
 
 

Title:  Hydrogen Sulfide Spatial Distribution and Worker Exposure in Swine Houses,  
  NPB Reference # 08-119 
 

Investigator:   Robert Burns 
 

Institution:   Iowa State University 
 

Date Submitted:   06/24/10 
 
 
Industry Summary:  
Hazards conditions to human and animal health can occur in swine barns due to sudden bursts of 
high concentration hydrogen sulfide (H2S) gas released when manure slurry is agitated during 
removal from deep-pits. Studies show that H2S levels can go from harmless to deadly in a matter of 
minutes during pit agitation (Patni and Clarke, 2003; Muhlbauer et al., 2008). The goal of this 
project was to quantify H2S concentrations within various swine housing types and compare these 
levels to current suggested worker exposure levels. Data collected was also used to investigate the 
spatial distribution of H2S before, during, and after manure removal events.  
 
A wireless sensor network of hydrogen sulfide sensors coupled with wireless network technology 
was developed to collect multi-location, near-simultaneous concentration data within swine barns. 
The network allowed collection of hydrogen sulfide concentration data within a human and/or 
animal occupied zone. Pem-Tech hydrogen sulfide sensors served as the gas measurement 
component; this sensor had been validated to perform in swine housing in a previous study to 
develop a hydrogen sulfide detection system. Sensor data was transmitted on a user-programmed 
interval using Zigbee wireless network modules. The sensor network was easily transported, 
installed, and operated by one person. Total component cost for a 12 sensor network was $12,527. 
The sensor network enabled research on a scale not feasible with the limitations of a mobile lab. 
 
Results confirm the hypothesis that hydrogen sulfide concentrations are highest nearest agitation 
activity or areas deficient in ventilation. In-barn hydrogen sulfide concentrations increased as 
agitation activity increased. No agitation resulted in the lowest H2S concentrations during manure 
pumpouts. Moderate agitation resulted in increased in-barn hydrogen sulfide levels, but the 
concentrations were much lower than aggressive agitation. If agitation is necessary, minimal, 
moderate agitation should be used whenever possible to minimize hazardous in-barn H2S 
conditions.  
 
Hydrogen sulfide levels during current normal operation conditions in the subject deep-pit sow and 
finish swine barns do not pose as exposure threats to humans or swine. The highest concentration 
recorded during normal operation of all barns was 2.1 ppm, far below the 10 ppm exposure 
guideline. This occurred during the winter when barn ventilation was at a minimum. Human and 
swine exposure did not exceed any exposure guidelines for the monitored normal operation periods  
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inside the barns included in this study. The greatest risk for hydrogen sulfide exposure is when 
starting agitation. This is when the most gas is contained within the slurry and when mixed this 
gas is released. Aggressive agitation and agitation which collides with pillars or walls pose the 
greatest risk for hazardous hydrogen sulfide conditions. No one should ever enter a swine barn 
during manure agitation, and precautions should be taken to prevent inadvertent entry. Conditions 
can change rapidly to lethal levels and prevent a worker from escaping. Through careful 
assessment of environmental conditions and a plan of ventilation and manure agitation 
management the risks associated with hydrogen sulfide can be reduced. 
 
This project was funded by the National Pork Board. 
 
Scientific Abstract:   
Hydrogen sulfide gas (H2S) has been identified as a health hazard to humans and swine in deep-pit 
production systems (Donham et al., 1982; Donham and Gustafson, 1982). Hydrogen sulfide is 
formed under anaerobic conditions by bacteria reducing sulfate to form sulfide. This sulfide then 
combines with hydrogen ions to form H2S. Acute exposure to high concentrations of hydrogen 
sulfide is potentially lethal during manure agitation and removal events in deep-pit swine housing. 
While slurry applicators and producers note that swine loss tends to occur in corners of barns or 
near agitation activity, the spatial distribution of H2S has yet to be described during slurry removal 
events in deep-pit swine barns. Literature indicates a need for hydrogen sulfide spatial distribution 
data from near-simultaneous measurement. 
 
Throughout the production cycle, human caretakers frequently enter the swine barn. However, it 
has been widely recommended that no one enter a barn due to H2S releases from the manure 
slurry during agitation events. Lethal hydrogen sulfide concentrations have been documented in 
the animal growing area during swine manure slurry agitation in deep-pit facilities (Patni and 
Clarke, 2003; Muhlbauer et al., 2008). However, entries still occur sometimes resulting in human 
death. 
 
If the spatial distribution of hydrogen sulfide can be characterized, then slurry removal workers 
and producers can work together to prevent hazardous hydrogen sulfide conditions from 
developing. Furthermore, investigation into hydrogen sulfide exposure during different operational 
periods can provide insight into the effectiveness of current operation practices. The goal of this 
project was to quantify H2S concentrations within various deep-pit swine houses and compare 
these levels to current suggested worker exposure levels. Data collected was also used to 
investigate the spatial distribution of H2S before, during, and after manure removal events. 
  
This project was funded by the National Pork Board. 
 
Introduction:     
In deep-pit swine facilities, commonly used in the Midwestern U.S., the pigs are housed on slatted 
floors above the manure storage area. Throughout the production cycle, human caretakers 
frequently enter the swine barn. Hazardous high concentration hydrogen sulfide (H2S) burst 
releases have been known to occur during swine manure slurry agitation in deep-pit facilities. 
Slurry agitation is necessary to suspend the settled solids for removal from storage. Because of H2S 
burst releases during slurry agitation, dangerous conditions can exist in the swine barn. Although 
it is never recommended a human enter a swine barn during slurry agitation, entries still occur. 
 
