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Abstract 
The air in livestock buildings may contain elevated concentrations of airborne pollutants, such as ammonia, carbon dioxide and dust.  These buildings may also experience large fluctuations in air temperature and relative humidity.  Exposure to sub-optimal environments, including to high concentrations of airborne pollutants may contribute to poor respiratory health of farm workers and may also compromise the health of the farm animals.  To combat these problems, a cost-effective sensor module has been developed that can acquire gas, dust, temperature and humidity data in farm buildings.  Data from the module can be transmitted to a central database for analysis and storage via a high frequency (HF) radio link.  The acquired data can be used to monitor and then improve the living conditions of livestock and the working environment of farm staff.
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INTRODUCTION
The health of livestock and workers attending to animals might be affected by different airborne pollutants (Radon et al., 2001; Asmar et al., 2001; Lee et al., 2005).  For example, it has been documented that potentially 25 percent of piggery workers in the USA are affected by non-allergic occupational asthma (Donham, 2000) and approximately 59 percent of piggery workers in Europe reported symptoms which resembled the Organic Dust Toxic Syndrome (Mackiewicz, 1998).  It was also demonstrated that a 3 to 5 hour exposure to the piggery environment can cause an intense inflammatory reaction of the airways in healthy subjects during an activity that is usually associated with very high dust levels (pig weighing) (Larsson et al., 1994; Zhiping et al., 1996).  These studies demonstrated that relatively short exposure to high airborne particle concentrations is sufficient to cause respiratory problems in humans.  In Australia the main components of sub-optimal air quality are high ammonia and dust levels (Banhazi et al., 2007b).
Because of the potentially negative effects of sub-optimal air quality on the health of farm workers and animals environmental monitoring modules have been developed to assist the management of air quality in livestock buildings (Banhazi, 2005).  Table 1 summarises the main reasons for monitoring environmental quality in livestock buildings.
There are occupational health and safety (OH&S) recommendations available for maximum acceptable concentrations of airborne pollutants.  However, in livestock buildings significantly lower levels of acceptable pollutant concentrations are recommended since it has been demonstrated that due to the organic nature of the pollution load, a more conservative approach is needed (Donham et al., 1977; Donham et al., 1984; Donham et al., 1989).  Table 2 presents the recommended maximum concentrations for airborne pollutants advocated in Australia (Cargill et al., 2002).
Keeping ammonia and carbon dioxide concentrations below acceptable levels is especially important in piggery buildings.  Ammonia gas is mainly produced from pig waste deposited on the building floor in Australian piggeries.  However, some ammonia may be generated from the underfloor waste collection system.  High carbon dioxide levels are generated via the respiration of pigs in buildings with poor ventilation (Banhazi et al., 2005).
Table 1: Main reasons for implementing routine environmental monitoring in livestock buildings 

	Reason
	References

	High concentrations of airborne pollutants in the livestock buildings can negatively affect the health of animals and humans.
	(Donham et al., 1977; Donham et al., 1984; Donham and Leininger, 1984; Donham and Popendorf, 1985; Donham, 1991; Donham, 1995).

	Prolonged exposure to high concentrations of airborne pollutants can reduce the efficiency of livestock production.
	(Banhazi and Cargill, 1998; Cargill et al., 1998; Donham and Cumro, 1999; Donham, 2000; Kelly et al., 1987; Klasing et al., 1987; Klasing and Barnes, 1988).

	The ability of farming enterprises to retain staff can be compromised by not providing an optimal working environment.
	(Donham and Cumro, 1999; Donham et al., 2000).

	Pollutants can contribute to environmental pollution, including increased odour emissions.
	(Takai et al., 1998; Takai et al., 2002).

	Environmental monitoring could provide continuous data which can be used by precision livestock farming (PLF) systems.
	(Banhazi et al., 2003; Banhazi et al., 2007a).


Table 2: Maximum acceptable airborne pollutant concentrations in livestock buildings

	Measurement
	Maximum Recommended Level

	Ammonia
	7 ppm

	Carbon Dioxide
	2000 ppm

	Inhalable dust 
	2.4 mg/m3

	Respirable dust 
	0.23 mg/m3


Ammonia and carbon dioxide levels are a concern for many pig producers in Australia. For example, in the year 2000, ammonia concentrations were over the limit for twenty-three percent of the time in thirty-two piggery buildings sampled in Queensland (Banhazi et al., 2000). Similarly, 8.9 percent of the time carbon dioxide levels were over the recommended level in Western Australia (Banhazi et al., 2000).  From the 159 sampled sheds around Australia 41 exhibited dust levels above the recommended levels (Banhazi et al., 2000).
Temperature and humidity monitoring in piggery buildings is equally important as previous studies have suggested that pigs are often outside of their optimal thermal range.  For example, a large study demonstrated that approximately 50 percent of the time pigs were subjected to temperatures under the recommended minimum level in the 159 Australian sheds surveyed. Humidity levels in thirty-two Queensland buildings were on average outside the recommended range 21.1 percent of the time (Banhazi et al., 2000).
Methodology

The methodology adopted in this study has included the following steps: 

· A literature search undertaken early in the project to establish factors which affect environmental conditions in livestock buildings.
· Testing and evaluation of apparatus developed earlier under the project name BASE-Q (Banhazi, 2005).
· Limited but well focused market research involving a South Australian pig farmer.
· Identification and documentation of market needs leading to the re-design of BASE-Q under the project name BASE-Q2.

The methodology adopted thus aims at retaining the successful features of BASE-Q while designing a new module with the following main objectives:

1) Reduced physical size and weight of the all-in-one temperature/humidity/ammonia/carbon dioxide/dust sensing module.
2) Improvement and simplification of the sensor systems.

3) Provision of rapid data transmission from the module via a HF radio link to a central computer database.

