐𝑐9 + 𝑐𝑐10𝑇𝑇 + 𝑐𝑐11𝑇𝑇2 + 𝑐𝑐12𝑇𝑇3 + 𝑐𝑐13𝑙𝑙𝑙𝑙𝑇𝑇 

Where: C1 = -5.565∙103, C2 = 6.392, C3 = -9.678∙10-3, C4 = 6.222∙10-7, C5 = 2.075∙10-9, C6 = -
9.484∙10-13, C7 = 4.163, C8 = -5.800∙103, C9 = 1.391, C10 = -4.864∙10-2, C11 = 4.176∙10-5, C12 = -
1.445∙10-8, and C13 = 6.545. 
 
Gas emissions were calculated as a product of measured gas concentrations and the total airflow 
rate 

𝐸𝐸 = (𝐶𝐶 × 𝑄𝑄)  (5) 
Where:  
E = gas emissions (g∙min-1) of a target pollutant, 
C =  the mean measured target pollutant gas concentration in control or treated air (g∙dsm-3),  
Q = dry standard airflow rate (dsm3∙min-1). 
 
The electric energy consumption was calculated using the measured power consumption of  UV 
lamps during treatment. Electric energy consumption (kWh) during treatment was calculated 
using: 

𝐸𝐸𝐸𝐸𝐶𝐶 = 𝑃𝑃 × 𝑡𝑡𝑠𝑠  ×  3600−1  ×  10−3  (6) 
Where:  
EEC = electric energy consumption (kWh), 
P = measured electric power consumption for the UV lamps turned ‘on’ during treatment (W),  
ts = treatment time for air in contact with the UV lamps that were turned ‘on’ inside the mobile 
lab (s).  
 
The mass of mitigated gas pollutant (M) with UV during given treatment time (ts) was estimated 
by comparing gas emission rate (E) in treatment and control:  

𝑀𝑀 = (𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐  − 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ) × 𝑡𝑡𝑠𝑠  ×  60−1       (7) 
Where:  
M = mass of mitigated gas pollutant (g), 
Econ = emission rate at the ‘control’ sampling location, 
Etreat = emission rate at the ‘treatment’ sampling location,  
ts = treatment time for air in contact with the UV lamps that were turned ‘on’ inside the mobile 
lab (s).  
 
The electric energy of UV treatment (EE) was estimated as using electric energy consumption 
(EEC) needed to mitigate a gas pollutant mass (M): 
 

𝐸𝐸𝐸𝐸 =  𝐸𝐸𝐸𝐸𝐶𝐶
𝑀𝑀 

   (8) 
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Where:  
EE = (kWh ∙g-1),   
EEC = electric energy consumption (kWh), 
M = mass of mitigated gas pollutant (g). 
 
Finally, the estimated cost of electric energy (Cost) needed for UV treatment was estimated 
using the mean cost ($/kWh) of rural energy in Iowa ($0.13 kWh-1, Energy Information 
Administration, 2018):  

𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡 = 𝐸𝐸𝐸𝐸 ∙ $0.13 𝑘𝑘𝑊𝑊ℎ−1  (9) 
Where: 
Cost = estimated cost of electric energy needed for UV treatment to mitigate a unit mass of 
pollutants in the air ($∙g-1).  
 
UV dose was estimated using measured light intensity (I) and treatment time (ts). Since the 
photocatalysis reaction is assumed to be the main mechanism for the target gas mitigation, the 
light intensity irradiated on the TiO2 surface was used. Measured light intensity at 365 nm, 254 
nm, 222 nm, & 185 nm was used for UV-A 365 nm, UV-C 254 nm, UV-C 222 nm, & UV-C 185  
nm, respectively.  
 

𝑈𝑈𝑈𝑈 𝑑𝑑𝐶𝐶𝐶𝐶𝑒𝑒 = 𝐼𝐼 × 𝑡𝑡𝑠𝑠     (10) 
Where:  
UV Dose = energy of the UV light on the surface of photocatalyst (mJ cm-2), 
I = measured light intensity at specific UV wavelength (mW ∙cm-2). 

10. Statistical analysis 

The program of R (version 3.6.2) was used to analyze the mitigation of target standard gases 
under the UV-A photocatalysis treatment. The parameters of UV dose and treatment time 
between control concentration and treatment concentration were statistically analyzed using one-
way ANOVA. The statistical difference was confirmed by obtaining the p-value through the 
Tukey test. A significant difference was defined for a p-value <0.05 in this study.  
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Results 
Phase 1. Pilot-scale 

1.1 Design and build a mobile laboratory for onsite treatment of swine farm emissions 

1.1.1 Mobile laboratory setup  

The mobile laboratory (7.2 × 2.4 × 2.4 m) was designed to evaluate the effectiveness of UV 
photocatalysis under conditions similar to an actual farm. The treatment chambers (7.2 × 0.9 × 
2.4 m) were partitioned out of the mobile lab interior (Figure 1). Vertical baffles constructed of 
pine wood board (5 × 10 cm; 2 × 4 in) (Lowes, Mooresville, NC, USA) with embossed white 
fiberglass reinforced plastic (FRP) wall panels (3 mm; 1/8 in thickness, Lowes, Mooresville, NC, 
USA). The mobile laboratory consists of a series of 12 chambers (Figure 1). The last two 
chambers of the 12 chambers #11 and #12 (Figure 1) (closest to the outlet) are a double size 
chamber with no vertical baffles in the middle to allow ample room for volumetric flow 
measurement. Untreated air is brought in through the inlet (right, red) and treated while flowing 
in a serpentine pattern from the inlet (right, red) to the outlet (left, blue).  
There are two fans (I-Fan Type 40, 18 in, Variable Speed, Fancom, Panningen, The Netherlands) 
at the front (chamber #1) and the last chamber (chamber #11-12) in the mobile lab. The fan in 
chamber #1 is located parallel to the vertical baffle, and the fan in the chamber #11-12 is 
perpendicular to the vertical baffles. The fans installed in chamber #1 and chamber #11-12 are 
the same size fan (0.5 × 0.5 × 0.1 m) with an opening diameter of 0.5 m (18 in) and have the 
same maximum velocity. The fan in chamber #1 draws in untreated air, and the fan in chamber 
#11-12 expels treated air out. These two fans control the treatment air flow rate by setting the % 
of the maximum volumetric flow rate of the fan, using the Lumina controller (Lumina 20/21, 
Fancom, Panningen, The Netherlands). The fan's volumetric flow rates are controlled separately 
to allow positive and or negative pressuring of the mobile laboratory chambers. An anemometer 
fan (ATM, Fancom, Panningen, The Netherlands) in the 10th chamber exists to measure the 
volumetric flow rate created by the two fans. Chambers #11 and #12 are combined to allow 
unblocked airflow through the ATM unit, as mentioned above. The measured ventilation is 
expressed as the % of the maximum volumetric flow rate of the fans through the Lumina 
controller.  
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Figure 1. Schematic of a flow-through reactor for UV treatment of gaseous emissions (side view 
of mobile laboratory). The mobile laboratory consists of a series of chambers (#1-#12) equipped 
with photocatalytic surfaces and UV lamps. Treated air is moving in a serpentine pattern from 
the inlet (right, red) to the outlet (left, blue). UV lamps are mounted on doors to chambers (doors 
are closed during UV treatment). The anemometer fan (yellow) continuously measures the 
volumetric flow rate through the mobile lab. 
 
Five LED UV-A lamps (T8 LED, Eildon Technology, Shenzhen, China) were mounted on doors 
to chambers (doors are closed during UV treatment). Rubber was used between the door and the 
chamber to prevent leakage. A total of 11 panels with TiO2 coating (nanostructured TiO2 anatase 
at 10 μg∙cm-2 from PureTi, Cincinnati, OH, USA) was equipped in each chamber. The 11 panels 
(5.1 m2) accounted for about 76% of the surface area of one chamber (6.7 m2). 
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(a)                                                                   (b)    

Figure 2. Schematic of UV chambers with TiO2 coated panels (yellow). A total of eleven panels 
coated with TiO2 are attached in one chamber. (a): dimensions; (b): airflow, red: untreated air 
irradiated with UV light, blue: treated air; 

1.1.2 UV-A irradiation source 

LED UV-A lamp (T8 LED, Eildon Technology, Shenzhen, China) was used. The main peak 
wavelength of the UV-A lamp is 367 nm. Light intensity was measured with an ILT-1700 
radiometer (International Light Technologies, Peabody, MA, USA) equipped with an NS365 
filter and SED033 detector (International Light Technologies, Peabody, MA, USA). Prior to use, 
the radiometer and sensor were sent to the manufacturer company (International Light 
Technologies, Peabody, MA, USA) for factory calibration. For economic analysis, the electric 
power was measured using a wattage meter (P3, Lexington, NY, USA).  
In this study, when the UV-A light was irradiated inside the mobile laboratory, the light intensity 
irradiated to the direct airflow (photolysis) and to the TiO2 surface (photocatalysis) was 
investigated (Figure 3). The light intensity of photolysis was measured in six directions from 
three points (Bottom: 0.6 m from the floor, Mid: 1.2 m, Top: 1.8 m) in the chamber. The light 
intensity of the three points was measured at the center of the chamber. The photocatalysis's light 
intensity was measured to the 11 installed panels (Top, Bottom, Front Top, Front Bottom, Left 
Top, Left Bottom, Right Top, Right Bottom, Back Top, Back Middle, and Back Bottom). The 
light intensity of photocatalysis was measured at 0.2 m intervals in panels. 
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            (a)                                                               (b) 

Figure 3. Measurement of light intensity in the UV treatment chamber. (a): the light intensity of 
photolysis, the light intensity irradiated directly from UV sources were investigated at three 
points (Top, Mid, and Bottom) in the chamber, and the light intensity was measured in six 
directions (X: front, X': back, Y: right, Y': left, Z: top, Z': bottom) at each point to obtain the 
average and total value; (b): the light intensity of photocatalysis, The light intensity irradiated 
was measured to a total of eleven coated panels (T, B, F.T., F.B., L.T., L.B., R.T., R.B., B.T., 
B.M., and B.B.) with TiO2 in one chamber; 
 
In addition, a portable UV lamp holder was produced to supplement low light intensity in the 
chamber (Figure 4). The portable lamp holder was made in two sizes (small: 0.5 x 1.7 m, large: 
0.7 x 1.7 m). The small size holder can be installed with 5 lamps on the front and backside for a 
total of up to 10 lamps. Also, it was made for installation on the backside of the chamber. The 
large size holder can be installed with 10 lamps on the front and the back, respectively. It was 
made for installation on the side of the chamber. A total of 55 lamps were installed in two 
chambers (#2 and #3) with portable UV lamp holders (including the 5 lamps installed on the 
door). Therefore, a total of 160 UV-A lamps was installed in the 12 chambers of the mobile 
laboratory. 
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(a)                                                                      (b)                        

Figure 4. Portable UV lamp holder for increasing light intensity inside selected two chambers 
(#2 and #3). A total of 10 lamps (20 lamps) can be installed on both sides of the short-length 
(long-length, 0.7 m) portable UV lamp holder. (a): dimensions; (b): schematic of portable UV 
lamp holder inside two chambers; Up to 55 lamps were installed in one chamber to investigate 
the reduction of the target gas according to the increase in light intensity, 20 lamps were 
arranged on the side, and 10 lamps were arranged on the back; 
 
The photolysis light intensity measured in the chamber of the mobile lab showed in Table 1. The 
light intensity measured in 6 directions showed considerable variation. For example, 0.3 mW∙cm-

2 was detected in the forward direction that was directly illuminated. However, the ~ 100x low 
light intensity was observed in the direction indirectly illuminated. However, the average and 
total sum of light intensity were similar in all chambers. As the number of lamps installed in the 
chamber increased, the light intensity was also increased. 
 
Table 1. The measured light intensity (I, mW·cm-2) of photolysis with increasing UV-A light in 
chamber #2.  

The number 
of lamps 

X 
(front) 

Y 
(right) 

Z 
(top) 

X' 
(back) 

Y' 
(left) 

Z' 
(bottom) 

Average 
(Average of 

X,X',Y,Y',Z,Z
') 

Sum 
(X+X' + 

Y+Y' 
+Z+Z') 

5 0.34 0.24∙ 
10-2 

0.43∙ 
10-2 

0.36∙ 
10-2 

0.25∙ 
10-2 

0.24∙ 
10-2 0.06 0.36 

20 0.46 0.81 0.43 
∙10-1 0.22 0.77 0.74 

∙10-1 0.40 2.38 
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30 0.52 0.93 0.11 0.68 0.91 0.37 0.59 3.52 
40 0.66 1.1 0.14 0.67 1.02 0.59 0.70 4.18 
55 0.68 1.3 0.17 0.84 1.4 0.87 0.88 5.26 

Note: X, X' Y, Y", Z, and Z' refer to the six spatial coordinates inside a chamber illustrated in 
Figure 3; 
 
The light intensity of photocatalysis irradiated on the TiO2 coated panels is presented in Table 2. 
The photocatalysis light intensity also showed a huge difference gap about 1000 times between 
the directly irradiated part and the non-directed part. However, there was no area in the panel 
where no light intensity was detected. 
 
Table 2. UV-A light intensity (I, mW∙cm-2) of photocatalysis at 11 panels in #2 chamber (Top, 
Bottom, Front Top, Front Bottom, Left Top, Left Bottom, Right Top, Right Bottom, Back Top, 
Back Middle, and Back Bottom; location of panels as illustrated in Figure 3).  

Quantity 
of lamps T B FT FB RT RB LT LB BT BM BB 

Average 
(Averag
e of 11 
panels) 

5 0.02 0.02 
0.02∙
10-3 

0.02∙
10-3 0.10 0.08 0.08 0.09 0.01 0.04 0.01 

0.04 
±0.04 

20 0.03 0.03 
0.02∙
10-1 

0.01∙
10-1 0.14 0.13 0.11 0.14 0.02 0.10 0.03 

0.07 
±0.06 

30 0.06 0.05 0.03 0.02 0.27 0.26 0.21 0.25 0.06 0.30 0.03 0.14 
±0.12 

40 0.10 0.08 0.06 0.03 0.58 0.54 0.45 0.55 0.08 0.37 0.03 0.26 
±0.23 

55 0.16 0.12 0.08 0.06 0.83 0.79 0.61 0.73 0.26 0.76 0.13 0.41 
±0.33 

1.1.3 Experimental fan calibration  

The system volumetric flow rate was calibrated using the Fan Assessment Numeration System 
(FANS) unit, a portable fan tester (Gates, Casey, Xin, Wheeler, & Simmons, 2004; Hoff et al., 
2009; Wheeler et al., 2002). The FANS unit incorporates a horizontal array of four propeller 
anemometers to create a real−time traverse of airflow entering the ventilation fan's 20-inch 
diameter (Figure 5). The FANS unit consists of an open-ended box with smoothly curved inlet 
edges that are placed in front (intake side) of a fan (Gates et al., 2004). This gives a velocity map 
across the face area that is used to calculate the volumetric flow rate entering the system. The 
measurable range of the FANS unit used is 500 to 10000 CFM.  
Prior to calibration, a leak test of our test chambers was performed. This was done to verify that 
all volumetric flow rate monitored by the FANS unit is entering the inlet and exiting the exhaust 
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at the same rate, as matter cannot be created nor destroyed. The leak test was performed by 
closing off the exhaust outlet, turning both fans to 100% operating speeds, and monitoring the 
ATM and FANS unit data. With an ATM reading of 0% of maximum volumetric flow and visual 
confirmation that there was no spin of the ATM fan blades, while the FANS unit recorded no 
incoming volumetric flow, the system was verified to have no leaks. 
The process of the calibration was mostly automated using the FANS unit and system. The 
process began with the prop propellers at the top and slowly moves down through the FANS unit 
recording the openings air velocity data. A program then converts this information into a cfm, 
velocity, and rpm of props. The test is then run again at the same mobile lab fan setting only 
moving the propellers from the bottom of the unit to the top recording the same data. These two 
recorded CFM's are then compared to find the % error between the readings. If the error was 
above 5%, the procedure was done again to add to the amount of data being used for an average 
volumetric flow rate for the specific system setting. The 5% error was used to keep the hysteresis 
of the calibration as close as possible between upward and downward tests.  

 
Figure 5. Calibration of fan flow rate using a portable fan tester. The fan flow was measured 
using a fan airflow numeration system (FANS) that shows the volume metric flow rate. 
 