Human Exposure 
During the period of 1983-1990, H2S poisoning was responsible for the death of 24 swine workers 
in the Midwest alone and at least 15 more deaths since 1994 (Wallinga, 2004). Dangerous H2S 
concentrations for humans vary, but one source sets the levels at 500 ppm for unconsciousness 
and 600 ppm for immediate death (Wallinga, 2004). Other sources have set the level for immediate 
death as high as 1000 ppm; however, the level set by the American Conference of Governmental 
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Industrial Hygienists (ACGIH) for immediate danger is 100 ppm. A study by Chénard et al. in 2002 
indicates that during daily tasks in a swine house with sub-floor slurry pits H2S levels can meet or 
exceed the ACGIH standards for H2S Threshold Limit Values Short Term Exposure level (TLV-
STEL). In that study, point measurements were taken at in-house locations thought to be traveled 
by swine workers, but no simultaneous sensor grid was used to describe H2S distribution in the 
house. Chénard et al. (2002) also suggested that further research is necessary to develop 
engineering controls for existing buildings to lower worker H2S exposure risks. 
 
The ACGIH devise standards for safe exposure to chemicals and other hazards, known as 
Threshold Limit Values (TLV). The ACGIH claims that a worker should not have adverse effects 
when exposed to a concentration equal or lower to the specific TLV-TWA, assuming exposure of 8 
hours a day for a maximum of 40 hours a week. Recognizing that in certain circumstances workers 
must be exposed to a higher concentration than the TLV-TWA, ACGIH also introduced the TLV-
STEL, a concentration to which workers may be exposed to, for a period of 15 minutes only, four 
times a day, separated by at least 1 hour between exposures. Three other limiting exposure values 
are a ceiling concentration (TLV-CEIL), a concentration to which workers should not be exposed 
regardless of exposure time and the IDLH, a concentration that is Immediately Dangerous to Life or 
Health. The IDLH standard is the concentration which one may be unable to escape the 
environment. The exposure standard values for hydrogen sulfide are shown in Table 1. 
 

Table 1. Exposure standard values for H2S. 

TLV-TWA TLV-STEL TLV-CEIL IDLH

Concentration, ppm 10 15 20 100  
 
Animal Exposure 
The burst release characteristic of H2S gas release is extremely hazardous. Past studies have 
shown that H2S levels rapidly reached lethal concentrations during agitation of manure in deep-pit 
swine barns (Ni et al., 2000; Muhlbauer et al., 2008; Patni and Clarke, 2003). Custom manure 
applicators reported when swine loss was localized to an area, insufficient ventilation or 
unfavorable airflow patterns that allowed accumulation of H2S was suspected to be the cause. This 
observation has demonstrated the need to investigate H2S temporal and spatial distribution within 
deep-pit swine housing during manure slurry agitation and removal events. 
 
Audubon Manning Vet Clinic (AMVC) is a swine management service that markets 450,000 hogs, 
manages 95,000 working sows, and has experienced swine loss due to H2S poisoning. AMVC 
considers swine worker safety a priority and is concerned with in-house H2S concentrations but 
has no way to monitor levels and little information on which to base H2S related management 
practices (Wittry, 2007). Puck Custom Enterprises (PCE) is a custom slurry removal and 
application business applying over 100 million gallons per year. In the past, PCE has experienced 
an average of 20-30 hogs per year succumb to H2S poisoning associated with slurry agitation. The 
worst event occurred in January 2006 when 300 hogs ready for market died from H2S poisoning 
(Puck, 2008). In all cases, preventive measures were taken to avoid the loss of animal life. 
Ventilation was increased and no personnel were allowed in the swine housing facility during 
manure pumpout, yet these losses still occurred. In the case where 300 hogs were lost, the same 
preventative measures were taken as the previous five years at that site (when no hogs died). This 
speaks to the unpredictability of the burst characteristics of H2S concentrations during slurry 
removal. 
 
Literature indicates there has been little investigation into spatial distribution of H2S in swine 
housing. The literature also shows that more data concerning H2S concentrations during slurry 
removal is needed. Additional data collection during manure agitation and removal would provide 
information that can be used to develop guidance on how to avoid dangerous H2S conditions in 
swine housing. And, additional data collection during normal operational periods would increase 
the knowledge base of worker exposure to H2S within swine buildings. 
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Safety Emphasis 
Entry into a swine facility during slurry agitation or removal is never recommended. To protect 
against inadvertent entry, all entry doors should be locked and warning tags available from the 
Pork Producers Association installed prior to beginning slurry agitation. Use of a commercial 
hydrogen sulfide monitoring or detection system can provide information to workers on in-barn gas 
levels. Through careful assessment of environmental conditions and a plan of ventilation and 
manure agitation management the risks associated with hydrogen sulfide can be reduced. 
 
Objectives:   
1) Implement a wireless H2S monitoring network (based on the wireless H2S detector developed 
during a previous National Pork Board) project in deep pit sow and finishing swine facilities. 
 
2) Measure the in-house distribution of H2S concentrations in deep pit sow and finishing swine 
facilities before, during, and after pit agitation and pumping events. 
 
3) Compare measured H2S concentrations to OSHA worker exposure levels (during normal 
operation) and animal exposure levels (during normal and pit agitation and slurry removal) for 
different swine facility types.   
 