Results and discussion 

Temperature and Humidity sensors developments 
The 2004 BASE-Q module had a combined external electronic sensor to sensor temperature and humidity.  The sensor was connected to the main body of the module via a 3-pin electrical jack, as shown in Figure 1.
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Figure 1: BASE-Q - Temperature and humidity sensors
The prototype of the 2007 BASE-Q2 module uses a prototyping board (National Instruments) (Figure 2A) which enables the voltage output from a sensor to be read by an external computer running LabVIEW.  Figure 2B illustrates the simplicity and small size of the new temperature sensor.
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Figure 2: BASE-Q2 - Sensor prototyping board (A), temperature sensor (B), humidity sensor (C)

The new humidity sensor is shown in Figure 2C.  The sensor functions through the absorption of moisture by the dielectric contained in the capacitor.  As the moisture content of the air changes the capacitance also varies.  These new sensors for temperature and humidity demonstrate that large size reductions can be achieved using commercial off-the-shelf (COTS) components.
LabVIEW, also known as G-Language, has been adopted as the computing platform due to its attractive features which include intuitiveness, superb graphical user interface with its intrinsic user-friendliness and its ability for rapid trouble-shooting.  Figure 3 illustrates the sensor board connected to a computer displaying a sensor output.
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Figure 3: Left - LabVIEW environment; Right - Screen display

Ammonia and carbon dioxide sensors 
A system consisting of a pump, valves and gas sensors enables the 2004 module to obtain accurate gas readings. The pump creates a vacuum, drawing outside air under a slight pressure to the gas sensors (Figures 4 and 5). The use of valves enables the sensors to be exposed to building gas concentrations which are then purged via a second tube that brings fresh air from the outside of the farm building providing a source of clean air.
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Figure 4: Left - Gas inflow pipes; Right - Ammonia sensor and solenoid valves
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Figure 5: Left - Air pump; Right - CO2 sensor

The 2007 module uses new innovatively designed carbon dioxide and ammonia sensors (Figure 6).  The chemical bonds of carbon dioxide molecules resonate at three narrow light frequency bands.  This resonance means light in these bands will be greatly absorbed by carbon dioxide molecules.  As the concentration of carbon dioxide increases the amount of light absorbed will also increase.  Using this simple principle the newly designed sensor is expected to be a reliable and cost-effective.

      
[image: image11]



Figure 6: Left - New CO2 sensor (A - Pyroelectric light sensor; B - Light filter used to obtain a resonant CO2 frequency band; C - Incandescent light source); 
Right - New ammonia sensor design (D - Light source; E - Light detector)

The design of the new ammonia sensor has been based on the use of a cold-room storage chemical sensor (‘Ammonia Gas Sensor’).  The yellow membrane of the sensor changes from a yellow to a blue colour in the presence of ammonia, providing the operating principle for the new sensor.  As the lighter yellow colour reflects more light, a decreasing level of light is detected as the ammonia concentration increases (Figure 7).  Although development is not yet finalised, it is expected that these new sensors will ensure the reliability and utility of BASE-Q2.
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Figure 7: Left - Ammonia sensor after exposure to ammonia gas; Right - 10 minutes later
Data communication features 

The final stage in the project prototyping was the development of a means of transmitting sensor data in real-time from a farm to a central computer database.  After performing a feasibility analysis it was decided to use a high frequency (HF) radio link.

The 2004 BASE-Q monitoring module records sensor data on the memory chip of a datalogger (Figure 8).  The module can store 22,000 individual readings.  Once the module is removed from the farm, data is downloaded to a computer using a USB interface cable. BASE-Q2 eliminates this on-module data storage, replacing it with data communication via a HF radio link, thus facilitating rapid data transfer to a designated computer. It stands to reason that one central computer can receive and compile a much larger volume of data from a number of monitoring modules.  
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Figure 8: Datalogger

A 10-bit analogue to digital converter (A/D) chip is used to digitise and output sensor data serially (Figure 9). Figure 10 shows the output of the chip for two sensor voltage levels.  The advantage of using this real-time method over the storage chip method is threefold.  Firstly, much more data can be saved for future reference because the storage medium is now the central computer database. Secondly, the time resolution is higher allowing trends in data to be identified more readily.  Finally, the system allows immediate responses to be made if alarm conditions are detected (for example, the ammonia concentration climbs to a dangerous 40ppm level during night-time).
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Figure 9: Left - Sensor microcontroller and A/D converter; Right - HF modem setup
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Figure 10: Left - HF A/D Converter Output with a Low Sensor Level; Right - High Level

The sensor data was used to amplitude-modulate (AM) a HF carrier frequency of 1MHz.  This particular frequency was chosen because of its occurrence on the AM commercial radio band, enabling the design team to receive it on an inexpensive hand-held radio receiver.  The frequency range proposed for use by the monitoring module after the initial development is 7-11MHz.  In this range a radio licence is available from the Australian Government for commercial use and the distance achievable with a low-power transmitter provides coverage of the entire Australian continent. Figure 11 shows the HF modem in operation.
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Figure 11: Left - HF Modem output with a transmitted high signal; Right - Low signal

The modem operates similarly to a wireless internet connection.  The head-phone jack of the AM radio receiver is used to obtain a voltage output.  In the next phase of this development, the output will be fed into a computer serial port so sensor data can be decoded back to individual sensor data values.  A change in voltage from 1.14V to 0.00V indicates that data are being sent reliably from the transmitter (Figure 11).
CONCLUSIONs

The technology developed in this study during 2007 holds the promise of fulfilling the environmental monitoring requirements of Australian livestock farmers if developed further commercially.  The authors look forward to fully implementing the project and thus contributing to the improvement of the wellbeing of farm workers and animals.
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