The FANS calibration flow rates were then added to a real-time recording of the ATM % of the 
fan's maximum volumetric flow rate from the Lumina controller. By comparing the ATM % of 
max flow rate vs. the FANS gold standard reading, a trendline could then be added to the data. 
The flow rate formed by adjusting two fans in the mobile laboratory showed a very high 
correlation and high accuracy with the volumetric airflow measured by the FANS unit (Figure 
6). The treated airflow in the mobile lab can be adjusted from ~0.25 m3∙s-1 (535 CFM) to ~1.23 
m3∙s-1 (2600 CFM). 
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Figure 6. Confirmation of the airflow control. Comparison of the external FANS unit measurement 
of airflow with the airflow control built in the system (ATM). 

1.1.4 Experimental MERV filtration unit 

The mobile laboratory was designed and developed for the purpose of being used on a real farm 
site. However, the gas emitted by the exhaust fan of the actual farm contains various substances 
such as dust, manure powder, and flies. Therefore, it was considered that in order to analyze UV 
treatment accurately, it was necessary to remove various dust factors emitted from the farm. 
Therefore, in this study, a filtration unit was manufactured in a detachable form (Figure 7). Two 
types of MERV filters were installed in the filtration unit. Characteristics of the MERV filter 
type were summarized in Table 3. 
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Figure 7. Schematic of a flow-through filtration unit for trapping the airborne particulates (side 
view of filtration unit). A total of 8 minimum efficiency reporting value (MERV) filters (four #8 
MERVs, yellow, and four #15 MERVs, black) were mounted inside the filtration unit. Treated 
air is filtered by #8 MERVs, followed by #15 MERVs.  
 
Table 3. MERV filter rating. 

MERV 
filter 

Rating 

Average % of particle trapped efficiency (E) 
Initial differential 

pressure (Pa) 
Blocked  

substance Particle matter (PM) size (µm) 
0.3 - 1.0  1.0 - 3.0 3.0 - 10.0 

MERV 8 N/A E < 20% E > 70% 50 
Lint 
Dust 

Mold spores 

MERV 15 E < 85% E > 90% E >95% 140 

Lint 
Dust 

Mold spores 
Smoke 

Bacteria 
Virus Carriers 
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1.1.5 Evaluation of mobile UV laboratory's operation using standard gases. 

The mobile laboratory and filtration unit are installed as in Figure 8. When reflecting on the total 
volume of the mobile laboratory (14.4 m3 without vertical baffles), connection (0.29 m3) between 
the mobile lab and filtration unit, and filtration unit (4.0 m3), the total treatment time was 74 
seconds with the lowest airflow (0.25 m3∙s-1), and the treatment time was 57 seconds in only the 
mobile laboratory under the lowest airflow (0.25 m3∙s-1). Therefore, the treatment time per 
chamber was about 4.8 seconds. In order to check the operation of the mobile laboratory, 
untreated gas was introduced into the filtration unit. Untreated gas is NH3 and N-butanol 
standard gas as a control. The control was collected by measuring the concentration of the target 
gas in the mobile lab with the lamps turned off. Then, UV lamps were turned on, and the treated 
concentration was measured (Figure 8). 

 
Figure 8. Schematic of a flow-through UV mobile laboratory with a filtration unit. Brown arrow: 
inlet of untreated air; red arrow: inlet air with reduced particle matter load; blue arrow: treated 
air.  The untreated air (brown arrow) could be either (a) standard gas, (b) mixture of standard 
gases, (c) surrogate odorous air, (d) exhaust from livestock barn, or other air pollution source. 
Yellow: air sampling port.  
 
The NH3 % reduction (%R) was investigated by increasing the UV light dose (UV Dose). The 
additional LED UV-A lamps (110 lamps) using portable UV lamp holders were installed in two 
chambers (#2 and #3), and then the number of lamps was controlled. In the experimental 
conditions of under 110 lamps, the number of lamps turned on was controlled only in two 
chambers. In the condition with 160 lamps, all lamps installed in 12 chambers were activated. 
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A statistically significant reduction of about 9-11% was investigated in conditions that 110 lamps 
were installed in two chambers, and 160 lamps were installed in 12 chambers (Table 4). It was 
found that removing 1 kg of NH3 would cost about 53-63 dollars. 
 
Table 4. Mitigation of NH3 concentration with increasing UV-A light intensity. Air flow = 0.25 
m3/s , temperature= 11±3 ℃, RH = 34±6%. 

UV dose 
(# lamps 1, 

treatment 
time, ts) 

Measured gas 
concentration 

(ppm) 

%R 2 
(p-value) 

Pollutant emission 
(E, g·min-1) 

Power 3 
(W) 

Electric energy for 
mitigation of 

pollutant mass 4  
(EE, kWh·g-1) 

Cost  
($·g-1) 5  

Control  Treatment  Control Treatment 

0.38 
(10, 9.5 s) 

67.8 
±0.17 

67.8 
±0.21 

0% 
(0.79) 

0.76 0.76 159 Not estimated Not 
estimated 

0.67 
(40, 9.5 s) 

67.4 
±0.35 

67.4 
±0.42 

0% 
(0.93) 

0.74 0.74 471 Not estimated Not 
estimated 

1.33 
(60, 9.5 s) 

67.6 
±0.69 

67.4 
±0.35 

0% 
(0.41) 

0.74 0.74 788 Not estimated Not 
estimated 

2.48 
(80, 9.5 s) 

67.6 
±0.32 

66.9 
±0.82 

1% 
(0.36) 

0.76 0.74 1258 Not estimated Not 
estimated 

3.90 
(110, 9.5 s) 

67.4 
±0.36 

61.1 
±0.30 

9% 
(<0.01) 

0.75 0.68 1730 0.41 0.05 

5.81 
(160, 57 s) 

68.9 
±0.68 

61.1 
±0.70 

11% 
(<0.01) 

0.76 0.68 2497 0.48 0.06 

1 The number of lamps turned ‘on’ during treatment; 2 percent reduction in gas concentrations; 3 
measured electric power consumption for the UV lamps turned ‘on’ during treatment (W); 4 The 
electric energy of UV treatment (EE) estimated as using the electric energy consumption (EEC) 
needed to mitigate a gas pollutant mass (M) (kWh·g-1); 5 The cost of electric energy needed for 
UV treatment to mitigate a unit mass of pollutant in the air ($∙g-1); Bold font signifies the 
statistical significance of treatment.  
 
As a result of measuring the N-butanol % reduction, the statistically significant reduction was 
found in more than 80 lamp installed conditions (Table 5). N-butanol treatment was investigated 
for a higher % reduction than NH3. It was expected that N-butanol reduction would show higher 
efficiency then NH3. This is because, based on previous studies (Lee et al., 2020; Maurer et al., 
2017; Yang et al., 2020), UV-A photocatalysis has a higher VOC reduction rate than NH3. As the 
UV dose increased, the N-butanol reduction also increased, but the condition with 110 lamps 
(3.90 mJ·cm-2) was the most economically efficient. 
 
Table 5. Mitigation of N-butanol concentration with increasing light intensity. Air flow = 0.25 
m3/s (Treatment time = 9.5 s), temperature = 14±2 ℃, RH = 34±6%. 

UV dose 
(# lamps 1, 

treatment 
time, ts) 

Measured gas 
concentration 

(ppm) 

%R 2 
(p-value) 

Pollutant emission 
(E, mg·min-1) 

Power 3 
(W) 

Electric energy for 
mitigation of 

pollutant mass 4  
(EE, kWh·mg-1) 

Cost  
($·mg-1) 5  

Control  Treatment  Control Treatment 

0.38 
(10, 9.5 s) 

0.63 
±0.04 

0.62 
±0.63 

0% 
(0.73) 

29.9 29.5 159 Not estimated Not 
estimated 
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0.67 
(40, 9.5 s) 

0.81 
±0.27 

0.67 
±0.09 

16% 
(0.33) 

38.5 32.1 471 Not estimated Not 
estimated 

1.33 
(60, 9.5 s) 

0.67 
±0.09 

0.60 
±0.03 

10% 
(0.41) 

32.1 28.6 788 Not estimated Not 
estimated 

2.48 
(80, 9.5 s) 

0.66 
±0.02 

0.53 
±0.06 

19% 
(0.04) 

31.5 25.3 1258 3.40 0.44 

3.90 
(110, 9.5 s) 

0.65 
±0.03 

0.43 
±0.04 

34% 
(0.03) 

30.9 20.3 1730 2.71 0.35 

5.81 
(160, 57 s) 

0.69 
±0.02 

0.41 
±0.07 

41% 
(0.02) 

32.9 19.4 2497 3.10 0.40 

1 The number of lamps turned ‘on’ during treatment; 2 percent reduction in gas concentrations; 3 
measured electric power consumption for the UV lamps turned ‘on’ during treatment (W); 4 The 
electric energy of UV treatment (EE) estimated as using the electric energy consumption (EEC) 
needed to mitigate a gas pollutant mass (M) (kWh·g-1); 5 The cost of electric energy needed for 
UV treatment to mitigate a unit mass of pollutant in the air ($∙g-1); Bold font signifies the 
statistical significance of treatment.  

1.2 Testing of a mobile laboratory with gases generated from swine manure 

1.2.1 Experiment setup  

A plastic drum (55 gallons) containing swine manure was connected to a filtration unit to 
investigate the performance of UV photocatalysis (Figure 9). The swine manure inside of the 
plastic drum was continuously mixed using an air generator system.  

 
Figure 9. Schematic of a flow-through UV mobile laboratory. Brown arrow: untreated gas from 
the manure drum; white arrow: atmosphere air for diluting the untreated gas; red arrow: inlet air 
with reduced particle matter load; blue arrow: treated air. Yellow: air sampling port.  
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An air generator system was constructed using an air compressor (Dewalt, Baltimore, MD, USA) 
and an air hose (1/4 in x 25 ft). The compressor can control the pressure from 0 to 225 psi and is 
used at 80 psi in this study. The air hose was made the shape of a round circle to widen the 
contact surface of the air coming from the compressor. The air hose made a small hole (0.2 cm) 
where the compressor wind directly received and made a large hole (1 cm) on the opposite side 
to achieve the even exhaust airflow. It created the untreated gas flow.  

 
Figure 10. Generation of gaseous emissions from swine manure. Compressed air is fed into the 
bottom of the swine manure storage vessel. Gaseous emissions from the vessel's headspace are 
then blended with clean air.   
 
In this pilot-scale experiment, mitigation of odorous target gases was investigated under different 
UV-A, the wavelength most similar to sunlight, dose conditions and different UV wavelengths. 
First, research on different UV-A dose was conducted by adjusting the airflow and increasing the 
number of UV-A light at chamber #2 and #3. Second, to investigate the reduction of target gas 
according to different UV wavelengths, a total of 4 different wavelength lamps (UV-A: 367 nm, 
UV-C: 254 nm, 222 nm, 185+254 nm) were installed in one chamber (# 2) inside the mobile. For 
UV-A (367 nm), 55 lamps were installed using lamp holders, and for UV-C 254 nm and 
185+254 nm, 4 lamps of each different wavelength were installed on the door, and for Excimer 
UV-C (222 nm), one lamp and power supply were installed on the door. The concentration of the 
untreated gas (control) was measured in the #3 chamber under the condition of the lowest airflow 
with the UV light off. Then, the concentration under the UV treatment condition was measured 
in the #3 chamber after turning on the lamp in the chamber #2. 

1.2.2 Different UV wavelength sources 

In this study, the % reduction of target gas was investigated using UV light of 4 different 
wavelengths. In the case of a UV-A LED lamp, the light intensity was detected only in the 365 
nm wavelength. And among the UV-C lamps, the excimer (222 nm) lamp and fluorescent (254 
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nm) lamp were detected at 222 nm, 254 nm, and 365 nm. And at 185 nm wavelength, only the 
UV-C lamp (185+254 nm) was detected. 

 
Figure 11. The measured light intensity of the experimental UV lamps with different 
wavelengths. The number of lamps: one, distance from lamp to sensor: 1 m. 
 
After installing 4 different wavelength lamps inside the mobile lab, the light intensity into 
chamber #2 was measured. In the same way as the UV-A lamp result, the light intensity of 
photocatalyst irradiated on the TIO2 surface and the photolysis directly irradiated to the untreated 
air was measured. The light intensity measured inside the mobile lab is shown in Table 6-11. 
 
Table 6. The measured light intensity (µW·cm-2) of photolysis with UV-C fluorescent (254 nm) 
in chamber #2.  

Wavelength Locatio
n X Y Z X' Y' Z' Averag

e Sum 

365 nm 

Top 2.21 0.42 0.55∙ 
10-2 0.34 0.23 0.41∙ 

10-2 0.535 3.21 

Middle 18.7 0.44 0.61 0.33 0.61 0.14 3.472 20.8 

Bottom 1.53 0.26 0.17∙ 
10-1 0.26 0.30 0.31∙ 

10-2 0.395 2.37 

254 nm 
Top 8.17 0.53 0.08 1.52 1.57 0.12 2.00 12.0 

Middle 42.1 3.14 0.97 2.31 2.81 0.71 8.68 52.1 
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Bottom 6.52 0.67 0.05 1.22 0.98 0.05 1.58 9.48 

222 nm 

Top 0.30∙ 
10-3 

0.11∙ 
10-3 

0.10∙ 
10-4 

0.21∙ 
10-4 

0.14∙ 
10-3 

0.10∙ 
10-4 

0.09∙ 
10-4 

0.54∙ 
10-3 

Middle 0.10 0.42∙ 
10-2 

0.30∙ 
10-3 

0.70∙ 
10-3 

0.31∙ 
10-2 

0.30∙ 
10-3 0.02 0.11 

Bottom 0.40∙ 
10-3 

0.22∙ 
10-3 

0.14∙ 
10-4 

0.12∙ 
10-4 

0.10∙ 
10-3 

0.10∙ 
10-4 

0.12∙ 
10-3 

0.73∙ 
10-3 

 
Table 7. The measured light intensity (µW·cm-2) of photolysis with UV-C excimer (222 nm) in 
chamber #2.  
Wavelength Location X Y Z X' Y' Z' Average Sum 

365 nm 

Top 1.07 0.18 0.20∙ 
10-3 

0.31∙ 
10-2 0.21 0.10∙ 

10-3 0.24 1.46 

Middle 8.91 8.10 0.23∙ 
10-1 1.15 7.70 0.35∙ 

10-1 4.32 25.9 

Bottom 2.56 0.52 0.71∙ 
10-3 0.31 0.38 0.30∙ 

10-3 0.63 3.77 

254 nm 

Top 6.98 1.02 0.78∙ 
10-2 0.67 0.98 0.84∙ 

10-2 1.61 9.67 

Middle 23.1 6.4 0.41 2.42 8.80 0.22 6.89 41.4 

Bottom 12.3 3.71 0.14∙ 
10-1 1.71 2.76 0.02 3.42 20.6 

222nm 
Top 7.65 2.98 0.01 0.45 2.16 0.02 2.21 13.3 

Middle 42.7 31.2 1.54 11.6 25.5 1.09 18.9 114 
Bottom 14.2 5.82 0.04 1.32 4.67 0.04 4.35 26.1 

 
Table 8. The measured light intensity (µW·cm-2) of photolysis with UV-C fluorescent (185+254 
nm) in chamber #2.  
Wavelength Location X Y Z X' Y' Z' Average Sum 

365 nm 

Top 2.23 0.45 0.40∙ 
10-3 

0.98∙ 
10-1 0.25 0.01 0.51 3.04 

Middle 16.1 0.41 0.33 0.21 0.44 0.21 2.95 17.7 

Bottom 3.01 0.36 0.20∙ 
10-3 0.10 0.39 0.66∙ 

10-2 0.65 3.87 

254 nm 
Top 8.32 0.87 0.09 0.22 0.48 0.41 1.73 10.4 

Middle 48.2 1.38 1.42 0.79 2.73 1.02 9.26 55.5 
Bottom 6.23 0.72 0.23 0.14 0.64 0.09 1.34 8.05 

222 nm 

Top 0.20∙ 
10-3 

0.11∙ 
10-3 

0.10∙ 
10-4 

0.24∙ 
10-4 

0.17∙ 
10-3 

0.10∙ 
10-4 

0.73∙ 
10-4 

0.44∙ 
10-3 

Middle 0.08 0.15∙ 
10-2 

0.20∙ 
10-3 

0.21∙ 
10-3 

0.24∙ 
10-2 

0.10∙ 
10-3 

0.14∙ 
10-1 0.08 

Bottom 0.20∙ 
10-3 

0.11∙ 
10-3 

0.17∙ 
10-4 

0.10∙ 
10-4 

0.12∙ 
10-3 

0.10∙ 
10-4 

0.70∙ 
10-4 

0.43∙ 
10-3 
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185 nm 

Top 0.07∙ 
10-1 

0.05∙ 
10-2 

0.02∙ 
10-2 

0.01∙ 
10-2 

0.03∙ 
10-2 

0.01∙ 
10-2 

0.01∙ 
10-1 

0.08∙ 
10-1 

Middle 0.55∙ 
10-1 0.01 0.03∙ 

10-2 
0.03∙ 
10-2 0.03 0.03∙ 

10-2 
0.16∙ 
10-1 

0.96∙ 
10-1 

Bottom 0.04∙ 
10-1 

0.04∙ 
10-2 

0.01∙ 
10-2 

0.01∙ 
10-2 

0.02∙ 
10-2 

0.01∙ 
10-2 

0.01∙ 
10-1 

0.05∙ 
10-1 

 
Table 9. UV-C fluorescent (254 nm) light intensity (µW∙cm-2) of photocatalysis at 11 panels in #2 
chamber (Top, Bottom, Front Top, Front Bottom, Left Top, Left Bottom, Right Top, Right Bottom, Back 
Top, Back Middle, and Back Bottom; location of panels was illustrated in Figure 3). 
Wavele

ngth T B FT FB RT RB LT LB BT BM BB Aver
age S.D. 