4) Develop management options that reduce worker and animal exposure to H2S in swine 
production facilities. 
 
Materials & Methods:   
A wireless sensor network was constructed to measure the in-house distribution of H2S 
concentrations and exposure levels (up to 500 ppm) associated with deep-pit manure slurry 
pumping and agitation events. A mobile air emissions monitoring unit (MAEMU) and fluorescence 
analyzer was used to monitor low H2S concentrations (less than 20 ppm) anticipated during normal 
operation conditions. These systems are discussed in the following sections. 
 
Low Concentration Hydrogen Sulfide Measurement 
A Mobile Air Emissions Monitoring Unit (MAEMU) housed a gas sample system, H2S fluorescence 
analyzer, computer, and a data acquisition system.  Project personnel previously designed and 
utilized this MAEMU to continuously monitor emissions from broiler facilities (Moody et al., 2008). 
A sample from selected locations within the barn was routed to a Teledyne API H2S analyzer (Model 
101E). This analyzer was configured to the maximum operating range of 0-20 ppm. 
 
High Concentration Hydrogen Sulfide Measurement 
Originally a network of ten H2S sensors coupled with a SensiCast multipoint-to-point wireless 
communication system was proposed.  This network was upgraded to a 12 sensor system using 
sensors from prototype detection systems. The Pemtech PT-295HEC H2S sensor demonstrated good 
performance and operation characteristics in the previous National Pork Board project #07086 
(Development and Testing of a Hydrogen Sulfide Detection System for Use in Swine Housing).  This 
sensor was selected as the means of measuring hydrogen sulfide in this project. It has a detection 
limit of 1 ppm and a maximum range of 500 ppm. The SensiCast wireless system failed to operate 
correctly and all attempts to contact the manufacturer went unanswered.  
Thus the team was forced to search for other wireless network technology to construct a wireless 
sensor network. 
 
Using commercially available Zigbee mesh network modules (ETRX2-PA, Telegesis) and custom 
printed circuit boards, wireless nodes were constructed to transmit sensor readings. The analog 
output of the H2S sensor was transmitted on a user programmed interval to a central receiver 
(sink). A voltage regulator allows connection to the battery supplying power to the H2S sensor. The 
wireless node design is capable of interfacing with any 4-20 mA sensors and can be powered by a 
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variety of commercially available batteries. Configured with the H2S sensor the total system 
uncertainty is ±25.1 ppm. The H2S sensor provides ±25 ppm of this uncertainty, the remaining 
uncertainty results from the signal conversion and ADC characteristics. 
 
To form a wireless sensor network, one ETRX2 module is configured as the Zigbee coordinator. This 
module is used as the data sink and is connected to the computer. Other ETRX2 modules are 
connected to the H2S sensor and configured as a Zigbee router. The nodes read the sensor output 
and send data to the sink; the sink then forwards these data to the connected computer. The data 
transmission interval is user-programmable and was configured to 30 seconds. 
 
A wireless sensor network of electrochemical H2S sensors was used to monitor high concentration 
hydrogen sulfide up to 500 ppm. A total of 12 H2S sensor units were supported from the ceiling or 
overhead automatic feed delivery system and monitored two heights at six locations within the 
barn (figure 1). Each monitored location included a sensor at 0.1 m and 1.5 m above the slat floor, 
referred to as animal occupied zone (AOZ) and human occupied zone (HOZ) respectively. 
 

 
Figure 1. Installation of H2S sensors in human and animal occupied zones utilized chains to suspend from the overhead 

automatic feed distribution system. Hose clamps secured the animal occupied zone sensor to the swine pen. A ported cap 
prevented the pigs from damaging the AOZ sensor. 

The total cost of each wireless H2S sensor node was $1,038.  The gas measurement sensor was 
purchased from Pem-Tech Inc. (Sugar Land, TX) and powered using a 24 vdc converter connected 
to a 12 vdc 9 A-hr battery. Component cost for each H2S sensor node is detailed in table 2. Any 
wireless module can be configured to a node or sink by changing configuration registers of the 
module, therefore the cost of the sink was the same as a wireless node, $71. The total component 
cost for a 12 sensor network was $12,527. 
 
 
 
 

 

Human Occupied 
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Floor 

Animal Occupied  
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Table 2. Unit component cost for 12 wireless H2S sensor units. 

Description Unit Cost 

Pem-Tech PT295 HEC H2S Sensor    $895 

DC/DC Converter 24 vdc 2 W Output      $13 

Telegesis ETRX2HR-PA 2.4 GHz Zigbee Transceiver      $31 

Telegesis 2.4 GHz Zigbee Antenna & Connector      $20 

Wireless node circuitry (PCB, resistors, capacitors, etc.)      $20 

Steel, chains, wire, PVC, and hardware      $27 

12 vdc 9 A-hr Battery      $32 

Total Unit Cost $1,038 

 
Site Descriptions 
Three deep-pit finishing and one deep-pit sow gestation barns located in Iowa were monitored 
during manure pumpout events in fall 2009. Data summarizing the barn and environmental 
conditions during these events is provided in table 3. Both the low and high concentration 
monitoring systems were installed at multiple sites. The concentrations at Sow Barn 1 were too low 
to register on the wireless sensor network, thus the network was not included in analysis of this 
barn.  Additionally, concentrations beyond the upper limit of the H2S analyzer were recorded in 
Finish Barns 1 and 2, thus the MAEMU data was not included in analysis of these barns. The 
MAEMU was not installed at Finish Barn 3. These barns are detailed in the following sections. 
 