365 nm 0.21∙
10-1 

0.15∙
10-1 

0.08∙
10-2 

0.04∙
10-2 0.14 0.08 0.24 0.11 0.15∙

10-1 0.04 0.21∙
10-1 

0.62∙
10-1 

0.75∙
10-1 

254 nm 0.08 0.75∙
10-1 

0.16∙
10-2 

0.21∙
10-2 0.88 0.97 1.12 0.84 0.32∙

10-1 
0.33∙
10-1 

0.24∙
10-1 0.37 0.47 

222 nm 0.02∙
10-2 

0.12∙
10-3 

0.11∙
10-4 

0.13∙
10-4 

0.42∙
10-3 

0.43∙
10-3 

0.37∙
10-3 

0.43∙
10-3 

0.01∙
10-2 

0.01∙
10-2 

0.01∙
10-2 

0.21∙
10-3 

0.17∙
10-3 

 
Table 10. UV-C excimer (222 nm) light intensity (µW∙cm-2) of photocatalysis at 11 panels in #2 
chamber (Top, Bottom, Front Top, Front Bottom, Left Top, Left Bottom, Right Top, Right Bottom, Back 
Top, Back Middle, and Back Bottom; location of panels was illustrated in Figure 3). 
Wavele

ngth T B FT FB RT RB LT LB BT BM BB Aver
age S.D. 

365 nm 0.82∙
10-2 

0.67∙
10-2 

0.02∙
10-2 

0.02∙
10-2 

0.89∙
10-1 

0.77∙
10-1 

0.82∙
10-1 

0.79∙
10-1 

0.87∙
10-2 

0.83∙
10-2 

0.78∙
10-2 

0.33∙
10-1 

0.39∙
10-1 

254 nm 0.17∙
10-1 

0.11∙
10-1 

0.27∙
10-2 

0.19∙
10-2 0.38 0.33 0.41 0.37 0.09∙

10-1 
0.11∙
10-1 0.01 0.14 0.18 

222 nm 0.71∙
10-1 

0.57∙
10-1 

0.11∙
10-1 

0.08∙
10-1 1.42 1.65 1.82 1.35 0.31∙

10-1 
0.28∙
10-1 0.03 0.59 0.78 

 
Table 11. UV-C fluorescent (185+254 nm) light intensity (µW∙cm-2) of photocatalysis at 11 panels in 
#2 chamber (Top, Bottom, Front Top, Front Bottom, Left Top, Left Bottom, Right Top, Right Bottom, 
Back Top, Back Middle, and Back Bottom; location of panels was illustrated in Figure 3). 
Wavele

ngth T B FT FB RT RB LT LB BT BM BB Aver
age S.D. 

365 nm 0.12∙
10-1 

0.14∙
10-1 

0.62∙
10-3 

0.57∙
10-3 

0.96∙
10-1 0.11 0.14 0.13 0.12∙

10-1 
0.18∙
10-1 

0.1∙1
0-11 

0.49∙
10-1 

0.56∙
10-1 

254 nm 0.67∙
10-1 

0.42∙
10-1 

0.11∙
10-2 

0.14∙
10-2 0.63 0.72 0.72 0.74 0.32∙

10-1 
0.37∙
10-1 

0.31∙
10-1 0.28 0.34 

222 nm 0.18∙
10-3 

0.16∙
10-3 

0.82∙
10-4 

0.56∙
10-4 

0.73∙
10-3 

0.81∙
10-3 

0.92∙
10-3 

0.75∙
10-3 

0.13∙
10-3 

0.21∙
10-3 

0.18∙
10-3 

0.38∙
10-3 

0.34∙
10-3 

185 nm 0.14∙
10-2 

0.02∙
10-1 

0.76∙
10-3 

0.61∙
10-3 

0.22∙
10-1 

0.13∙
10-1 

0.17∙
10-1 

0.13∙
10-1 

0.01∙
10-1 

0.01∙
10-1 

0.01∙
10-1 

0.66∙
10-2 

0.80∙
10-2 
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1.2.3 Mitigation of target gases as a function of UV dose 

1.2.3.1 Ammonia and hydrogen sulfide 
The NH3 concentration was average 5.4 ppm, and no H2S was detected (Table 12, 13, and 14). 
NH3 showed a reduction of about 6% under the condition of irradiating the maximum UV dose 
(160 lamps for the longest treatment time, 57 s). Based on these results, a minimum of 5.8 
mJ·cm-2  is considered necessary for the TiO2 surface to be irradiated (Table 14). 
 
Table 12. Mitigation of NH3 concentration with the different number of lamps (60, 80, 110, 
resulting in 1.3, 2.5, 3.9 mJ•cm-2 UV dose) irradiating gaseous emissions from swine manure inside 
#2 and #3 chambers. Bold signifies statistical significance.  

  NH3 concentration (ppm) 
Reduction 

(%) 
p-Value UV dose  

(number of UV lamps on) 
Control Treatment 

1.3 mJ·cm-2 (60) 4.6 ± 0.1 4.5 ± 0.1 1.0 0.33 

2.5 mJ·cm-2 (80) 5.8 ± 0.1 5.7 ± 0.1 1.3 0.21 

3.9 mJ·cm-2 (110) 5.5 ± 0.2 5.3 ± 0.2 2.1 0.38 

Note: Gas emission was at the lowest airflow(0.25 m3•s-1). inlet air temperature (influent of 
chamber #2) = 19 ℃, outlet air temperature = 22 ± 2 ℃ (effluent of chamber #3).  
 
Table 13. Mitigation of NH3 concentration with different gaseous emissions airflow (0.25, 0.50, 
and 0.76 m3•s-1 resulting in 9.5, 4.8, and 2.4 s treatment time, respectively) irradiating gaseous 
emissions from swine manure. Bold signifies statistical significance. 
 NH3 concentration (ppm) 

Reduction 
(%) p-Value UV dose 

(Airflow rate, treatment time) 
Control Treatment 

3.9 mJ·cm-2 
(0.25 m3·s-1, 9.5 s) 

5.5 ± 0.2 5.3 ± 0.2 2.1 0.38 

2.0 mJ·cm-2 
(0.50 m3·s-1, 4.8 s) 

6.3 ± 0.1 6.2 ± 0.1 1.1 0.06 

1.3 mJ·cm-2 
(0.76 m3·s-1, 3.2 s) 4.3 ± 0.4 4.2 ± 0.4 4.3 0.41 

Note: Irradiated with the light intensity of 0.41 mW·cm-2 under all conditions (two chambers, #2, 
and #3, with 55 lamps). 
 
Table 14. Mitigation of NH3 concentration under different UV-A dose and treatment time. Bold 
signifies statistical significance. 

 NH3 concentration (ppm) 
Reduction 

(%) 
p-Value UV dose  

(Chamber #) 
Control Treatment 
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3.9 mJ·cm-2 for 9.5 s (2 & 3) 5.5 ± 0.2 5.3 ± 0.2 2.1 0.38 
3.9 mJ·cm-2 for 9.5 s (2 & 3, +  

1.9 mJ·cm-2 for 47.6 s (1, 4~12)*   
6.0 ± 0.3 5.6 ± 0.3 6.1 0.04 

Note: The * condition irradiated with UV-A for 9.5 s was used with 110 lamps in two chambers 
(#2 and #3), and for 47.6 s was used with a total of 50 lamps in 10 chambers. Airflow = 0.25 
m3·s-1, inlet air temperature (influent of chamber #2) = 19 ℃, outlet air temperature = 23 ℃ 
(effluent of chamber #3). 
 
The results of the economic analysis to reduce NH3 at the pilot scale were not realistic. In the 
experiment using standard gas, about $8 was required to reduce 1 kg of NH3 in 1 minute. 
However, on a pilot scale, to reduce 1 kg of NH3 per minute, it is required 1,200 dollars. 
Therefore, it was concluded that it was not economical to use a photocatalyst for reducing NH3. 
 
Table 15. Economic analysis of NH3 emission. Air flow = 0.25 m3/s , temperature= 20±3 ℃, RH 
= 45±4%. 

UV dose 
(# lamps 1, 

treatment 
time, ts) 

Measured gas 
concentration 

(ppm) 

%R 2 
(p-value) 

Pollutant emission 
(E, g·min-1) 

Power 3 
(W) 

Electric energy for 
mitigation of 

pollutant mass 4  
(EE, kWh·g-1) 

Cost  
($·g-1) 5  

Control  Treatment  Control Treatment 

3.90 
(110, 9.5 s) 

5.5 
±0.2 

5.3 
±0.2 

2% 
(0.38) 0.058 0.057 1730 Not estimated Not 

estimated 
5.81 

(160, 57 s) 
6.0 

±0.3 
5.6 

±0.3 
6% 

(0.04) 0.064 0.060 2497 10.5 1.26 
1 The number of lamps turned ‘on’ during treatment; 2 percent reduction in gas concentrations; 3 
measured electric power consumption for the UV lamps turned ‘on’ during treatment (W); 4 The 
electric energy of UV treatment (EE) estimated as using the electric energy consumption (EEC) 
needed to mitigate a gas pollutant mass (M) (kWh·g-1); 5 The cost of electric energy needed for 
UV treatment to mitigate a unit mass of pollutant in the air ($∙g-1); Bold font signifies the 
statistical significance of treatment.  
 
1.2.3.2 Greenhouse gases 
In the case of GHGs, the concentration of CO2 was found to increase after photocatalysis 
reaction, and N2O was shown to decrease (Table 16, 17, and 18). However, there was no 
statistically significant change in the case of CH4. As a result, the % reduction was about -26% 
for CO2 and 4-9% for N2O under the UV-A photocatalysis. For CO2, it was found that the 
concentration increased in all conditions with a UV dose of 1.3 mJ·cm-2 or higher. A statistically 
significant increase was shown at the 3.9 mJ·cm-2 UV dose condition. The N2O showed a 
statistically significant decrease under the condition of 2.5 mJ·cm-2 or higher. In addition, the 
reduction of N2O showed a linear relationship with the increase in UV dose. 
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Table 16. Mitigation of GHGs concentration with the different number of lamps (60, 80, 110, 
resulting in 1.3, 2.5, 3.9 mJ•cm-2 UV dose) irradiating gaseous emissions from swine manure 
inside #2 and #3 chambers.  
 CH4 CO2 N2O 

 1.3 
mJ·cm-2 

2.5 
mJ·cm-2 

3.9 
mJ·cm-2 

1.3 
mJ·cm-2 

2.5 
mJ·cm-2 

3.9 
mJ·cm-2 

1.3 
mJ·cm-2 

2.5 
mJ·cm-2 

3.9 
mJ·cm-2 

Control (ppm) 1.8 ± 0.1 2.4 ± 0.7 446 ± 29 422 ± 49 0.4 ± 0.0 0.3 ± 0.0 

Treatment 
(ppm) 

1.8 ± 0.1 1.6 ± 0.1 2.6 ± 0.4 480 ± 68 526 ± 57 532 ± 58 0.4 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 

% reduction 
(p-value) 

4.7 
(0.29) 

12.9 
(0.17) 

-8.9 
(0.67) 

-7.5 
(0.29) 

-17.9 
(0.23) 

-25.8 
(0.01) 

3.5 
(0.22) 

9.0 
(<0.00) 

4.3 
(0.02) 

Note: Air flow = 0.25 m3·s-1 (Treatment time = 9.5 s), inlet air temperature (influent of chamber 
#2) = 19 ℃, outlet air temperature = 22 ± 2 ℃ (effluent of chamber #3). Bold signifies statistical 
significance. 
 
Table 17. Mitigation of GHGs concentration with different gaseous emissions airflow (0.25, 0.50, 
and 0.76 m3•s-1 resulting in 9.5, 4.8, and 2.4 s treatment time, respectively) irradiating gaseous 
emissions from swine manure. Bold signifies statistical significance. 

 CH4 CO2 N2O 

 

3.9 
mJ·cm-2 

(0.25 
m3·s-1, 
9.5 s) 

2.0 
mJ·cm-2 

(0.50 
m3·s-1, 
4.8 s) 

1.3 
mJ·cm-2 

(0.76 
m3·s-1, 
3.2 s) 

3.9 
mJ·cm-2 

(0.25 
m3·s-1, 
9.5 s) 

2.0 
mJ·cm-2 

(0.50 
m3·s-1, 
4.8 s) 

1.3 
mJ·cm-2 

(0.76 
m3·s-1, 
3.2 s) 

3.9 
mJ·cm-2 

(0.25 
m3·s-1, 
9.5 s) 

2.0 
mJ·cm-2 

(0.50 
m3·s-1, 
4.8 s) 

1.3 
mJ·cm-2 

(0.76 
m3·s-1, 
3.2 s) 

Control 
(ppm) 

2.4  
± 0.7 

2.8 
 ± 0.3 

1.6 
 ± 0.1 

422 
 ± 49 

463 
 ± 32 

598  
± 89 

0.3  
± 0.0 

0.3  
± 0.0 

0.3  
± 0.0 

Treatment 
(ppm) 

2.6 
 ± 0.4 

2.8  
± 0.7 

1.8  
± 0.1 

532  
± 58 

568 
 ± 89 

559  
± 61 

0.3  
± 0.0 

0.4  
± 0.0 

0.3  
± 0.0 

% reduction 
(p-value) 

-8.9 
(0.67) 

0.2 
(0.98) 

-13.8 
(0.27) 

-25.8 
(0.01) 

-22.8 
(0.27) 

6.6 
(0.23) 

4.3 
(0.02) 

-17.1 
(0.09) 

0.4 
(0.85) 

Note: Irradiated with the light intensity of 0.41 mW·cm-2 under all conditions. Inlet air 
temperature (influent of chamber #2) = 19 ℃, outlet air temperature = 23 ℃ (effluent of 
chamber #3).  
 
Table 18. Mitigation of GHGs concentration under different UV-A dose and treatment time. 
Bold signifies statistical significance. 

 CH4 CO2 N2O 

 3.9  
mJ·cm-2  

5.8 
mW·cm-2*   

3.9  
mJ·cm-2  

5.8 
mW·cm-2*   

3.9 
 mJ·cm-2  

5.8 
mW·cm-2*   

Control (ppm) 2.4 ± 0.7 2.8 ± 0.2 422 ± 49 478 ± 55 0.3 ± 0.0 0.3 ± 0.0 
Treatment (ppm) 2.6 ± 0.4 2.8 ± 0.7 532 ± 58 575 ± 56 0.3 ± 0.0 0.2 ± 0.0 
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% reduction 
(p-value) 

-8.9 
(0.67) 

2.9 
(0.81) 

-25.8 
(0.01) 

-20.2 
(0.08) 

4.3 
(0.02) 

14.2 
(0.03) 

Note: The * condition irradiated with UV-A for 9.5 s was used with 110 lamps in two chambers 
(#2 and #3), and for 47.6 s was used with a total of 50 lamps in 10 chambers. Airflow = 0.25 
m3·s-1, inlet air temperature (influent of chamber #2) = 19 ℃, outlet air temperature = 23 ℃ 
(effluent of chamber #3). 
 
To remove 1g of N2O per min, it required a $11 at 3.9 mJ·cm-2 UV dose condition and a $5 at 5.8 
mJ·cm-2 UV dose condition. It turns out that a 5.8 UV dose condition is a more economical 
condition (Table 19). 
 
Table 19. Economic analysis of N2O emission. Air flow = 0.25 m3/s , temperature= 20±3 ℃, RH 
= 45±4%. 

UV dose 
(# lamps 1, 

treatment 
time, ts) 

Measured gas 
concentration 

(ppm) 

%R 2 
(p-value) 

Pollutant emission 
(E, mg·min-1) 

Power 3 
(W) 

Electric energy for 
mitigation of 

pollutant mass 4  
(EE, kWh·g-1) 

Cost  
($·g-1) 5  

Control  Treatment  Control Treatment 

3.90 
(110, 9.5 s) 

0.3 
±0.0 

0.3 
±0.0 

4% 
(0.02) 8.14 7.79 1730 81.6 10.6 

5.81 
(160, 57 s) 

0.3 
±0.0 

0.2 
±0.0 

14% 
(0.03) 8.06 6.92 2497 36.3 4.72 

1 The number of lamps turned ‘on’ during treatment; 2 percent reduction in gas concentrations; 3 
measured electric power consumption for the UV lamps turned ‘on’ during treatment (W); 4 The 
electric energy of UV treatment (EE) estimated as using the electric energy consumption (EEC) 
needed to mitigate a gas pollutant mass (M) (kWh·g-1); 5 The cost of electric energy needed for 
UV treatment to mitigate a unit mass of pollutant in the air ($∙g-1); Bold font signifies the 
statistical significance of treatment.  
 
1.2.3.3. Ozone 
The O3 concentration averaged at 3.0 ppb. O3 concentration was all removed after UV-A 
irradiation (Figure 12). This same trend was shown under all UV dose conditions tested. 
Therefore, the treatment of the lowest UV dose (1.3 mJ·cm-2 ) was the most economical 
condition (Table 20). 
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Figure 12. Mitigation of O3 concentration under different UV-A dose and treatment time. The 
white legend is the lamp turned on, and the black legend is the lamp turned off. 
 
Table 20. Economic analysis of O3 emission. Air flow = 0.25 m3/s , temperature= 20±3 ℃, RH = 
45±4%. 

UV dose 
(# lamps 1, 

treatment 
time, ts) 

Measured gas 
concentration 

(ppb) 

%R 2 
(p-value) 

Pollutant emission 
(E, mg·min-1) 

Power 3 
(W) 

Electric energy for 
mitigation of 

pollutant mass 4  
(EE, kWh·g-1) 

Cost  
($·g-1) 5  

Control  Treatment  Control Treatment 

1.33 
(60, 9.5 s) 

2.92 
±0.32 

0.0 
±0.0 

100% 
(<0.01) 0.09 0.00 788 145.6 18.9 

5.81 
(160, 57 s) 

2.97 
±0.15 

0.0 
±0.0 

100% 
(<0.01) 0.09 0.00 2497 461.4 60.0 

1 The number of lamps turned ‘on’ during treatment; 2 percent reduction in gas concentrations; 3 
measured electric power consumption for the UV lamps turned ‘on’ during treatment (W); 4 The 
electric energy of UV treatment (EE) estimated as using the electric energy consumption (EEC) 
needed to mitigate a gas pollutant mass (M) (kWh·g-1); 5 The cost of electric energy needed for 
UV treatment to mitigate a unit mass of pollutant in the air ($∙g-1); Bold font signifies the 
statistical significance of treatment.  
 
1.2.3.4 Volatile organic compounds 
UV-A photocatalysis was shown to reduce significantly many types of VOCs. First, a 
statistically significant reduction in VOCs was observed if a minimum UV dose of 1.3 mJ·cm-2 
was present (Table 20 and 21). And as the UV dose increased, the % reduction of VOCs and the 
number of types of decreased VOCs increased. In the 3.9 mJ·cm-2 UV dose condition that 
showed the highest reduction, acetic acid showed a statistically significant reduction of 49%, 
butanoic acid of 53%, p-cresol of 67%, and indole of 32% (Table 22). 
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Table 20. Mitigation of odorous VOCs with the different number of lamps (60, 80, 110, resulting 
in 1.3, 2.5, 3.9 mJ•cm-2 UV dose) irradiating gaseous emissions from swine manure inside #2 
and #3 chambers. Bold signifies statistical significance. 
 UV dose (number of UV lamps on) 

 1.3 mJ·cm-2 (60) 2.5 mJ·cm-2 (80) 3.9 mJ·cm-2 (110) 
DMDS 54.3 (0.12) 59.2 (0.07) -21.8 (0.51) 
DMTS -5.6 (0.84) 11.5 (0.35) 42.9 (0.07) 

Acetic Acid -10.8 (0.85) -4.0 (0.91) 48.6 (0.04) 
Propanoic Acid 21.1 (0.07) 50.7 (0.01) 76.7 (0.40) 

Isopentanoic Acid 49.4 (0.27) 24.2 (0.70) 41.9 (0.10) 
Butanoic Acid 36.3 (0.04) 44.8 (<0.00) 52.6 (0.04) 

Phenol 34.0 (0.07) -7.9 (0.86) -28.1 (0.13) 
p-Cresol 36.1 (0.05) 41.3 (0.03) 66.5 (0.03) 
Indole 4.0 (0.89) 21.5 (0.58) 32.3 (0.02) 
Skatole 17.6 (0.06) 6.4 (0.93) 70.0 (0.37) 

Note: Dimethyl disulfide (DMDS), dimethyl trisulfide (DMTS); Values in table report % 
reduction (p values). Bold font signifies statistical significance. Gas emission was at the lowest 
airflow(0.25 m3•s-1). inlet air temperature (influent of chamber #2) = 19 ℃, outlet air 
temperature = 22 ± 2 ℃ (effluent of chamber #3). 
 
Table 21. Mitigation of odorous VOCs different gaseous emissions airflow (0.25, 0.50, and 0.76 
m3•s-1 resulting in 9.5, 4.8, and 2.4 s treatment time, respectively) irradiating gaseous emissions 
from swine manure. Bold signifies statistical significance. 
 UV dose (Airflow rate, treatment time) 

 

3.9 mJ·cm-2 
(0.25 m3·s-1, 9.5 s) 

2.0 mJ·cm-2 
(0.50 m3·s-1, 4.8 s) 

1.3 mJ·cm-2 
(0.76 m3·s-1, 3.2 s) 

DMDS -21.8 (0.51) 41.9 (0.46) 29.3 (0.36) 
DMTS 42.9 (0.07) -0.9 (0.99) -5.8 (0.96) 

Acetic Acid 48.6 (0.04) 23.9 (0.69) -1.3 (0.97) 
Propanoic Acid 76.7 (0.40) 72.9 (0.30) 12.7 (0.36) 

Isopentanoic Acid 41.9 (0.10) 54.2 (0.23) 29.4 (0.39) 
Butanoic Acid 52.6 (0.04) 35.8 (0.01) 1.5 (0.95) 

Phenol -28.1 (0.13) 63.1 (0.26) 39.1 (0.15) 
p-Cresol 66.5 (0.03) -15.9 (0.84) -3.2 (0.96) 
Indole 32.3 (0.02) 23.3 (0.61) 0.2 (0.99) 
Skatole 70.0 (0.37) 6.4 (0.93) -9.2 (0.89) 

Note: Dimethyl disulfide (DMDS), dimethyl trisulfide (DMTS); Values in table report % 
reduction (p values), irradiated with the light intensity of 0.41 mW·cm-2 under all conditions 
(two chambers, #2 and #3, with 55 lamps). 
 



37 
 

Table 22. Mitigation of odorous VOCs under different UV-A dose and treatment time. Bold 
signifies statistical significance. 

 3.9 mJ·cm-2 5.8 mW·cm-2*  
DMDS -21.8 (0.51) 8.3 (0.92) 
DMTS 42.9 (0.07) 49.4 (0.22) 

Acetic Acid 48.6 (0.04) 50.5 (0.04) 
Propanoic Acid 76.7 (0.40) 66.8 (0.45) 

Isopentanoic Acid 41.9 (0.10) 37.7 (0.27) 
Butanoic Acid 52.6 (0.04) 47.9 (0.04) 

Phenol -28.1 (0.13) -32.1 (0.44) 
p-Cresol 66.5 (0.03) 58.6 (0.05) 
Indole 32.3 (0.02) 20.0 (0.03) 

Skatole 70.0 (0.37) 64.6 (0.45) 
Note: Dimethyl disulfide (DMDS), dimethyl trisulfide (DMTS); Values in table report % 
reduction (p values), bold font signifies statistical significance. The * condition irradiated with 
UV-A for 9.5 s with 110 lamps in two chambers (#2 and #3), and for 47.6 s with 50 lamps in 10 
chambers. Airflow = 0.25 m3·s-1, inlet air temperature (influent of chamber #2) = 19 ℃, outlet 
air temperature = 23 ℃ (effluent of chamber #3). 
 
1.2.3.5 Odor 
Similar to the result of VOCs reduction, which is highly related to odor, the UV-A photocatalysis 
showed significant odor reduction. It was found that a UV dose of 2.5 mJ·cm-2 is required for 
statistically significant odor reduction (Table 23 and 24). In this study, when the UV dose was 
increased, the odor can be reduced by 63% (Table 25). 
 
Table 23. Mitigation of odor with the different number of lamps (60, 80, 110, resulting in 1.3, 2.5, 
3.9 mJ•cm-2 UV dose) irradiating gaseous emissions from swine manure inside #2 and #3 chambers. 
Bold signifies statistical significance.  

 UV dose (number of UV lamps on) 
 1.3 mJ·cm-2 (60) 2.5 mJ·cm-2 (80) 3.9 mJ·cm-2 (110) 

Control (OUe∙m-3) 378 ± 13 352 ± 8 653 ± 32 

Treatment (OUe∙m-3) 229 ± 75 239 ± 24 277 ± 22 

% reduction 
(p-value) 

39.4 
(0.12) 

32.2 
(0.04) 

57.5 
(0.01) 

Note: Air flow = 0.25 m3·s-1 (Treatment time = 9.5 s), inlet air temperature (influent of chamber 
#2) = 19 ℃, outlet air temperature = 22 ± 2 ℃ (effluent of chamber #3). 
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Table 24. Mitigation of odor with different gaseous emissions airflow (0.25, 0.50, and 0.76 m3•s-

1 resulting in 9.5, 4.8, and 2.4 s treatment time, respectively) irradiating gaseous emissions from 
swine manure. Bold signifies statistical significance.  

 UV dose (Airflow rate, treatment time) 

 3.9 mJ·cm-2 
(0.25 m3·s-1, 9.5 s) 

2.0 mJ·cm-2 
(0.50 m3·s-1, 4.8 s) 

1.3 mJ·cm-2 
(0.76 m3·s-1, 3.2 s) 

Control (OUe∙m-3) 653 ± 32 198 ± 59 212 ± 31 

Treatment (OUe∙m-3) 277 ± 22 234 ± 60 206 ± 75 

% reduction 
(p-value) 

57.5 
(0.01) 

-18.6 
(0.61) 2.9 

(0.93) 
Note: Irradiated with the light intensity of 0.41 mW·cm-2 under all conditions (two chambers, #2 
and #3, with 55 lamps). Inlet air temperature (influent of chamber #2) = 19 ℃, outlet air 
temperature = 23 ℃ (effluent of chamber #3). 
 
Table 25. Mitigation of odor under different UV-A dose and treatment time. Bold signifies 
statistical significance.  

 UV dose (Chamber #) 

 3.9 mJ·cm-2 for 9.5 s (2 & 3) 3.9 mW·cm-2 for 9.5 s (2 & 3), + 
1.9 mW·cm-2 for 47.6 s (1, 4~12)* 

Control (OUe∙m-3) 653 ± 32 653 ± 9.2 

Treatment (OUe∙m-3) 277 ± 22 243 ± 64 

% reduction 
(p-value) 

57.5 
(0.01) 

62.7 
(<0.01) 

Note: The * condition irradiated with UV-A for 9.5 s with 110 lamps in two chambers (#2 and 
#3), for 47.6 s with a total of 50 lamps in 10 chambers. Airflow = 0.25 m3·s-1, inlet air 
temperature (influent of chamber #2) = 19 ℃, outlet air temperature = 23 ℃ (effluent of 
chamber #3).  
 
1.2.4 Mitigation of target gases as a function of UV wavelength 
1.2.4.1 Ammonia and hydrogen sulfide 
In the case of NH3, the average concentration of the control group was measured to be 3.1 ppm 
(Table 26), but there was no statistically significant reduction under the UV photocatalysis. H2S 
concentration was not detected. 
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Table 26. Mitigation of NH3 concentration with different UV wavelength irradiating gaseous 
emissions inside the #2 chamber.  

  NH3 concentration (ppm) 
Reduction 

(%) 
p-Value Diff UV Wavelength lamps 

(UV dose, the number of lamps) Control Treatment 

185 + 254 nm (0.03 µJ∙cm-2, 4) 3.3 ± 0.1 3.3 ± 0.0 0.5 0.55 
222 nm (2.80 µJ∙cm-2, 1) 3.2 ± 0.1 3.2 ± 0.1 1.3 0.35 
254 nm (1.76 µJ∙cm-2, 4) 3.1 ± 0.1 3.0 ± 0.1 1.4 0.22 
367 nm (191 µJ∙cm-2, 5) 2.5 ± 0.1 2.5 ± 0.1 0.3 0.71 

367 nm (1953 µJ∙cm-2, 55) 2.6 ± 0.1 2.6 ± 0.1 2.1 0.16 
Note: Air flow = 0.25 m3·s-1 (Treatment time = 4.8 s), inlet air temperature (influent of chamber 
#2) = 16 ℃, outlet air temperature = 19 ± 2 ℃ (influent of chamber #3). 
 
1.2.4.2 Greenhouse gases 
For CH4, a significant decrease was measured at a wavelength of 185+254 nm. Other wavelength 
lamps did not show a statistically significant reduction or generation (Table 27). CO2 showed a 
tendency to increase in concentration at all UV wavelengths (Table 28). However, statistically, 
significant increases were only seen at 185+254 nm and 367 nm (high UV dose, 1953 µJ∙cm-2). 
N2O showed a statistically significant reduction except for 367 nm (low UV dose, 191 µJ∙cm-2) 
conditions (Table 29). The % reduction of CH4 and N2O showed the highest mitigation at 
185+254 nm. Economic analysis showed that 185+254 nm, which showed low power and high 
reduction of N2O, was the best. Next, 222 nm, 254 nm, and 367 nm appeared in order as an 
excellent economic performance. Therefore, shorter wavelengths were more effective in 
reducing N2O (Table 30). 
 
Table 27. Mitigation of CH4 concentration with different UV wavelength irradiating gaseous 
emissions inside the #2 chamber. Bold signifies statistical significance. 
 CH4 

UV wavelength 
(dose) 

185 + 254 
nm (0.03 
µJ∙cm-2) 

222 nm 
(2.80 µJ∙cm-

2) 

254 nm 
(1.76 µJ∙cm-

2) 

367 nm 
(191 µJ∙cm-

2) 

367 nm 
(1953 

µJ∙cm-2) 
Control (ppm) 3.7 ± 0.9 

Treatment (ppm) 1.1 ± 0.0 1.7 ± 0.0 1.4 ± 0.2 3.9 ± 0.5 3.2 ± 1.3 
% reduction 

(p-value) 
70.9 

(0.04) 
55.7 

(0.06) 
63.6 

(0.06) 
-3.7 

(0.77) 
15.9 

(0.59) 
Note: Air flow = 0.25 m3·s-1 (Treatment time = 4.8 s), inlet air temperature (influent of chamber 
#2) = 16 ℃, outlet air temperature = 19 ± 2 ℃ (influent of chamber #3). 
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Table 28. Mitigation of CO2 concentration with different UV wavelength irradiating gaseous 
emissions inside the #2 chamber. Bold signifies statistical significance. 
 CO2 

UV wavelength 
(dose) 

185 + 254 
nm (0.03 
µJ∙cm-2) 

222 nm 
(2.80 

µJ∙cm-2) 

254 nm (1.76 
µJ∙cm-2) 

367 nm 
(191 µJ∙cm-

2) 

367 nm 
(1953 

µJ∙cm-2) 
Control (ppm) 527 ± 20 

Treatment (ppm) 771 ± 82 658 ± 130 608 ± 57 540 ± 91 746 ± 45 
% reduction 

(p-value) 
-46.4 
(0.04) 

-25.0 
(0.22) 

-15.5 
(0.07) 

-2.6 
(0.80) 

-41.6 
(0.01) 

Note: Air flow = 0.25 m3·s-1 (Treatment time = 4.8 s), inlet air temperature (influent of chamber 
#2) = 16 ℃, outlet air temperature = 19 ± 2 ℃ (influent of chamber #3). 
 