Finish Barn 1 (F1) 
Finish Barn 1 was a 1,250 head hybrid ventilated deep-pit swine confinement. This barn had a 
2.44 m deep pit for manure storage below a fully slatted concrete floor. The previous manure 
pumpout occurred spring 2009. Hydrogen sulfide concentration was monitored in a matrix layout 
during the manure pumpout, at two heights at each of the six locations (figure 2), for a total of 12 
monitored points during the manure pumpout. 
 
During the pumpout two pit (0.6 m) and two end wall (0.6 m) fans operated at maximum speed and 
both sidewall curtains were fully open (1.2 m). Two tractor (1,000 rpm PTO) powered 
pump/agitators on opposing sides of the barn, cycled between filling application tanks and 
agitating slurry within the pit. Since both tractors did not operate at 100% rated engine speed and 
no data was collected on tractor performance or load applied to the tractor, actual fluid power of 
the agitation jets is unable to be calculated. 
 
Since swine were not present within the barn the slurry applicators agitated more aggressive than 
if swine had been present. During subsurface and surface agitation the tractors powering the 
pumps operated at 75% rated engine speed. During surface agitation the discharge jet from the 
pump on the south side of the barn collided with a support pillar directly below the sensors at 
location 4. The operators abruptly adjusted tractor engine speed when cycling from filling slurry 
tanks to agitation. 
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Table 3. Conditions for each barn during manure pumpout. 

Barn F 1 F 2 F 3 S 1

Animal Type Finish swine Finish swine Finish swine Gestation sows

Animal Capacity 1,250 1,250 1,500 1,800

Prevailing Wind Direction North North North-Northwest North-Northwest

16 kph 13 kph 29 kph 13 kph

(10 mph) (8 mph) (18 mph) (10 mph)

2: 0.6 m pit 2: 0.6 m pit 4: 0.6 m pit 11: 0.6 m pit

2: 0.6 m end wall 2: 0.6 m end wall 2: 0.6 m end wall 3: 1.3 m end wall

Interior stir fans

Curtains Status Open: 1.2 m Varied: <0.4 m Open: 1.1 m Closed

Pumpout Duration, hh:mm 5:23 3:45 8:00 14:50

Previous Pumpout Spring 2009 Spring 2009 Fall 2008 Spring 2009

Number of Pumps for Agitation 2 2 2 0

112 kW (150 hp) 112 kW (150 hp) 93 kW (125 hp)

116 kW (156 hp) 116 kW (156 hp) 93 kW (125 hp)

13,067 Lpm 13,067 Lpm 13,824 Lpm

(3,452 gpm) (3,452 gpm) (3,652 gpm)

Pump Pressure for Agitation 284.75 kPa (41.3 psi) 284.75 kPa (41.3 psi) 208.91 kPa (30.1 psi) NA

Total Maximum Fluid Power for 

Agitation
62 kW (83 hp) 62 kW (83 hp) 47 kW (63 hp) NA

* All barns oriented East-West

Total Maximum Pump Capacity for 

Agitation
NA

Wind Speed

Tractor PTO Power Rating NA

Fans Active

 

 
Figure 2. Layout of Finish Barn 1 and the wireless sensor network locations used to monitor hydrogen sulfide within this 

barn during the manure pumpout event. 

 
Finish Barn 2 (F2) 
Finish Barn 2 was a 1,250 head hybrid ventilated deep-pit swine confinement; it was located on the 
same site as Finish Barn 1. This barn had an identical design as F1. The previous manure 
pumpout also occurred spring 2009. Hydrogen sulfide concentration was monitored in a matrix 
layout during the manure pumpout, at two heights at each of the six locations (figure 3), for a total 
of 12 monitored points during the manure pumpout. 
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Figure 3. Layout of Finish Barn 2 and the wireless sensor network locations used to monitor hydrogen sulfide within this 

barn during the manure pumpout event. 

 
During the pumpout two pit (0.6 m) and two end wall (0.6 m) fans operated at maximum speed and 
six interior stir fans mixed air in a counter clockwise direction within the barn. The sidewall 
curtains were manually adjusted periodically, but were never open more than 0.4 m during the 
pumpout. Two tractor (1,000 rpm PTO) powered pump/agitators on opposing sides of the barn, 
cycled between filling application tanks and agitating slurry within the pit. Since both tractors did 
not operate at 100% rated engine speed and no data was collected on tractor performance or load 
applied to the tractor, actual fluid power of the agitation jets is unable to be calculated. 
 
The cooperating integrator desired to experiment with agitation and simulate cold environment 
conditions since swine were not present at the time of pumping.  Upon beginning the pumpout, the 
slurry level was low enough that the agitation nozzle was immediately exposed above the slurry 
surface. Sidewall curtains were open 0.2 m. The tractors powering the pumps operated at 75% 
rated engine speed. Approximately one hour later, the integrator closed the sidewall curtains and 
agitation was reduced to one pump, engine speed reduced to 50% of rated, and the agitation nozzle 
lowered below the slurry surface. This subsurface agitation regime continued until the agitation 
nozzle again became exposed. When the nozzle became exposed both pumps resumed agitation at 
75% rated engine speed and sidewall curtains were immediately opened 0.2 m. Approximately 25 
minutes later, the sidewall curtains were opened to 0.4 m.  During both periods of aggressive 
surface agitation, the discharge jet from the pump on the south side of the barn collided with a 
support pillar directly below the sensors at location 6.  
 
Finish Barn 3 (F3) 
Finish Barn 3 was a 1,500 head hybrid ventilated deep-pit swine confinement. This barn had a 
2.44 meter deep pit for manure storage below a fully slatted concrete floor. The previous manure 
pumpout occurred fall 2008. Hydrogen sulfide concentration was monitored in a matrix layout 
during the manure pumpout, at two heights at each of the six locations (figure 4), for a total of 12 
monitored points during the manure pumpout. 
 
During the pumpout four pit (0.6 m) and two end wall (0.91 m) fans were operated at maximum 
speed and both sidewall curtains were fully open (1.2 m). One tractor powered (1,000 rpm PTO) 
pump/agitator near location 4, continuously agitated slurry within the pit.  Another tractor 
powered (1,000 rpm PTO) pump/agitator near location 6, cycled between filling application tanks 
and agitating slurry within the pit. When the slurry level lowered exposing the recirculation nozzle, 
the agitator near location 4 was removed and installed in place of the pit fan near location 2. A pit 
fan was then reinstalled at the access port near location 4.  
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Figure 4. Layout of Finish Barn 3 and the wireless sensor network locations, indicated by numbers used to monitor 

hydrogen sulfide within this barn during the manure pumpout event. *The agitator near location 4 was moved to near 
location 2. 

 
Swine were present within the barn during the pumpout event. The tractors powering the pumps 
operated at 75% rated engine speed during agitation. Approximately one hour before the event 
ended, the agitator near location 2 was shutdown. Agitation continued near location 6 until the 
pumpout event was completed. Since both tractors did not operate at 100% rated engine speed and 
no data was collected on tractor performance or load applied to the tractor, actual fluid power of 
the agitation jets is unable to be calculated. 
 
Sow Barn 1 (S1) 
Sow Barn 1 was a 1,800 head mechanically ventilated deep-pit swine gestation confinement. This 
barn had a 3.05 meter deep pit for manure storage below a fully slatted concrete floor. Curtains 
covering the evaporative coolers on the north, south, and east walls of the barn were closed during 
the pumpout event. Eleven pit (0.6 m) and three end wall (1.3 m) fans operated at maximum speed 
during the pumpout event. One trailer mounted engine driven pump was used to pump manure 
slurry from the pit and supply it to a drag hose manure injection system. No method to mix or 
agitate manure slurry was employed during this pumpout. Hydrogen sulfide concentration was 
monitored 1.5 m above the slatted floor at locations A, B, and C as shown in figure 5. Location D 
was in the pit headspace 0.1 m below the slatted floor. All samples were pumped through Teflon 
tubing to a pulsed fluorescence analyzer inside a MAEMU.  Hydrogen sulfide concentration data 
were collected from a total of 4 locations within this barn during the pumpout. The wireless sensor 
network was installed in this barn but concentrations were below the detection limit for most of the 
event. Thus, for analysis only the MAEMU data was utilized. 
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Figure 5. Layout of Sow Barn 1 during the manure pumpout event. The letters indicate the air sample locations for 

fluorescence analysis to monitor hydrogen sulfide within this barn. *Location D is in the pit headspace. 

 
Data Collection and Analysis 
The monitoring systems were installed prior to manure pumpout events. To conserve batteries for 
the event, the network was powered approximately 90 minutes before pumping began. This 
ensured the sensor’s internal heater had adequately warmed and representative data would be 
collected. Project personnel were notified of opportunities to monitor pumpout events sometimes 
less than 24 hours prior. The wireless sensor network proved beneficial when one person could 
install the system in the given time window with minimal difficulty in comparison to a mobile lab. 
For normal operation exposure analysis, two deep-pit swine finish barns were monitored 
continuously for five months with the low concentration hydrogen sulfide measurement system. 
The deep-pit sow gestation barn was sporadically monitored for four days including one slurry 
removal event with the low concentration H2S system. 
 
For exposure analysis, daily normal operation data for each barn was first ranked by highest peak 
concentration. For the finish barn data, the top twenty days were analyzed for time weighted 
average exposure assuming a worker was present in the environment for eight hours or swine 
present for 24 hours. A time weighted average was calculated for each sample location within the 
barn by multiplying the concentration (C) and the time duration (T), shown in equation 1. 
Regardless of the actual duration of exposure, the calculated TWA must be normalized to an eight 
hour duration because the guidelines are based on an eight hour exposure period. The same 
procedure was followed for the normal operation sow barn data, however time weighted average 
was calculated for all data. For manure removal events, worker exposure duration was assumed to 
be the duration of the manure removal event or eight hours, whichever was shorter. For swine 
exposure, the exposure duration was assumed to be the duration of the manure removal event. 
Furthermore, the data was analyzed for compliance with TLV-STEL, IDLH, and LC50 guidelines. 
 
 
Equation 1 
 
 
 
 
 
 

hr

TCTCTC
TWA nn

8

2211
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Results:   
Spatial Distribution of Hydrogen Sulfide 
Finish Barn 1 (F1)   
The locations of the maximum concentrations in the human and animal occupied zones 
throughout the pumpout event in Finish Barn 1 are illustrated in figure 6. In examining both 
zones, the locations of maximum concentration align in both the animal and human occupied 
zones. The highest concentrations recorded in this barn occurred where the agitation jet collided 
with a support pillar. Hydrogen sulfide gas levels were greater in the animal occupied zone than the 
human occupied zone. 
  