Table 29. Mitigation of N2O concentration with different UV wavelength irradiating gaseous 
emissions inside the #2 chamber. Bold signifies statistical significance. 
 N2O 

UV wavelength 
(dose) 

185 + 254 
nm (0.03 
µJ∙cm-2) 

222 nm 
(2.80 µJ∙cm-

2) 

254 nm (1.76 
µJ∙cm-2) 

367 nm 
(191 µJ∙cm-

2) 

367 nm 
(1953 

µJ∙cm-2) 
Control (ppm) 0.24 ± 0.01 

Treatment (ppm) 0.18 ± 0.00 0.22 ± 0.00 0.21 ± 0.01 0.23 ± 0.01 0.21 ± 0.00 
% reduction 

(p-value) 
25.4 

(<0.01) 
8.1 

(0.01) 
13.6 

(0.01) 
5.9 

(0.17) 
13.5 

(0.02) 
Note: Air flow = 0.25 m3·s-1 (Treatment time = 4.8 s), inlet air temperature (influent of chamber 
#2) = 16 ℃, outlet air temperature = 19 ± 2 ℃ (influent of chamber #3). 
 
Table 30. Economic analysis of N2O emission. Air flow = 0.25 m3/s , temperature= 19±2 ℃, RH 
= 58±6%. 

UV dose 
(# lamps 1, 

treatment 
time, ts) 

Measured gas 
concentration 

(ppm) 

%R 2 
(p-

value) 

Pollutant emission 
(E, mg·min-1) 

Power 
3 

(W) 

Electric energy 
for mitigation of 
pollutant mass 4  
(EE, kWh·g-1) 

Cost  
($·g-1) 

5  
Control  Treatment  Control  Treatment  

185 + 254 
nm (0.03 
µJ∙cm-2) 

0.24 
±0.01 

0.18 
±0.00 

25% 
(<0.01) 

6.76 

5.04 48 0.47 0.06 

222 nm 
(2.80 

µJ∙cm-2) 

0.22 
±0.00 

8% 
(0.01) 6.21 19 0.58 0.08 

254 nm 
(1.76 

µJ∙cm-2) 

0.21 
±0.01 

13.6% 
(0.01) 5.84 44 0.80 0.10 
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367 nm 
(1953 

µJ∙cm-2) 

0.21 
±0.00 

14% 
(0.02) 5.85 865 15.8 2.06 

 

1 The number of lamps turned ‘on’ during treatment; 2 percent reduction in gas concentrations; 3 
measured electric power consumption for the UV lamps turned ‘on’ during treatment (W); 4 The 
electric energy of UV treatment (EE) estimated as using the electric energy consumption (EEC) 
needed to mitigate a gas pollutant mass (M) (kWh·g-1); 5 The cost of electric energy needed for 
UV treatment to mitigate a unit mass of pollutant in the air ($∙g-1); Bold font signifies the 
statistical significance of treatment.  
 
1.2.4.3 Ozone 
In the case of O3, it was found that O3 was reduced at all wavelengths except for 185+254 nm. 
Especially, O3 was removed all at both 222 nm and 254 nm wavelengths. And at the 367 nm 
wavelength, the % reduction increased as the UV dose increased. At 185+254 nm wavelength, 
O3 increased by about 139% (Table 31). Economic analysis showed that 222 nm, which showed 
low power and high reduction of O3, was the best (Table 32). 
 
Table 31. Mitigation of O3 with different UV wavelength irradiating gaseous emissions inside the 
#2 chamber. Bold signifies statistical significance. 

  O3 concentration (ppb) 
Reduction 

(%) p-Value Diff UV Wavelength lamps Control Treatment (UV dose, the number of lamps) 
185 + 254 nm (0.03 µJ∙cm-2, 4) 14.6 ± 4.2 34.8 ± 5.7 -139 < 0.01 

222 nm (2.80 µJ∙cm-2, 1) 18.6 ± 2.2 0.0 ± 0.0 100 < 0.01 
254 nm (1.76 µJ∙cm-2, 4) 16.8 ± 2.9 0.0 ± 0.0 100 < 0.01 
367 nm (191 µJ∙cm-2, 5) 10.9 ± 2.1 7.7 ± 2.4 30 0.02 

367 nm (1953 µJ∙cm-2, 55) 6.4 ± 1.6 0.2 ± 0.7 97 < 0.01 
Note: Air flow = 0.25 m3·s-1 (Treatment time = 4.8 s), inlet air temperature (influent of chamber 
#2) = 16 ℃, outlet air temperature = 19 ± 2 ℃ (influent of chamber #3). 
 
Table 32. Economic analysis of O3 emission. Air flow = 0.25 m3/s , temperature= 19±2 ℃, RH = 
58±6%. 

UV dose 
(# lamps 1, 

treatment 
time, ts) 

Measured gas 
concentration 

(ppm) 

%R 2 
(p-value) 

Pollutant emission 
(E, mg·min-1) 

Power 3 
(W) 

Electric energy for 
mitigation of 

pollutant mass 4  
(EE, kWh·g-1) 

Cost  
($·g-1) 5  

Control  Treatment  Control Treatment 

185 + 254 
nm (0.03 
µJ∙cm-2) 

14.6  
± 4.2 

34.8  
± 5.7 

-139% 
(<0.01) 0.44 1.05 48 -1.31 -0.17 
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222 nm 
(2.80 µJ∙cm-

2) 

18.6  
± 2.2 

0.0  
± 0.0 

100% 
(<0.01) 0.56 0 19 0.56 0.07 

254 nm 
(1.76 µJ∙cm-

2) 

16.8  
± 2.9 

0.0  
± 0.0 

100% 
(<0.01) 0.51 0 44 1.44 0.19 

367 nm 
(1953 

µJ∙cm-2) 

6.44  
± 1.6 

0.22  
± 0.7 

97% 
(<0.01) 0.20 0.006 865 76.4 9.93 

1 The number of lamps turned ‘on’ during treatment; 2 percent reduction in gas concentrations; 3 
measured electric power consumption for the UV lamps turned ‘on’ during treatment (W); 4 The 
electric energy of UV treatment (EE) estimated as using the electric energy consumption (EEC) 
needed to mitigate a gas pollutant mass (M) (kWh·g-1); 5 The cost of electric energy needed for 
UV treatment to mitigate a unit mass of pollutant in the air ($∙g-1); Bold font signifies the 
statistical significance of treatment.  
 
1.2.4.4 Volatile organic compounds 
The results of VOCs showed not much reduction in the range of UV-C wavelength, which has a 
relatively low UV dose than UV-A wavelength (Table 33). However, at 185+254 nm 
wavelength, the VOCs of phenol type showed a statistically significant reduction. In the long-
wavelength UV-A (367 nm), there was no reduction under low UV dose conditions, but at high 
UV dose, a statistically significant reduction was shown in acetic acid (57%), butanoic acid 
(33%), indole (47%), and skatole (57%). 
 
Table 33. Mitigation of odorous VOCs with different UV wavelength irradiating gaseous 
emissions inside the #2 chamber. Bold signifies statistical significance. 

 

185 + 254 nm 
(0.03 µJ∙cm-2) 

222 nm 
(2.80 µJ∙cm-

2) 

254 nm 
(1.76 µJ∙cm-

2) 

367 nm (191 
µJ∙cm-2) 

367 nm 
(1953 µJ∙cm-

2) 
DMDS 59.3 (0.14) 59.8 (0.27) 14.8 (0.70) -14.7 (0.87) -4.1 (0.93) 
DMTS 56.4 (0.15) 67.1 (0.12) 21.7 (0.50) -6.2 (0.63) 5.8 (0.86) 

Acetic Acid 10.0 (0.68) -12.2 (0.72) -12.1 (0.70) 0.4 (0.99) 57.2 (0.04) 
Propanoic Acid 13.3 (0.83) 37.4 (0.47) 23.1 (0.64) -32.6 (0.54) 36.2 (0.49) 

Isopentanoic 
Acid 24.9 (0.72) 60.5 (0.39) 70.0 (0.33) -13.6 (0.85) 18.1 (0.80) 

Butanoic Acid 10.3 (0.66) 27.8 (0.08) -15.5 (0.79) 21.8 (0.39) 33.4 (0.03) 
Phenol 43.4 (0.08) 32.4 (0.26) 7.8 (0.79) 23.2 (0.53) 24.7 (0.52) 

p-Cresol 47.1 (0.04) 46.9 (0.09)  29.2 (0.32) 8.9 (0.75) 46.8 (0.05) 
Indole 54.2 (0.01) 19.2 (0.48) 16.9 (0.51) -14.5 (0.64) 46.6 (0.01) 
Skatole 35.1 (0.35) 55.8 (0.14) 64.6 (0.11) 3.7 (0.83) 56.5 (0.01) 
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Note: Air flow = 0.25 m3·s-1 (Treatment time = 4.8 s), inlet air temperature (influent of chamber 
#2) = 16 ℃, outlet air temperature = 19 ± 2 ℃ (influent of chamber #3). 
 
1.2.4.5 Odor 
The odor was similar to VOCs result. In the 367 nm wavelength of high UV dose, about 48% 
reduction was observed, but in other conditions, statistically significant odor reduction was not 
observed. 
 
Table 34. Mitigation of odor with different UV wavelength irradiating gaseous emissions inside 
the #2 chamber. Bold signifies statistical significance. 

 

185 + 254 
nm (0.03 
µJ∙cm-2) 

222 nm 
(2.80 

µJ∙cm-2) 

254 nm 
(1.76 

µJ∙cm-2) 

367 nm 
(191 µJ∙cm-

2) 

367 nm 
(1953 

µJ∙cm-2) 

Control (OUe∙m-3) 325 ± 78 

Treatment (OUe∙m-3) 182 ± 73 262 ± 22 290 ± 55 332 ± 58 170 ± 38 

% reduction 
(p-value) 

43.9 
(0.09) 

19.5 
(0.30) 

10.6 
(0.19) 

-2.2 
(0.94) 

47.5 
(0.03) 

Note: Air flow = 0.25 m3·s-1 (Treatment time = 4.8 s), inlet air temperature (influent of chamber 
#2) = 16 ℃, outlet air temperature = 19 ± 2 ℃ (influent of chamber #3). 
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Phase 2. Field-scale 

2.1 Testing of mobile laboratory for mitigation of gaseous emissions from the swine farm 

2.1.1 Mobile laboratory setup at the AG450 swine farm 

The swine farm used in the experiment is using natural ventilation using a winch curtain and pit 
ventilation system.  The pit fan that cannot control the flow rate was connected to the mobile 
laboratory. However, the flow rate discharged from the pit fan is strong, so it cannot form the 
target minimum airflow inside the mobile laboratory. Therefore, the T connector was used to 
control the airflow by bypassing the discharged airflow. Also, two baffles were installed on the T 
connector to facilitate flow control. The airflow discharged from the pit fan is exposed to a lot of 
dust and flies, so the filtration unit was installed in front of the mobile lab in the same way as in 
the previous experimental schematic. A flexible duct was used to connect the T connector, the 
filtration unit, and the mobile lab. After installing all the stuff, as a result of measuring the 
internal airflow rate, the minimum internal airflow was able to form 0.28 m3·s-1 (Treatment time 
of the mobile laboratory: 52 s). 
The UV-A lamps installed inside the mobile lab were the same as the previous pilot-scale 
experiment. That is, a total of 110 lamps were installed in chambers #2 and #3, and a total of 50 
lamps were installed in the remaining 10 chambers(#1 and #4 - #12). The mitigation of the UV-
A photocatalyst according to the UV-A dose, was conducted by controlling the number of UV-A 
lamps in chamber #2. In addition, the reduction according to the different UV wavelengths was 
investigated by installing different UV wavelength lamps in chamber #2 and using only one 
chamber (#2) as in the previous pilot-study. 

 
Figure 13. Schematic of a flow-through UV mobile laboratory with a filtration unit in the swine 
farm. Brown arrow: exhaust air from swine barn; red arrow: inlet air with reduced particle matter 
load; blue arrow: treated air. Yellow: air sampling port.  
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2.2 Mitigation of target gases according to UV dose 

2.2.1 Ammonia and hydrogen sulfide 
The average concentration of NH3 from the swine farm to the pit fan was 22 ppm, and H2S was 
1.2 ppm. The reduction of NH3 did not show as the result of the pilot-scale experiment. 
However, H2S showed a reduction of up to 26% at the highest UV-A dose. Also, the % reduction 
decreased as the UV dose decreased. It was investigated that a dose of at least 4.0 mJ∙cm-2 is 
required to reduce H2S. It was shown that the UV-A photocatalysis dose of 4.0-5.3 mJ∙cm-2 
could reduce 1g of H2S for ~$0.4 to $1.3 (Table 36). 
 
Table 34. Mitigation of NH3 and H2S with UV-A photocatalytic treatment under the different light 
intensity. Air flow = 0.28 m3·s-1(lowest airflow, Treatment time: 52 s), control temperature = 
28.5±2.3℃, control RH = 69.8±9.5%, treatment temperature: 31.5±1.2℃, treatment RH = 
66.0±4.3%, Bold signifies statistical significance.   
 

UV dose  
(the number of 

lamps) 

NH3 H2S 
Control  

Concentration  
(ppm) 

Treatment 
Concentration  

(ppm) 

% 
reduction 
(p-value) 

Control  
Concentration  

(ppm) 

Treatment 
Concentration  

(ppm) 

%  
reduction 
(p-value) 

5.3 mJ∙cm-2  

(160)  
15.2±0.4 15.2±0.3 3.7 

(0.08) 
0.6±0.1 0.4±0.0 26.2 

(0.01) 
4.0 mJ∙cm-2  

(130)  
22.1±1.0 21.9±0.7 1.1 

(0.36) 
1.8±0.6 1.7±0.5 9.0 

(0.04) 
2.9 mJ∙cm-2  

(110)  
26.2±0.5 25.8±0.6 1.4 

(0.07) 
2.0±0.4 1.9±0.2 4.9 

(0.35) 
 
Table 35. Mitigation of NH3 and H2S with UV-A photocatalytic treatment under different airflows. 
Light intensity = Ave 0.41 mW∙cm-2 (chamber #2 and #3) + Ave 0.04 mW∙cm-2 (chamber #1 and 
#4-#12), control temperature = 22.5 ℃, control RH = 59.5%, treatment temperature: 27.3 ℃, 
treatment RH = 45.3%. Bold signifies statistical significance.   

UV dose 
(Airflow, 

treatment time) 

NH3 H2S 
Control  

Concentration  
(ppm) 

Treatment 
Concentration  

(ppm) 

% 
reduction 
(p-value) 

Control  
Concentration  

(ppm) 

Treatment 
Concentration  

(ppm) 

%  
reduction 
(p-value) 

5.3 mJ∙cm-2  
(0.28 m3·s-1, 52 s)  15.2±0.4 15.2±0.3 3.7 

(0.08) 0.6±0.1 0.4±0.0 26.2 
(0.01) 

2.9 mJ∙cm-2  
(0.50 m3·s-1, 29 s)  20.1±1.1 20.2±1.5 -0.8 

(0.14) 0.8±0.0 0.8±0.1 4.1 
(0.13) 

1.9 mJ∙cm-2  
(0.76 m3·s-1, 19 s)  24.9±0.4 24.6±0.3 1.2 

(0.14) 0.8±0.0 0.9±0.0 -4.0 
(0.07) 

 
Table 36. Economic analysis of mitigating H2S emissions. Air flow = 0.28 m3/s , temperature= 
25±3 ℃, RH = 52±6%. 
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UV dose 
(# lamps 1, 

treatment 
time, ts) 

Measured gas 
concentration 

(ppm) 

%R 2 
(p-value) 

Pollutant emission 
(E, mg·min-1) 

Power 3 
(W) 

Electric energy for 
mitigation of 

pollutant mass 4  
(EE, kWh·g-1) 

Cost  
($·g-1) 5  

Control  Treatment  Control Treatment 

4.0 mJ∙cm-2  
(130, 52s) 1.8±0.6 1.7±0.5 9% 

(0.04) 31.6 19.5 2053 2.82 0.37 

5.3 mJ∙cm-2  
(160, 52s) 0.6±0.1 0.4±0.0 26% 

(0.01) 9.27 5.03 2497 9.83 1.28 

1 The number of lamps turned ‘on’ during treatment; 2 percent reduction in gas concentrations; 3 
measured electric power consumption for the UV lamps turned ‘on’ during treatment (W); 4 The 
electric energy of UV treatment (EE) estimated as using the electric energy consumption (EEC) 
needed to mitigate a gas pollutant mass (M) (kWh·g-1); 5 The cost of electric energy needed for 
UV treatment to mitigate a unit mass of pollutant in the air ($∙g-1); Bold font signifies the 
statistical significance of treatment.  
 
2.2.2 Greenhouse gases 
In the GHGs result (Table 37 and 38), the concentration of CH4 showed a considerable variation 
between control concentration (5~20 ppm) depending on the sampling day, but there were no 
statistically significant decreases or increases. CO2 was increased under all conditions after UV-
A photocatalysis. There was a statistically insignificant increase in CO2 under some conditions, 
but this result was due to the considerable variation between triplicate repetitions. As a general 
trend, it is judged that CO2 increases after UV-A photocatalysis. N2O showed a statistically 
significant decrease in all UV doses tested in the experiment. In addition, it was found that the % 
reduction increased as the UV dose increased. However, there was no significant increase 
between 4.0 mJ∙cm-2 dose and 5.3 mJ∙cm-2. In terms of economy, it was found that the 4.0 
mJ∙cm-2 UV dose condition can reduce a large amount of N2O at the lowest cost (Table 39). 
 
Table 37. Mitigation of GHGs with UV-A photocatalytic treatment under different light 
intensity. Air flow = 0.28 m3·s-1(lowest airflow, Treatment time: 52 s), control temperature = 
28.5±2.3℃, control RH = 69.8±9.5%, treatment temperature: 31.5±1.2℃, treatment RH = 
66.0±4.3%, Bold signifies statistical significance. 

UV 
dose  
(the 

number 
of 

lamps) 

CH4 CO2 N2O 

Control  
Concent1 

(ppm) 

Treatment 
Concent1 

(ppm) 

% 
R2 
(p-

value) 

Control  
Concent1 

(ppm) 

Treatment 
Concent1 

(ppm) 

% 
R2 
(p-

value) 

Control  
Concent1 

(ppm) 

Treatment 
Concent1 

(ppm) 

% 
R2 
(p-

value) 

5.3 
mJ∙cm-2  

(160)  
5.0±0.2 4.8±0.5 3.5 

(0.69) 1,201±296 1,534±105 -27.8 
(0.16) 0.31±0.00 0.27±0.00 11.8 

(0.01) 

4.0 
mJ∙cm-2  

(130)  
19.2±0.4 

18.7±0.6 2.4 
(0.11) 

1,032±21 

1,251±40 -21.2 
(0.02) 

0.32±0.01 

0.28±0.00 13.3 
(<0.01) 

2.9 
mJ∙cm-2  

(110)  
19.1±0.3 0.5 

(0.77) 1,380±104 -33.7 
(0.03) 0.30±0.00 9.1 

(0.02) 
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Note: 1 Concentration, 2 Reduction;  
 
Table 38. Mitigation of GHGs with UV-A photocatalytic treatment under different airflows. 
Light intensity = Ave 0.41 mW∙cm-2 (chamber #2 and #3) + Ave 0.04 mW∙cm-2 (chamber #1 and 
#4-#12), control temperature = 22.5 ℃, control RH = 59.5%, treatment temperature: 27.3 ℃, 
treatment RH = 45.3%. Bold signifies statistical significance. 

UV dose 
(Airflow, 
treatment 

time)  

CH4 CO2 N2O 

Control  
Concent1 

(ppm) 

Treatment 
Concent1 

(ppm) 

% 
R2 
(p-

value) 

Control  
Concent1 

(ppm) 

Treatment 
Concent1 

(ppm) 

% 
R2 
(p-

value) 

Control  
Concent1 

(ppm) 

Treatment 
Concent1 

(ppm) 

% 
R2 
(p-

value) 

5.3 mJ∙cm-

2  
(0.28 m3·s-

1, 52 s)  

5.0±0.2 4.8±0.5 3.5 
(0.69) 1,201±296 1,534±105 -27.8 

(0.16) 0.31±0.00 0.27±0.00 11.8 
(0.01) 

2.9 mJ∙cm-

2  
(0.50 m3·s-

1, 29 s)  

7.2±1.0 7.8±1.2 -8.3 
(0.08) 737±12 892±18 -21.2 

(0.01) 0.31±0.01 0.28±0.01 9.4 
(0.01) 

1.9 mJ∙cm-

2  
(0.76 m3·s-

1, 19 s)  

7.3±1.3 7.1±0.5 2.0 
(0.82) 896±81 1016±108 -13.5 

(0.33) 0.30±0.00 0.28±0.00 4.4 
(0.04) 

Note: 1 Concentration, 2 Reduction;  
 
Table 39. Economic analysis of N2O emission. Air flow = 0.28 m3/s , temperature= 25±3 ℃, RH 
= 52±6%. 

UV dose 
(# lamps 1, 

treatment 
time, ts) 

Measured gas 
concentration 

(ppm) 

%R 2 
(p-value) 

Pollutant emission 
(E, mg·min-1) 

Power 3 
(W) 

Electric energy for 
mitigation of 

pollutant mass 4  
(EE, kWh·g-1) 

Cost  
($·g-1) 5  

Control  Treatment  Control Treatment 

2.9 mJ∙cm-2  
(110, 52s) 

0.31 
±0.01 

0.28 
±0.01 

9% 
(0.01) 9.30 8.43 1730 33.1 4.31 

4.0 mJ∙cm-2  
(130, 52s) 

0.31 
±0.00 

0.28 
±0.00 

13% 
(<0.01) 9.73 8.43 2053 26.4 3.43 

5.3 mJ∙cm-2  
(160, 52s) 

0.31 
±0.00 

0.27 
±0.00 

12% 
(0.01) 9.31 8.21 2497 37.9 4.93 

1 The number of lamps turned ‘on’ during treatment; 2 percent reduction in gas concentrations; 3 
measured electric power consumption for the UV lamps turned ‘on’ during treatment (W); 4 The 
electric energy of UV treatment (EE) estimated as using the electric energy consumption (EEC) 
needed to mitigate a gas pollutant mass (M) (kWh·g-1); 5 The cost of electric energy needed for 
UV treatment to mitigate a unit mass of pollutant in the air ($∙g-1); Bold font signifies the 
statistical significance of treatment.  
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2.2.3 Ozone 
In this study, the concentration of O3 was measured while measuring other target gases (NH3, 
H2S, GHGs, and VOCs). The O3 concentration of the control group was not detected (0 ppb) 
under all experimental conditions. Therefore, O3 reduction could not be investigated. 
 
2.2.4 Volatile organic compounds 
In the case of VOCs reduction, there was no reduction under low UV dose conditions, but at high 
UV dose, a statistically significant reduction was shown (Tables 40 and 41). Especially at the 
highest dose (5.3 mJ∙cm-2 ), it was shown the statistically significant reduction in dimethyl 
disulfide (62%), isobutyric acid (44%), butanoic acid (32%), p-cresol (40%), indole (66%), and 
skatole (49). Based on these results, at least 2.9 mJ∙cm-2 was required for a statistically 
significant reducing the VOCs. Although not statistically significant, the samples after UV-A 
photocatalysis showed reduction rates in the volatile fatty acid compound group and phenolic 
compound group. 
 
Table 40. Mitigation of odorous VOCs (% reduction) with UV-A photocatalysis treatment under 
the different light intensity. Air flow = 0.28 m3·s-1(lowest airflow, Treatment time: 52 s), control 
temperature = 28.5±2.3℃, control RH = 69.8±9.5%, treatment temperature: 31.5±1.2℃, 
treatment RH = 66.0±4.3%, Bold signifies statistical significance. 

 

UV dose (the number of lamps) 

5.3 mJ∙cm-2  

(160)  
4.0 mJ∙cm-2  

(130)  
2.9 mJ∙cm-2  

(110)  
 

DMDS 62.0 (0.02) 37.0 (0.14) 22.2 (0.02)  

DEDS 26.0 (0.38) Not detected Not detected  

Acetic acid -29.0 (0.28) -65.1 (0.08) -77.9 (0.11)  

Propanoic acid -33.3 (0.59) 8.6 (0.92) -43.3 (0.75)  

Isobutyric acid 44.2 (0.02) 53.9 (0.01) 45.2 (0.08)  

Butanoic acid 32.1 (0.01) 39.8 (0.08) 40.2 (0.07)  

Isovaleric acid -10.0 (0.71) 35.4 (0.10) 42.9 (0.05)  

Valeric acid 22.1 (0.63) 12.7 (0.85) -27.7 (0.81)  

Hexanonic acid -28.3 (0.37) Not detected Not detected  

Phenol -17.5 (0.10) -85.6 (0.19) - 93.5 (0.15)  

p-Cresol 39.9 (0.04) 53.4 (0.04) 34.6 (0.11)  

Indole 66.0 (0.02) 37.9 (0.03) 25.4 (0.47)  

Skatole 49.0 (0.04) 22.4 (0.01) 37.9 (0.03)  

Note: Dimethyl disulfide (DMDS), dimethyl disulfide (DEDS); Values in table report % 
reduction (p values). Bold font signifies statistical significance. 
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Table 41. Mitigation of odorous VOCs (% reduction) with UV-A photocatalysis treatment under 
different airflows. Light intensity = Ave 0.41 mW∙cm-2 (chamber #2 and #3) + Ave 0.04 mW∙cm-
2 (chamber #1 and #4-#12), control temperature = 22.5 ℃, control RH = 59.5%, treatment 
temperature: 27.3 ℃, treatment RH = 45.3%. Bold signifies statistical significance. 

 

UV dose (Airflow, treatment time) 
5.3 mJ∙cm-2  

(0.28 m3·s-1, 52 s)  
2.9 mJ∙cm-2  

(0.50 m3·s-1, 29 s)  
1.9 mJ∙cm-2  

(0.76 m3·s-1, 19 s)  
DMDS 62.0 (0.02) 16.9 (0.03) -6.5 (0.74) 
DEDS 26.0 (0.38) 22.7 (0.19) 2.1 (0.79) 

Acetic acid -29.0 (0.28) -2.1 (0.87) -23.7 (0.21) 
Propanoic acid -33.3 (0.59) 1.7 (0.91) 18.5 (0.53) 
Isobutyric acid 44.2 (0.02) 48.9 (0.07) 30.3 (0.23) 
Butanoic acid 32.1 (0.01) 48.2 (0.02) 12.6 (0.71) 
Isovaleric acid -10.0 (0.71) 23.0 (0.51) 20.1 (0.43) 
Valeric acid 22.1 (0.63) 42.8 (0.13) 1.6 (0.97) 

Hexanoic acid -28.3 (0.37) -11.8 (0.05) -20.5 (0.50) 
Phenol -17.5 (0.10) 0.5 (0.98) -13.3 (0.67) 

p-Cresol 39.9 (0.04) 32.4 (0.02) 44.0 (0.12) 
Indole 66.0 (0.02) 9.4 (0.37) 29.4 (0.19) 
Skatole 49.0 (0.04) 13.2 (0.69) 40.3 (0.15) 

Note: Dimethyl disulfide (DMDS), dimethyl disulfide (DEDS); Values in table report % 
reduction (p values). Bold font signifies statistical significance. 
 
2.2.5 Odor 
The result of odor reduction was very similar to the result of the reduction of VOCs, which 
directly affects odor smell formation. In other words, a statistically significant odor reduction 
was found under conditions in which a lot of VOC compounds were reduced. In particular, 
similar odor reduction was found at doses of 5.3 mJ∙cm-2 and 4.0 mJ∙cm-2 , which showed high 
VOCs reduction in the phenol group (Table 42 and 43). However, in the 2.9 mJ∙cm-2 UV dose, 
which showed a low reduction in the phenol group, did not show a statistical odor reduction. 
This can be shown that the decrease in the phenol group has a high correlation with the reduction 
of odors felt by the human nose. 
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Table 42. Mitigation of odor with UV-A photocatalysis treatment under the different light intensity. 
Air flow = 0.28 m3·s-1(lowest airflow, Treatment time: 52 s), control temperature = 28.5±2.3℃, 
control RH = 69.8±9.5%, treatment temperature: 31.5±1.2℃, treatment RH = 66.0±4.3%, Bold 
signifies statistical significance.   
 UV dose (the number of lamps) 

 5.3 mJ∙cm-2 (160)  4.0 mJ∙cm-2 (130)  2.9 mJ∙cm-2 (110)  
Control (OUe∙m-3) 412 ± 47 359 ± 60 377 ± 13 

Treatment (OUe∙m-3) 251 ± 4.6 218 ± 28 401 ± 76 
% reduction 

(p-value) 
39.6 

(0.04) 
39.3 

(0.03) 
-6.2 

(0.93) 
 
Table 43. Mitigation of odor with UV-A photocatalytic treatment under different airflows. Light 
intensity = Ave 0.41 mW∙cm-2 (chamber #2 and #3) + Ave 0.04 mW∙cm-2 (chamber #1 and #4-
#12), control temperature = 22.5 ℃, control RH = 59.5%, treatment temperature: 27.3 ℃, 
treatment RH = 45.3%. Bold signifies statistical significance.   
 UV dose (Airflow, treatment time) 

 5.3 mJ∙cm-2  
(0.28 m3·s-1, 52 s)  

2.9 mJ∙cm-2  
(0.50 m3·s-1, 29 s)  

1.9 mJ∙cm-2  
(0.76 m3·s-1, 19 s)  

Control (OUe∙m-3) 412 ± 47 424 ±41 448 ± 75 
Treatment (OUe∙m-3) 251 ± 4.6 379 ± 25 457 ± 54 

% reduction 
(p-value) 

39.6 
(0.04) 

10.5 
(0.32) 

-2.0 
(0.91) 

 
2.2.6 Formaldehyde 
Gastec with a formaldehyde tube (Ivyland, PA, USA) was used to investigate the change in 
formaldehyde concentration before and after UV-A treatment. The detection range of the tube is 
0.02 -0.4 ppm. As a result, formaldehyde was not detected in both the control and treatment 
groups. 

 
Figure 14. Formaldehyde concentration was measured by colorimetric tubes. 
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2.3 Mitigation of target gases according to UV wavelength 

2.3.1 Ammonia and hydrogen sulfide 
The average concentration of NH3 was 16 ppm, and H2S was 1.8 ppm. The reduction of NH3 and 
H2S was not detected (Table 44). 
 
Table 44. Mitigation of NH3 and H2S with different UV wavelength irradiating gaseous 
emissions inside #2 chamber. Air flow = 0.28 m3·s-1, inlet air temperature (influent of chamber 
#2) = 28 ℃, inlet air RH = 67 %, outlet air temperature (inffluent of chamber #3) = 31 ℃, outlet 
air RH = 61 %. 

UV wavelength  
(UV dose, the number 

of lamps) 

NH3 H2S 

Control  
Concentration  

(ppm) 

Treatment 
Concentration  

(ppm) 

% 
reduction 
(p-value) 

Control  
Concentration  

(ppm) 

Treatment 
Concentration  

(ppm) 

%  
reduction 
(p-value) 

185 + 254 nm  
(0.03 µJ∙cm-2, 4) 14.4±1.1 14.4±1.2 -0.4 

(0.63) 1.5±0.1 1.6±0.2 -6.9 
(0.82) 

222 nm  
(2.55 µJ∙cm-2, 1) 16.1±0.8 16.4±0.4 -2.2 

(0.09) 1.6±0.2 1.6±0.3 2.1 
(0.70) 

254 nm  
(1.60 µJ∙cm-2, 4) 16.9±0.4 17.0±0.3 -0.8 

(0.06) 1.7±0.1 1.7±0.1 -2.2 
(0.27) 

367 nm  
(1775 µJ∙cm-2, 55) 16.6±0.3 16.6±0.3 0.3 

(0.70) 2.3±0.2 2.3±0.1 1.0 
(0.71) 

 
2.3.2 Greenhouse gases 
This GHGs result showed the same trend as previous pilot-scale GHGs results. It means the 
concentration of CO2 was increased, and the N2O concentration was decreased. However, here 
results, statistically significant reduction was shown only in N2O under 185+254 nm wavelength 
(Table 45). Compared to the N2O reduction and economic analysis whit pilot-scale, the % 
reduction and the economic performance was decreased ($4.5 vs. $240  for min in order to 
reduce kg of N2O, Table 46). 
 