Concentrations throughout the barn before and after the manure removal event were less than 1 
ppm and showed little spatial variation. Concentrations increase greatly during agitation periods in 
comparison to non-agitation periods. This confirms other studies stating agitation of manure slurry 
releases H2S thus increasing in-barn concentrations and emissions. Subsurface agitation resulted 
in higher peak and average concentrations because it was the first agitation period during this 
pumpout event (figure 7a). The locations associated with highest peak concentrations are where 
manure slurry was disturbed via agitation or suspected deficient in ventilation (figure 7). The 
MAEMU potentially obstructed wind on the leeward side of the barn possibly creating an area 
deficient in ventilation allowing H2S to accumulate in this area. Site personnel observed no wind in 
this area, but did not collect an air velocity profile for the barn. 
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(a) Human occupied zone 

 
(b) Animal occupied zone 

Figure 6. Maximum hydrogen sulfide concentrations corresponding to location and zone within Finish Barn 
1. Color and number indicate location within the barn. 
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(a) Subsurface agitation 

 

(b) Surface agitation 

Figure 7. Spatial distribution of hydrogen sulfide in the AOZ of Finish Barn 1 according to agitation 
period. Color correlates to least squares means estimate for the location at animal level (darker 

indicates higher values). Values are the maximum (top) and least squares mean (bottom) 
concentration at the location for the specified time period. *Maximum detection limit of sensor. 

 

Finish Barn 2 (F2)   
The location of the maximum concentration in the human and animal occupied zones 
throughout the pumpout event in Finish Barn 2 is illustrated in figure 8. The sensor at 
location 6 in the human zone failed to collect data for the duration of the pumpout event, thus 
it was removed from analysis. In examining the AOZ and HOZ, the locations associated with 
the maximum concentration do not align in both zones. Stir fans operated in the barn during 
this pumpout event mixing the air in the barn. The maximum concentrations in the HOZ were 
near the center of the barn suggesting stir fans moved the hydrogen sulfide from its burst 
source to other locations throughout the barn. The locations of maximum concentration in 
the AOZ are thought to be representative of the burst location. 
 

Concentrations throughout the barn before the manure removal event were less than 1 ppm 
and showed little spatial variation. Hydrogen sulfide released during the manure removal 
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event persisted above 10 ppm for 15 minutes immediately following the end of the manure 
removal event. Concentrations after the event increased as distance to agitation activity 
decreased. Aggressive agitation occurred near the east end of the barn were the agitation jet 
collided with the support pillar below location 6. 
 
Concentrations increase greatly during the pumpout event confirming agitation of manure 
slurry releases hydrogen sulfide thus increasing in-barn concentrations. During the manure 
removal event, again those locations experiencing the highest concentration are located 
nearest agitation activity. However, the barn average trended close with the instantaneous 
maximum concentration, again suggesting the stir fans moved the H2S within the barn. 
 
During moderate subsurface agitation, one agitator was restricted to pumping only while the 
other agitated at 50% engine speed. This reduced the fluid power input to the slurry and 
reduced H2S concentrations (figure 8) at all monitored points in the barn. Average and peak 
concentrations were higher during aggressive surface agitation with two pumps compared to 
moderate subsurface agitation with one pump (figure 9). This suggests the degree of agitation 
played a role in the hydrogen sulfide released from manure slurry. 
  
Finish Barn 3 (F3)   
The location of the maximum concentration in the HOZ and AOZ throughout the pumpout 
event in Finish Barn 3 is illustrated in figure 10. In comparison to Finish Barns 1 & 2, 
hydrogen sulfide levels were markedly lower.  The maximum concentration during this event 
was a short duration 61 ppm which is concealed by the three minute moving average in the 
figure. There were swine present within this barn during the manure removal event. The 
slurry applicator used moderate agitation so as to prevent high concentration hydrogen 
sulfide in the animal occupied zone. 
Concentrations throughout the barn before and after the manure removal event were less 
than 1 ppm and showed little spatial variation. Concentrations are higher during agitation 
periods in comparison to non-agitation periods. Again, rapid increases in concentration 
occurred, exemplifying the burst characteristic of hydrogen sulfide releases.  
 

The areas near continuous agitation were greater than areas near agitation that cycled on and 
off to fill application tanks (figure 11). A north-northwest wind encountered the corner of the 
barn and funneled between the barns. Site personnel observed no wind exiting the building at 
location 2, thus it is assumed hydrogen sulfide accumulated in this area due to deficient 
ventilation. However no air velocity profile was collected. 
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(a) Human occupied zone 

 
(b) Animal occupied zone 

Figure 8. Maximum hydrogen sulfide concentrations corresponding to location and zone within Finish 
Barn 2. Color and number indicate location within the barn. 
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(a) Subsurface agitation 

 

(b) Surface agitation 

Figure 9. Spatial distribution of hydrogen sulfide in the AOZ of Finish Barn 2 according to agitation 
period. Color correlates to least squares means estimate for the location at animal level (darker 

indicates higher values). Values are the maximum (top) and least squares mean (bottom) 
concentration at the location for the specified time period. *Maximum detection limit of sensor. 
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(a) Human occupied zone  

 
(b) Animal occupied zone 

Figure 10. Maximum hydrogen sulfide concentrations corresponding to location and zone within Finish 
Barn 3. Color and number indicate location within the barn. 
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(a) Subsurface agitation 

 

(b) Surface agitation 

Figure 11. Spatial distribution of hydrogen sulfide in the AOZ of Finish Barn 3 according to agitation period. 
Color correlates to least squares means estimate for the location at animal level (darker indicates higher 

values). Values are the maximum (top) and least squares mean (bottom) concentration at the location for the 
specified time period. *Maximum detection limit of sensor. 