Table 45. Mitigation of GHGs different UV wavelength irradiating gaseous emissions inside #2 
chamber. Air flow = 0.28 m3·s-1, inlet air temperature (influent of chamber #2) = 28 ℃, inlet air 
RH = 67 %, outlet air temperature (inffluent of chamber #3) = 31 ℃, outlet air RH = 61 %. Bold 
signifies statistical significance. 

UV 
wavelen

gth  
(UV 

dose, # 
lamps) 

CH4 CO2 N2O 

Control  
Concentra

tion  
(ppm) 

Treatment 
Concentra

tion  
(ppm) 

% 
reducti

on 
(p-

value) 

Control  
Concentra

tion  
(ppm) 

Treatment 
Concentra

tion  
(ppm) 

%  
reducti

on 
(p-

value) 

Control  
Concentra

tion  
(ppm) 

Treatment 
Concentra

tion  
(ppm) 

%  
reducti

on 
(p-

value) 
185 + 

254 nm  
(0.03 

µJ∙cm-2, 
4) 

9.4±1.5 10.7±1.6 -13.4 
(0.13) 774±107 929±40 -20.1 

(0.06) 0.23±0.00 0.22±0.00 5.1 
(0.02) 
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222 nm  
(2.55 

µJ∙cm-2, 
1) 

10.0±0.6 9.2±3.6 8.4  
(0.75) 823±44 849±39 -3.1 

(0.07) 0.22±0.00 0.21±0.01 5.4 
(0.20) 

254 nm  
(1.60 

µJ∙cm-2, 
4) 

10.2±0.5 11.6±2.7 -14.3 
(0.51) 835±27 845±65 -1.2 

(0.70) 0.20±0.00 0.20±0.00 1.7 
(0.26) 

367 nm  
(1775 

µJ∙cm-2, 
55) 

10.1±0.2 10.3±1.5 -2.7 
(0.80) 853±6.8 867±29 -1.7 

(0.43) 0.20±0.01 0.19±0.01 5.8 
(0.20) 

 
Table 46. Economic analysis of mitigating N2O emissions. Air flow = 0.28 m3/s , temperature= 
30±2 ℃, RH = 64±3%. 

UV dose 
(# lamps 1, 

treatment 
time, ts) 

Measured gas 
concentration 

(ppm) 

%R 2 
(p-value) 

Pollutant emission 
(E, mg·min-1) 

Power 3 
(W) 

Electric energy for 
mitigation of 

pollutant mass 4  
(EE, kWh·g-1) 

Cost  
($·g-1) 5  

Control  Treatment  Control Treatment 

185 + 254 
nm (0.03 
µJ∙cm-2) 

0.23±0.00 0.22±0.00 5% 
(0.02) 6.85 6.50 48 2.29 0.30 

1 The number of lamps turned ‘on’ during treatment; 2 percent reduction in gas concentrations; 3 
measured electric power consumption for the UV lamps turned ‘on’ during treatment (W); 4 The 
electric energy of UV treatment (EE) estimated as using the electric energy consumption (EEC) 
needed to mitigate a gas pollutant mass (M) (kWh·g-1); 5 The cost of electric energy needed for 
UV treatment to mitigate a unit mass of pollutant in the air ($∙g-1); Bold font signifies the 
statistical significance of treatment.  
 
2.3.3 Ozone 
In conclusion, no statistically significant decreases or increases in O3 were observed (p>0.05). 
However, a slight increase in O3 concentration was observed at the 185+254 nm wavelength 
(Figure 15). 
 



53 
 

 
Figure 15. Mitigation of O3 concentration under different UV wavelength irradiating gaseous 
emissions inside #2 chamber. Air flow = 0.28 m3·s-1, inlet air temperature (influent of chamber 
#2) = 28 ℃, inlet air RH = 67 %, outlet air temperature (inffluent of chamber #3) = 31 ℃, outlet 
air RH = 61 %. 
 
2.3.4 Volatile organic compounds 
Contrary to the results of the pilot-scale, there was no statistically significant reduction in any of 
the VOC compounds (Table 47). When referring to the significant reduction under the UV-A 
photocatalysis with a high UV dose (Table 40 and 41), it is considered to be insufficient UV dose 
to reduce odorous gases. 
 
Table 47. Mitigation of odorous VOCs (% reduction) with different UV wavelength irradiating 
gaseous emissions inside #2 chamber. Air flow = 0.28 m3·s-1, inlet air temperature (influent of 
chamber #2) = 28 ℃, inlet air RH = 67 %, outlet air temperature (inffluent of chamber #3) = 
31 ℃, outlet air RH = 61 %. 
 UV wavelength (UV dose, the number of lamps) 

 
185 + 254 nm  

(0.03 µJ∙cm-2, 4) 
222 nm  

(2.55 µJ∙cm-2, 1) 
254 nm  

(1.60 µJ∙cm-2, 4) 
367 nm  

(1775 µJ∙cm-2, 55) 
DMDS -15.7 (0.86) -16.9 (0.77) -33.3 (0.71) 7.3 (0.41) 

DEDS Not detected Not detected Not detected Not detected 
Acetic acid -66.1 (0.40) -7.5 (0.94) -33.2 (0.72) -0.6 (0.98) 

Propanoic acid -21.5 (0.78) -12.0 (0.75) -49.6 (0.59) -11.8 (0.32) 
Isobutyric acid 33.6 (0.58) 11.8 (0.85) 10.3 (0.32) -13.1 (0.78) 
Butanoic acid -7.3 (0.93) 1.6 (0.98) -13.6 (0.83) 14.1 (0.70) 
Isovaleric acid -12.3 (0.74) -7.4 (0.90) -30.1 (0.70) -10.8 (0.88) 
Valeric acid -29.5 (0.74) -23.3 (0.77) -33.7 (0.50) -21.7 (0.70) 

Hexanonic acid -30.4 (0.24) -55.5 (0.29) -37.0 (0.50) 15.0 (0.47) 
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Phenol -10.0 (0.63) -4.0 (0.90) -31.6 (0.40) 0.5 (0.98) 
p-Cresol 49.6 (0.27) -0.7 (0.99) -58.2 (0.43) 13.5 (0.24) 
Indole -2.3 (0.97) 26.5 (0.49) -0.6 (0.99) 4.0 (0.88) 
Skatole 16.5 (0.73) -8.8 (0.54) -31.7 (0.53) -21.2 (0.43) 

Note: Dimethyl disulfide (DMDS), diethyl disulfide (DEDS); Values in table report % reduction 
(p values).  
 
2.3.5 Odor 
As with VOCs results, no statistical odor reduction was observed. 
 
Table 13. Mitigation of odor with different UV wavelength irradiating gaseous emissions inside 
#2 chamber. Air flow = 0.28 m3·s-1, inlet air temperature (influent of chamber #2) = 28 ℃, inlet 
air RH = 67 %, outlet air temperature (inffluent of chamber #3) = 31 ℃, outlet air RH = 61 %. 
 UV wavelength (UV dose, the number of lamps) 

 185 + 254 nm  
(0.03 µJ∙cm-2, 4) 

222 nm  
(2.55 µJ∙cm-2, 1) 

254 nm  
(1.60 µJ∙cm-2, 4) 

367 nm  
(1775 µJ∙cm-2, 55) 

Control (OUe∙m-3) 369±29 352±65 347±29 257±87 

Treatment (OUe∙m-3) 402±54 455±56 459±92 237±19 
% reduction 

(p-value) 
-8.7 

(0.35) 
-29.4 
(0.19) 

-32.1 
(0.27) 

7.8 
(0.77) 

2.4 Testing of a mobile laboratory for mitigation of airborne particulate matter 

The reduction of particulate matter (PM) with the photocatalysis that was shown in the previous 
study (Costa, Chiarello, Selli, & Guarino, 2012; Guarino, Costa, & Porro, 2008) was not found in 
this study (Table 47 and 48). In addition, the PM reduction, according to the PM size, was 
investigated, but there was no significant reduction. Through this investigation, it was confirmed 
a significant PM reduction from MERV 8&15 filters. 
 
Table 47. Mitigation of PM with UV-A photocatalytic treatment under the MERV 8&15 
condition. Air flow = 0.28 m3·s-1(lowest airflow), control temperature = 26.8 ℃, control RH = 
63.1%, treatment temperature: 31.1 ℃, treatment RH = 55.6%. Bold signifies statistical 
significance. 
 

 

Total PM PM 1 PM 2.5 
Respirable 

(PM 4 - PM 10) PM 10 

Concentrati
on  

(mg∙m-3) 

% 
reducti

on 
(p-

value) 

Concentrati
on  

(mg∙m-3) 

% 
reducti

on 
(p-

value) 

Concentrati
on  

(mg∙m-3) 

% 
reducti

on 
(p-

value) 

Concentrati
on  

(mg∙m-3) 

% 
reducti

on 
(p-

value) 

Concentrati
on  

(mg∙m-3) 

% 
reducti

on 
(p-

value) 
(1) Untreated 
and unfiltered 

exhaust air 
0.192  0.032  0.035  0.037  0.104  

(2) Control 0.003 98 
(<0.01) 

0.003 91 
(<0.01) 

0.003 92 
(<0.01) 

0.003 92 
(<0.01) 

0.003 97 
(<0.01) 
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(filtrated air 
from 

MERV8&15) 
(3) UV-A 
treatment  

(5.3 mJ∙cm-2 ) 
0.003 0 0.003 0 0.003 0 0.003 0 0.003 0 

 
Table 48. Mitigation of PM with different UV wavelength. Air flow = 0.28 m3·s-1, inlet air 
temperature (influent of chamber #2) = 28 ℃, inlet air RH = 67 %, outlet air temperature 
(inffluent of chamber #3) = 31 ℃, outlet air RH = 61 %. Bold signifies statistical significance.  

 

Total PM PM 1 PM 2.5 
Respirable 

(PM 4 - PM 
10) 

PM 10 

Concentrat
ion  

(mg∙m-3) 

% 
reducti

on 
(p-

value) 

Concentrat
ion  

(mg∙m-3) 

% 
reducti

on 
(p-

value) 

Concentrat
ion  

(mg∙m-3) 

% 
reducti

on 
(p-

value) 

Concentrat
ion  

(mg∙m-3) 

% 
reducti

on 
(p-

value) 

Concentrat
ion  

(mg∙m-3) 

% 
reducti

on 
(p-

value) 
(1) Untreated and 
unfiltered exhaust 

air 
0.136  0.049  0.051  0.054  0.079  

(2) Control 
(filtrated air from 

MERV8&15) 
0.003 

98 
(<0.01) 0.003 

94 
(<0.01) 0.003 

94 
(<0.01) 0.003 

94 
(<0.01) 0.003 

96 
(<0.01) 

(3) Treated air 
with 185+254 nm 

(0.03 µJ∙cm-2) 
0.003 0 0.003 0 0.003 0 0.003 0 0.003 0 

(3) Treated air 
with 254 nm 

(2.55 µJ∙cm-2) 
0.003 0 0.003 0 0.003 0 0.003 0 0.003 0 

(3) Treated air 
with 222 nm 

(1.60 µJ∙cm-2) 
0.003 0 0.003 0 0.003 0 0.003 0 0.003 0 

2.5 Effects of the airborne particulate matter to UV-A photocatalysis 

This experiment was conducted to investigate how much PM suspended in the air affects the 
UV-A photocatalysis. In the experiment, three different airborne PM conditions were used 
through MERV filter control (Table 49). The first is the condition that 98% of the airborne PM 
was removed by using MERV 8&15 filters (Total PM concentration: 0.004 mg∙m-3). In the 
second, only MERV 8 was used to form a higher suspended PM concentration than the first 
condition (Total PM concentration: 0.06 mg∙m-3). Lastly, all the dust and flies discharged from 
the pit fan were introduced under the condition that all filters were removed (Total PM 
concentration: 0.20 mg∙m-3). 
 
Table 49. Performance of the MERV 8 & 15 filtration. Bold signifies statistical significance. 

 
Total PM PM 1 PM 2.5 Respirable 

(PM 4 - PM 10) PM 10 

Concent
ration  

(mg∙m-3) 

% 
reduc
tion 

Concent
ration  

(mg∙m-3) 

% 
reduc
tion 

Concent
ration  

(mg∙m-3) 

% 
reduc
tion 

Concent
ration  

(mg∙m-3) 

% 
reduc
tion 

Concent
ration  

(mg∙m-3) 

% 
reduc
tion 
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(p-
value

) 

(p-
value

) 

(p-
value

) 

(p-
value

) 

(p-
value

) 
(1) Untreated 

and 
unfiltered 
exhaust air 

0.22 
±0.16 

 0.10 
±0.13 

 0.09 
±0.11 

 0.08 
±0.08 

 0.11 
±0.07 

 

(2) Control 
(filtrated air 

from 
MERV8&15) 

0.004 
±0.001 

98.3 
(0.01) 

0.003 
±0.001 

96.8 
(0.01) 

0.003 
±0.000 

96.7 
(0.03) 

0.003 
±0.000 

96.3 
(0.04) 

0.003 
±0.000 

97.0 
(0.01) 

(3) Control 
(filtrated air 

from 
MERV8) 

0.06 
±0.03 

77.1 
(0.05) 

0.05±0.0
2 

76.6 
(0.05) 

0.03 
±0.01 

82.6 
(0.09) 

0.02 
±0.01 

84.7 
(0.10) 

0.02 
±0.01 

86.3 
(0.10) 

(4) Control 
(no filtration) 

0.20 
±0.09 - 0.12 

±0.06 - 0.06 
±0.04 - 0.06 

±0.04 - 0.05±0.0
4 - 

 
2.5.1 Ammonia and hydrogen sulfide 
NH3 did not show any mitigation regardless of the concentration of suspended PM as like the 
previous results. However, in the case of H2S, the % reduction was about 40% under the 
condition of the lowest PM concentration (MERV 8&15, Total PM concentration: 0.004 mg∙m-3, 
Table 50), but the reduction was markedly reduced as the PM concentration increased (Table 51 
and 52). Statistically, significant mitigation showed only under the lowest PM concentration 
(MERV 8&15, Total PM concentration: 0.004 mg∙m-3). 
 
Table 50. Performance of the MERV 8 & 15 filtration (Treatment I) and UV-A photocatalysis 
(Treatment II) in mitigating NH3 and H2S concentrations. UV-A dose: 5.3 mJ∙cm-2 , Airflow = 
0.28 m3·s-1. Bold signifies statistical significance. 

 NH3 H2S 

 Concentration  
(ppm) 

% reduction 
(p-value) 

Concentration  
(ppm) 

% reduction 
(p-value) 

M
ER

V
 8

&
15

 

Control I 
(Before filtration) 15.9±1.1  0.55±0.07  

Treatment Ⅰ 
(After filtration) 15.0±0.4 

5.7 
(0.42) 0.52±0.13 

5.9 
(0.42) 

U
V

-A
 

ph
ot

oc
at

al
y

sis
 

Control II  
(Before UV-A) 15.0±0.4  0.52±0.13  

Treatment Ⅱ 
(After UV-A) 14.8±0.3 1.9 

(0.12) 0.31±0.06 40.2 
(<0.01) 

Note: The concentration of suspended PM under the condition of MERB 8&15 is the same as the 
concentration of control 2 shown in Table 49. 
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Table 51. Performance of the MERV 8 filtration (Treatment I) and UV-A photocatalysis 
(Treatment II) in mitigating NH3 and H2S concentrations. UV-A dose: 5.3 mJ∙cm-2 , Airflow = 
0.28 m3·s-1. Bold signifies statistical significance. 

 NH3 H2S 

 Concentration  
(ppm) 

% reduction 
(p-value) 

Concentration  
(ppm) 

% reduction 
(p-value) 

M
ER

V
 8

 Control I 
(Before filtration) 18.3±0.9  0.33±0.02  

Treatment Ⅰ 
(After filtration) 18.2±0.6 0.8 

(0.27) 
0.36±0.04 -8.7 

(0.10) 

U
V

-A
 

ph
ot

oc
at

al
y

sis
 

Control II  
(Before UV-A) 18.2±0.6  0.36±0.04  

Treatment Ⅱ 
(After UV-A) 18.3±0.9 -0.4 

(0.75) 
0.34±0.02 5.21 

(0.27) 
Note: The concentration of suspended PM under the condition of MERB 8 is the same as the 
concentration of control 3 shown in Table 49. 
 
Table 52. Performance of UV-A photocatalysis (Treatment II) in mitigating NH3 and H2S 
concentrations under no filtration condition. UV-A dose: 5.3 mJ∙cm-2 , Airflow = 0.28 m3·s-1. 
Bold signifies statistical significance. 

 NH3 H2S 

 Concentration  
(ppm) 

% reduction 
(p-value) 

Concentration  
(ppm) 

% reduction 
(p-value) 

N
o 

fil
tra

tio
n 

Control I 
(Before UV-A inside filtration unit) 28.3±0.4  0.67±0.02  

U
V

-A
 

ph
ot

oc
at

al
ys

i
s 

Control II  
(Before UV-A inside the mobile 

lab) 
28.5±0.3  0.64±0.03  

Treatment Ⅱ 
(After UV-A) 28.4±0.3 

0.3 
(0.67) 0.65±0.02 

-0.5 
(0.78) 

Note: The concentration of suspended PM under the condition without MERV filters is the same 
as the concentration of control 4 shown in Table 49. 
 
2.5.2 Greenhouse gases 
CH4 did not show any significant increase or decrease under the different airborne PM 
concentrations. The CO2 concentration was increased under all conditions. There was also a 
statistically significant increase in the condition with MERV 8 (Total PM concentration: 0.06 
mg∙m-3). In the case of N2O, there was a statistically significant reduction regardless of the 
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different concentrations of suspended PM. In addition, the N2O reduction did not decrease even 
though the suspended PM concentration increased (Tables 53, 54, and 55). 
 
Table 53. Performance of the MERV 8 & 15 filtration (Treatment I) and UV-A photocatalysis 
(Treatment II) in mitigating greenhouse gas concentrations. UV-A dose: 5.3 mJ∙cm-2 , Airflow = 
0.28 m3·s-1. Bold signifies statistical significance. 

 CH4 CO2 N2O 

 Concentration  
(ppm) 

% 
reduction 
(p-value) 

Concentration  
(ppm) 

% 
reduction 
(p-value) 

Concentration  
(ppm) 

% 
reduction 
(p-value) 

M
ER

V
 8

&
15

 

Control I 
(Before filtration) 

4.5±0.7  1225±213  0.31±0.01  

Treatment Ⅰ 
(After filtration) 5.0±0.2 

-10.2 
(0.38) 1201±296 

2.0 
(0.72) 0.31±0.00 

2.8 
(0.51) 

U
V

-A
 

ph
ot

oc
at

al
ys

i
s 

Control II  
(Before UV-A) 

5.0±0.2  1201±296  0.31±0.00  

Treatment Ⅱ 
(After UV-A) 

5.2±0.1 -4.2 
(0.38) 

1483±91 -23.5 
(0.15) 

0.28±0.00 9.3 
(0.01) 

Note: The concentration of suspended PM under the condition of MERB 8&15 is the same as the 
concentration of control 2 shown in Table 49. 
 
Table 54. Performance of the MERV 8 filtration (Treatment I) and UV-A photocatalysis 
(Treatment II) in mitigating greenhouse gas concentrations. UV-A dose: 5.3 mJ∙cm-2 , Airflow = 
0.28 m3·s-1. Bold signifies statistical significance. 

 CH4 CO2 N2O 

 Concentration  
(ppm) 

% 
reduction 
(p-value) 

Concentration  
(ppm) 

% 
reduction 
(p-value) 

Concentration  
(ppm) 

% 
reduction 
(p-value) 

M
ER

V
 8

 Control I 
(Before filtration) 

13.9±2.4  652±44  0.29±0.01  

Treatment Ⅰ 
(After filtration) 

16.5±3.0 -17.7 
(0.48) 

705±33 -8.05 
(0.35) 

0.27±0.00 8.24 
(0.06) 

U
V

-A
 

ph
ot

oc
at

al
ys

i
s 

Control II  
(Before UV-A) 

16.5±3.0  705±33  0.27±0.00  

Treatment Ⅱ 
(After UV-A) 

15.5±2.0 5.62 
(0.78) 

789±27 -11.9 
(0.02) 

0.24±0.00 8.47 
(0.01) 

Note: The concentration of suspended PM under the condition of MERB 8 is the same as the 
concentration of control 3 shown in Table 49. 
 
Table 55. Performance of UV-A photocatalysis (Treatment II) in mitigating greenhouse gas 
concentrations under no filtration condition. UV-A dose: 5.3 mJ∙cm-2 , Airflow = 0.28 m3·s-1. 
Bold signifies statistical significance. 

 CH4 CO2 N2O 

 Concentration  
(ppm) 

% 
reduction 
(p-value) 

Concentration  
(ppm) 

% 
reduction 
(p-value) 

Concentration  
(ppm) 

% 
reduction 
(p-value) 
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N
o 

fil
tra

tio
n Control I 

(Before UV-A inside 
filtration unit) 

19.8±2.5  990±110  0.28±0.01  
U

V
-A

 
ph

ot
oc

at
al

ys
is Control II  

(Before UV-A inside the 
mobile lab) 

22.0±2.6  967±127  0.27±0.01  

Treatment Ⅱ 
(After UV-A) 

21.6±0.2 1.9 
(0.82) 

1036±21 -7.2 
(0.50) 

0.24±0.01 10.6 
(0.02) 

 Note: The concentration of suspended PM under the condition without MERV filters is the same 
as the concentration of control 4 shown in Table 49. 
 
2.5.3 Ozone 
O3 concentration was detected about 5 ppb under the condition with MERV 8&15 (Total PM 
concentration: 0.004 mg∙m-3, Table 56). And all O3 was removed during UV-A photocatalysis 
reaction. However, the control concentration of O3 was not detected under different PM 
conditions (with MERV 8 and without MERV filters). Therefore, the change of O3 reduction 
according to the concentration of suspended PM could not be investigated. 
 
Table 56. Mitigation of the O3 concentration under the different airborne particulate matter. 
Values in table report % reduction (p values). UV-A dose: 5.3 mJ∙cm-2 , Airflow = 0.28 m3·s-1. 
Bold signifies statistical significance. 

 O3 

 Concentration  
(ppb) 

% reduction 
(p-value) 

M
ER

V
 

8&
15

 Control I 
(Before filtration) 7.3±0.0  

Treatment Ⅰ 
(After filtration) 5.3±1.9 27.3 

(0.09) 

U
V

-A
 

ph
ot

oc
at

al
ys

is
 

Control II  
(Before UV-A) 5.3±1.9  

Treatment Ⅱ 
(After UV-A) 0.0±0.0 100 

(<0.01) 
Note: The concentration of suspended PM under the condition of MERB 8&15 is the same as the 
concentration of control 2 shown in Table 49. 
 
2.5.4 Volatile organic compounds 
As the suspended PM concentration increased, the mitigation of VOCs decreased (Table 57). 
The three VOCs showed a statistically significant reduction under the conditions of the lowest 
suspended PM concentration (MERV 8&15, total PM concentration: 0.004 mg∙m-3). However, 
no statistically significant reduction was observed under the condition of high suspended PM 
concentration (no filtration, total PM concentration: 0.20 mg∙m-3). 
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Table 57. Mitigation of VOC concentrations from UV-A photocatalysis under the different 
airborne particulate matter. Values in table report % reduction (p values). UV-A dose: 5.3 
mJ∙cm-2 , Airflow = 0.28 m3·s-1. Bold signifies statistical significance. 

  
MERV 8&15 

condition 
MERV 8 
condition 

No filtration 
condition 

DMDS 31.6 (0.15) -5.8 (0.73) -17.2 (0.85) 
DEDS Not detected Not detected Not detected 

Acetic acid 3.8 (0.96) -37.3 (0.38) -2.7 (0.95) 
Propanoic acid 16.2 (0.65) -38.0 (0.44) -30.4 (0.73) 
Isobutyric acid 23.6 (0.04) 26.9 (0.04) 1.0 (0.98) 
Butanoic acid 17.6 (0.35) 28.1 (0.42) -5.8 (0.62) 
Isovaleric acid 45.0 (0.33) -10.8 (0.85) -52.1 (0.31) 

Valeric acid 44.5 (0.44) 7.4 (0.84) 22.0 (0.43) 
Hexanoic acid Not detected Not detected Not detected 

Phenol -14.5 (0.41) -63.2 (0.09) 13.6 (0.23) 
p-Cresol 36.5 (0.04) -6.3 (0.88) -11.2 (0.72) 
Indole 44.5 (0.04) -20.9 (0.78) -10.3 (0.34) 
Skatole 12.4 (0.12) 23.8 (0.02) -12.7 (0.21) 

Note: Dimethyl disulfide (DMDS), dimethyl disulfide (DEDS); Values in table report % 
reduction (p values). Bold font signifies statistical significance. The concentration of suspended 
PM under the condition of MERB 8&15, MERV 8, and no filtration is the same as the 
concentration of control shown in Table 49. 
 
2.5.5 Odor 
The result of odor reduction was very similar to the result of the reduction of VOCs. Therefore, 
statistically significant mitigation was observed only under the condition of the lowest suspended 
PM concentration (with MERV 8&15, total PM concentration: 0.004 mg∙m-3). 
 
Table 58. Mitigation of Odor under the different airborne particulate matter. Values in table 
report % reduction (p values). UV-A dose: 5.3 mJ∙cm-2 , Airflow = 0.28 m3·s-1. Bold signifies 
statistical significance. 

 

MERV 8&15 
condition 

MERV 8 
condition 

No filtration 
condition 

 

Odor unit 

(OUe∙m-3) 

% 
reduction 
(p-value) 

Odor unit 

(OUe∙m-3) 

% 
reduction 
(p-value) 

Odor unit 

(OUe∙m-3) 

% 
reduction 
(p-value) 

M
ER

V
 

fil
tra

tio
n 

Control I 
(Before 

filtration) 
394±2.74  925±484  536±24  

Treatment Ⅰ 
(After 

filtration) 
412±47.0 -4.58 

(0.63) 
923±77.1 0.19 

(0.99) 
685±52 -27.8 

(0.08) 
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U
V

-A
 

ph
ot

oc
at

al
ys

i
s 

Control II  
(Before UV-

A) 
412±47.0  923±77.1  685±52  

Treatment Ⅱ 
(After UV-A) 251±4.58 39.0 

(0.04) 737±73.4 20.2 
(0.19) 623±83 8.5 

(0.44) 
Note: The concentration of suspended PM under the condition of MERB 8&15, MERV 8, and no 
filtration is the same as the concentration of control shown in Table 49. 
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Discussion and Summary 
Through the results of this study, UV photocatalysis technology can be considered as a potential 
technology to reduce odorous gases and to improve air quality. The UV-A photocatalysis reduced 
targeted odorous target gases, as shown in Table 59. In the farm-scale experiment, the target gas 
reduction rate similar to that of the pilot-scale experiment. In other words, the reproducibility of 
UV-A photocatalysis mitigation was proven in the swine farm condition.  
 
Table 59. Summary of the % reduction of target gases investigated in this study with UV-A 
photocatalysis. 

Experiment scale Target 
gas 

UV dose 
(mJ∙cm-2) 

Target gas concentration 
(ppm, O3=ppb, odor= 

OUe∙m-3) % Reduction 

Control UV treatment 

Pilot (Standard gas) 

NH3 
3.9 67.4±0.36 61.1±0.30 9 
5.8 68.9±0.68 61.1±0.70 11 

N-
butanol 

2.5 0.66±0.02 0.53±0.06 19 
3.9 0.65±0.03 0.43±0.04 34 
5.8 0.69±0.02 0.41±0.07 41 

Pilot (Swine 
manure) 

NH3 5.8 5.98±0.28 5.62±0.34 6 
N2O 3.9 0.29±0.01 0.28±0.00 4 
N2O 5.8 0.29±0.00 0.25±0.01 14 
O3 1.3 2.92±0.32 0.00 100 
O3 5.8 2.97±0.15 0.00 100 

VOCs 

2.5 N/A N/A 
PA (51) 
BA (45) 

p-Cresol (41) 

3.9 N/A N/A 

AA (49) 
BA (53) 

p-Cresol (67) 
Indole (32) 

5.8 N/A N/A 
AA (51) 
BA (48) 

Indole (20) 

Odor 
2.5 352±7.98 239±24.4 32 
3.9 653±32.1 277±21.7 58 
5.8 653±9.25 243±64.4 63 

Field (Swine farm) 

H2S 5.3 0.52±0.13 0.31±0.06 40 
N2O 3.9 0.31±0.00 0.28±0.00 13% 
N2O 5.8 0.31±0.00 0.27±0.00 12% 

VOCs 

2.9 N/A N/A DMDS (22) 
Skatole (38) 

4.0 N/A N/A 

IA (54) 
p-Cresol (53) 
Indole (38) 
Skatole (22) 
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5.3 N/A N/A 

DMDS (63) 
IA (44) 
BA (32) 

p-Cresol (40) 
Indole (66) 
Skatole (49) 

Odor 
4.0 359±60.0 218±28.0 39 
5.3 412±47.0 251±4.58 40 

O3 5.3 5.32±1.91 0 100 
Note: Dimethyl disulfide (DMDS), AA(Acetic acid), PA(Propanoic acid), IA(Isobutyric acid), 
and BA (Butanoic acid). 
 
However, it was not economically efficient to reduce some of the target gases like NH3 and H2S 
(Table 60). In general, NH3 and H2S are emitted in the g-kg unit from the swine farm per day, so 
if you want to reduce all the pollutants emitted from the swine farm using UV-A photocatalysis, 
the cost will be consumed about 50-1300 dollars are consumed. However, N2O, and O3, emitted 
in mg-g units per day, are considered to be effective in reducing the N2O and O3 using UV 
photocatalyst using less than 10 dollars. In particular, it has been very effective in reducing odor 
with UV-A photocatalysis. This is because it costs 1-2 dollars to reduce 1 ton of odor unit (OUe). 
Unfortunately, since the concentration of VOCs in this study could not be investigated, the 
economic analysis was not possible. Considering the odor economic results, which are highly 
related to VOCs reduction, it is believed that VOCs can also be very economically reduced. 
Therefore, UV-A photocatalysis technology is considered to be a potential technology to reduce 
odorous gases and increase the air quality in the swine farm. 
 
Table 60. Summary of the economic analysis of mitigating target gases investigated in this study 
with UV-A photocatalysis. 

Experiment 
scale 

Target 
gas 

UV 
dose 

(mJ∙cm
-2) 

Target gas emission 
(E, mg∙min-1, Odor=Oue∙min-1)  

Cost  1 
 ($·kg-1 of NH3 and H2S,  

$·g-1 of N-butanol, N2O, and O3  
$·ton-1 of OUe ) Control UV treatment 

Pilot 
(Standard 

gas) 

NH3 3.9 746 676 53.4 
NH3 5.8 763 676 62.5 

N-
butano

l 

2.5 31.5 25.3 442 
3.9 30.9 20.3 352 
5.8 32.9 19.4 403 

Pilot (Swine 
manure) 

NH3 5.8 64.2 60.2 1301 
N2O 3.9 8.14 7.79 10.6 
N2O 5.8 8.06 6.92 4.72 
O3 1.3 0.01 0.00 18.9 
O3 5.8 0.01 0.00 60.0 

Odor 
3.9 9205 3909 0.71 
5.8 9204 3431 0.94 
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Field 
(Swine 
farm) 

H2S 5.3 8.55 3.58 1089 
N2O 3.9 9.30 8.43 3.43 
N2O 5.3 9.31 8.21 4.93 
O3 5.3 0.16 0.00 33.7 

Odor 
4.0 5479 3323 1.74 
5.3 6288 3834 2.21 

1 The cost of electric energy needed for UV treatment to mitigate a unit mass of pollutants in the 
air ($∙g-1);  
 
However, as investigated in this study, UV-A photocatalysis technology was found to be 
sensitive to airborne PM concentration. It is believed that the photocatalytic action takes place on 
the TiO2 surface, so when PM accumulates on the TiO2 surface, the photocatalysis reaction rate 
is likely lower. Therefore, it is recommended that proper PM management should be considered 
simultaneously with the UV-A photocatalysis in the swine farm. 
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