 

Sow Barn 1 (S1)   
The location of the maximum concentration in Sow Barn 1 before, during, and after the 
pumpout event is illustrated in figure 12. The hydrogen sulfide levels were clearly lower in 
comparison to all finish barn pumpouts. No method to agitate slurry within the pit was 
employed at this barn. The manure was strictly pumped from the pit and supplied to a drag 
hose for injection into the soil. This indicates that to prevent H2S release during pumpouts, 
no agitation should be performed. 
 

The maximum concentration for the entire monitored period was 1.2 ppm.  This occurred 
briefly when personnel first entered the barn to adjust ventilation prior to the pumpout 
beginning.  The maximum concentration during the manure removal event was 0.7 ppm, 
located in the pit headspace. This location had the maximum concentration for the majority of 
the monitored period. Hydrogen sulfide levels after the pumpout were less than before 
because the manure containing the H2S had been removed. Spatial variation related to the 
ventilation effectiveness of the building. Concentrations among monitored points within the 
barn increased as distance to the end wall fans increased (figure 13). 
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Figure 12. Graph of maximum concentration corresponding to location within Sow Barn 1. *Location D is in pit 
headspace. 

 

Figure 13. Spatial distribution of hydrogen sulfide in Sow Barn 1 during the manure pumpout. Color 
correlates to least squares means estimate for the location at animal level (darker indicates higher 

values). Values are the maximum (top) and least squares mean (bottom) concentration at the location 
for the specified time period.  

Ŧ 
Indicates pit headspace location. 
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Normal Operation Exposure Assessment 
Hydrogen sulfide concentrations, during normal operation periods, remained far below the 
exposure guidelines. A summary of the exposure assessment results for human and swine 
during normal operation periods is show in table 4. The peak or highest concentration 
recorded during normal operation of all barns was 2.1 ppm in barn F2. This was recorded 
during the period with the highest human exposure TWA, 1.8 ppm, of all barns during normal 
operation. Continuous exposure to H2S for swine is also below the exposure guidelines. The 
highest TWA for swine exposure was 4.9 ppm in barn F2. These concentrations and TWA 
values occurred during the winter when barn ventilation is at a minimum to prevent heat 
loss. Human and swine exposure did not exceed any exposure guidelines for the monitored 
normal operation periods inside the barns included in this study. 
 

Table 4. Exposure assessment of deep-pit swine barns monitored during normal operation. 

Barn F1 F2 S1 F1 F2 S1

Peak Concentration H2S, ppm 1.7 2.1 1.2 1.7 2.1 1.2

Exposure Duration, hh:mm 8:00 8:00 8:00 24:00 24:00 24:00

TWA, ppm
 
* 1.2 1.8 0.9 3.4 4.9 2.1

TLV-TWA NO NO NO NO NO NO

TLV-STEL NO NO NO NO NO NO

TLV-CEIL NO NO NO NO NO NO

IDLH NO NO NO NO NO NO

LC50 NO NO NO NO NO NO

Swine Exposure
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*Based on indicated exposure duration

Human Exposure

 
 
Manure Agitation and Removal Events Exposure Assessment 
The highest concentration recorded, 500 ppm in finish barns 1 and 2, exceeded the LC50 
guideline. The LC50guideline was exceeded for a total of five and eight minutes in finish barns 
1 and 2, respectively. This is the upper detection limit of the high concentration H2S 
measurement system. The actual concentration could have been higher. Even with increased 
ventilation the environment within these barns was potentially lethal to humans and swine.  
However during these events no swine were present and workers were not allowed to enter. 
Since swine were not present aggressive agitation was used to mix the slurry for land 
application. The slurry applicators acknowledged had swine been present agitation would 
have been much less aggressive. Had swine or workers been present in barns F1 and F2, 
overexposure according to all exposure guidelines would have occurred. 
 
Swine were present during the manure removal event in barn F3, thus agitation was much 
less aggressive in comparison to barns F1 and F2. The highest concentration recorded, 61 
ppm, exceeded TLV-CEIL guidelines. According to the TLV-CEIL and TLV-STEL guidelines, 
swine in barn F3 were overexposed to hydrogen sulfide. However, the maximum TWA for an 
individual monitored location was within guidelines, indicating when bursts did not occur H2S 
levels were less than10 ppm. No workers were allowed to enter the barn during manure 
removal and no swine were lost during this event. 
 
Exposure guidelines were not exceeded for human or swine during the manure removal event 
in barn S1. The highest concentration recorded during the event was 0.7 ppm and 1.2 ppm 
before the event; these levels are far below the TLV guidelines. Furthermore, the TLV-TWA for 
swine being continuously exposed to the environment was well below exposure guidelines. In 
comparison to the concentrations in the finish barns during manure removal, the hydrogen 
sulfide levels were dramatically lower.  This suggests hydrogen sulfide concentrations can be 
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maintained below the 10 ppm TLV-TWA guideline during manure removal events by not 
agitating manure slurry. 
 
In general, concentrations were lower in the human zone than the animal zone for each barn. 
This suggests that H2S concentrations are greater closer to the manure slurry surface. Also, 
as the pumpout event neared completion H2S releases decreased in concentration. This 
suggests H2S has been driven out of the slurry by agitation and as the event continues 
releases decrease. Furthermore, the risk for high concentration H2S bursts is greatest at the 
beginning of the event before H2S has been released out of the slurry. Concentrations during 
manure removal events varied between barns. These variations are attributed to manure 
agitation, degree of agitation, and potential differences in manure composition. Table 5 
summarizes the exposure assessment results during manure removal events. 
 

Table 5. Exposure assessment of deep-pit swine barns monitored during manure removal. 

Barn F1 F2 F3 S1 S1

Peak Concentration H2S, ppm 500
Ŧ

500
Ŧ 61 0.7 0.7

Exposure Duration, hh:mm 5:23 3:45 8:00 8:00 14:50

TWA, ppm
 
* 43 55 8.5 0.55 1.0

TLV-TWA YES YES NO NO NO

TLV-STEL YES YES YES NO NO

TLV-CEIL YES YES YES NO NO

IDLH YES YES NO NO NO

LC50 YES YES NO NO NO

Ŧ Maximum detection range of sensor
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Discussion:   
The wireless H2S sensor network developed in this project allowed research on a scale not 
feasible with a mobile lab due to costs, labor, and mobility requirements.  One person easily 
transported, installed, and operated the network. The network takes less time to clean for 
biosecurity requirements than the infrastructure of a mobile lab. This reduction in downtime 
results in more barns monitored in comparison to a mobile lab. At a component cost of 
$12,527, a 12 sensor network is equivalent to the cost of one H2S analyzer. A mobile lab with 
a H2S analyzer would be unable to capture the full range of H2S levels experienced in the 
barns monitored during manure removal events with agitation. The sequential sampling 
method of a mobile lab is unable to get a snapshot of in-barn conditions. Furthermore, the 
mobile lab could have missed bursts of high concentration H2S.  
 
Spatial distribution varied temporally and was dependent upon agitation and ventilation 
conditions within the barns included in this study. The maximum detection limit of the 
sensor, 500 ppm, was reached during aggressive subsurface (F1) and aggressive surface 
agitation (F2) at locations where the agitation jet collided with a support pillar. Agitation 
resulted in an overall higher H2S profile within a deep-pit barn during manure removal events 
compared to no agitation. However, not agitating slurry does not mix the settled solids into 
the slurry, thus not removing the solids from the pit. Over time the accumulation of solids 
within the pit will result in a loss of storage capacity. If left unresolved, the reduced storage 
capacity could lead to manure land application cycles that do not follow crop production 
cycles. In this event either a new disposal method, crop rotation, and/or additional storage 
are needed. Additionally, agitation is used to create a more uniform product for application as 
crop fertilizer. By distributing the solids within the slurry, the nutrient content increases 
which increases the nutrient value of the slurry. The increased value of the slurry permits 
land application at greater distances from the source. 
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According to the results of the exposure assessment, current normal operation conditions in 
the deep-pit swine barns is not a hydrogen sulfide exposure risk for swine or swine workers. 
This holds true even during cold weather seasons when barn ventilation is reduced to a 
minimum. 
 
During manure removal events with agitation in deep-pit swine barns, no human should 
enter due to the potential for high hydrogen sulfide concentrations. The maximum detection 
limit of the sensor, 500 ppm, was reached during two aggressive agitation events. This 
concentration exceeds all ACGIH, OSHA, and NIOSH exposure guidelines and the LC50 
dosage. This indicates there is increased risk of lethal H2S environments during agitation 
events especially during aggressive agitation. In the sow gestation barn (S1), no agitation 
produced the lowest maximum H2S concentration, 0.7 ppm, and maximum TWA, 1.0 ppm, of 
all manure removal events in this study. 
 
Manure applicators and swine workers should have a plan in the event of an H2S related 
emergency.  If a worker has inadvertently entered the barn and collapsed, only those trained 
and equipped with a self-contained breathing apparatus (SCBA) should enter to retrieve the 
victim. This would usually be local fire response services. Similar to controlled burns, custom 
slurry applicators could notify local fire services when and where manure slurry removal 
events are occurring. This could potentially decrease response time in the event of an 
emergency. Perhaps custom slurry applicators could form a cooperative to become trained 
with SCBA and purchase SCBA units for use in the event of H2S related emergencies. 
 
To protect swine during manure removal events no or minimal, moderate agitation is 
recommended when possible.  Increased ventilation is recommended; should a burst occur 
ventilation can disperse possible high concentration H2S from the barn.  A commercially 
available hydrogen sulfide detection system can be used to alert workers to stop agitation and 
further increase ventilation to prevent dangerous H2S conditions from persisting. If possible, 
ventilation controls should be installed outside or in a room isolated from the pit and in-barn 
air. 
 
A limitation of these results is the number of barns that were monitored. Further research in 
controlled replicated experiments is recommended to confirm the spatial distribution with 
greater statistical power. During this experiment multiple barn designs were pumped using 
different strategies which hindered true replication. Future research would ideally monitor 
multiple barns located on the same site, pumped with the same manure application 
equipment, and many sites monitored. Thus a larger number of barns would be monitored, 
accounting for the variability between barns. Manure pumping protocol (nozzle orientation, 
degree of agitation, ventilation management) should be similar for all barns monitored. 
Furthermore lab scale experiments are recommended to determine a correlation between fluid 
energy for agitation and hydrogen sulfide release. It is suspected that fluid energy for agitation 
and hydrogen sulfide release are directly related. 
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