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Accurate monitoring of ammonia has decisive significance for the environmental
control of poultry housing. Existing sensors based on semiconductor or
electrochemistry have the defects of short life, severe baseline drift and
delayed response when facing the harsh environment of poultry housing. In
this work, we developed a portable sensor based on tunable diode laser
absorption spectroscopy with a micro circular absorption cell for sensitive
detection of ammonia in poultry housing. The micro circular absorption cell
has a volume of only 25 ml, but the effective absorption path is up to 5 m, which
allows the sensor to achieve the ability of less than 15s response time and
0.2 ppm measurement accuracy. The results of continuous monitoring for 6 days
showed that the ammonia concentration in the range of 0—6 ppm was accurately
detected in a poultry house with 36 roosters. Through analyzing dynamic
changes in ammonia concentration, we successfully identified some abnormal
activity caused by humans or weather. Therefore, our sensor has performances of
accurate, stable, real-time measurement of ammonia and can provide strong
technical support for environmental control of poultry housing.

KEYWORDS

tunable diode laser absorption spectroscopy, circular absorption cell, ammonia,
environment, poultry housing

Introduction

With the development of the economy, the poultry breeding mode has changed from
free-ranging to intensive farming mode. However, in intensive farming, fecal
decomposition, animal respiration and padding decay produce large quantities of
harmful gases such as ammonia [1-3]. Especially during the winter, farmers often
close their poultry housing to ensure the proper temperature for the growth of
poultry. Ammonia (NH3) concentration in the housing remains high due to the lack

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphy.2022.1051719/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.1051719/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.1051719/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.1051719/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.1051719/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.1051719/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2022.1051719&domain=pdf&date_stamp=2022-11-02
mailto:jiaoleizi@126.com
https://doi.org/10.3389/fphy.2022.1051719
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2022.1051719

Wang et al.

of air circulation, and poultry exposed to such high ammonia
levels for a long time can become ill or die [4-6]. Livestock
farming is the primary source of ammonia emissions. Ammonia
diffused from the livestock to the atmosphere will harm the
health of breeders and surrounding residents, and induce various
respiratory diseases [7-9]. Therefore, quick and accurate
detection of ammonia concentration in poultry housing to
timely guide ventilation and deodorization is not only the
health needs of poultries and people but also the urgent needs
of environmental protection and food safety.

Detection methods of ammonia in poultry housing are divided
into laboratory methods and sensor methods [10]. The laboratory
methods usually use Fourier transform infrared spectrometer,
photoacoustic spectrometer and mass spectrometry to detect
harmful gas concentration in livestock with a sub-ppm
accuracy [11-14]. These instruments have the advantages of
qualitative and quantitative accuracy, high sensitivity and multi-
component measurement simultaneously, they are generally large,
costly and complex in operation, making them difficult to use in
the field for long-term monitoring. The sensor methods often
integrated semiconductor or electrochemical gas sensors to detect
ammonia in poultry housing. Compared with laboratory methods,
these sensors have advantages of small size, low cost and easy
operation [15-19]. However, these sensors have poor sensitivity,
severe baseline drift, cross interference and short lifetime when
used in poor poultry housing environments. This is why these
sensors are not widely used for long-term monitoring of ammonia
in poultry houses.

Tunable diode laser absorption spectroscopy (TDLAS) uses a
tunable distributed feedback (DFB) laser which has a narrow
band wavelength corresponding to the gas absorption line to
detect gas concentration specifically and sensitively. In recent
years, TDLAS has been widely used to monitor harmful gases in
industry [20-22]. However, existing commercial TDLAS sensors
used for industrial gas monitoring usually have a high detection
limit and large size with a heavy frontal absorption cell, which
makes them unsuitable for high-precision, on-site measurement
of trace ammonia in poultry houses. In this paper, we aimed to
develop a portable TDLAS sensor for monitoring trace ammonia
in poultry houses. For this, a unique and micro circular
absorption cell was designed. In addition, the sensor also
integrated temperature, humidity, total volatile organic
compounds (TVOC), dust and carbon dioxide (CO,) sensors
to obtain parameters related to air quality in poultry houses.

Structure of the sensor and circular
absorption cell

Measurement principle

TDLAS mainly uses the property of tunable semiconductor
lasers that the narrowband wavelength of the laser change with
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the injection current and temperature to achieve a high-
resolution quantitative analysis of gas concentration. After
passing through the gas to be measured, the laser intensity
has a specific attenuation. However, direct analysis of the
change of laser intensity is easy to be affected by various
noises in the environment and equipment, and the
measurement accuracy cannot meet the actual needs.
Therefore, wavelength modulation spectroscopy (WMS)
improves the sensor’s measurement accuracy.

The principle of WMS is summarized as follows: Based on
the Lamber-Beer law, when the laser passes through the
measured gas, the relationship between the transmitted and
incident light intensities at a specific wavenumber is:

Iy =1, exp [-a(v)], (1)

Where I (4 is the transmitted light intensity and I is the incident
light intensity, a(v) is the spectral absorption coefficient,
a(v) = PLXS(T)¢p, where P is pressure, L is the optical path,
X is the concentration of the measured gas, S(T) and ¢ are the
transition line strength and line shape function. The selected
peak of detect gas is in the near infrared band, and the spectral
absorption coefficient is small. Therefore, the formula can be
expressed as:

Iy =1, [1-PLXS(T)g], (2)

WMS is to transfer the detection object of the absorption
spectrum from the low-frequency signal to the relatively
high-frequency signal. The reason is that the noise in the
system, such as 1/f noise or mechanical noise, has a greater
impact on the low-frequency signal, while the high-
frequency signal is not easily affected. By modulating the
injection current of the tunable semiconductor laser, the
wavelength and intensity of the output laser can be
modulated at high frequency. When the high-frequency
sine  wave modulates the laser frequency, the
instantaneous frequency and intensity of the incident laser

can be expressed as:

V@ = Vo +acos (wt), 3)

Iy =1, [1+i cos(wt + vy, ) +icos(wt + v, )], 4)
Where a is the modulation depth, i, and i, are the intensity
modulation coefficient, ¥, and vy, are the intensity modulation
phase shift. Expand the spectral absorption coefficient «a(v) at

central frequency v, in Fourier cosine series, the Fourier
coefficients Hy can be shown as follows:

Hy (vy,a) = PZL—XZﬂ _[ ZS(T)(p[vo + acos (wt)] cos (kwt)dwt,

n
)

The amplitude of second harmonic signal extracted by lock-
in amplifier can be expressed as:
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Where G is the optical-electrical gain of the detection system. At
the condition of low absorption and constant parameters such as
optical path, pressure and temperature in the measurement
environment, the concentration of the measured gas is
proportional to the amplitude of second harmonic signal. The
harmonic signal is proportional to the measured gas
concentration using the lock-in amplifier to demodulate the
high-frequency signal. WMS can detect trace gas by extracting

weak signals and has a strong anti-interference ability.

Structure of the sensor

According to the HITRAN database [23] and commercially
available lasers, we selected a tunable laser with the spectral line
of 1,512 nm from Wuhan 69 Sensor Technology Co. LTD for
specific and sensitive detection of NH; gas. The structure of the
sensor is shown in Figure 1. The 1,512 nm tunable laser works at
a constant temperature by a temperature controller. The working
temperature is 25°C, and the current scan range is 55-65 mA. Its
spectral line will be scanned by a drive circuit combined a high-
frequency and small amplitude sine wave superimposed on a
low-frequency and large amplitude sawtooth wave. The
frequency of the sawtooth wave is 5 Hz, and the sine wave is
5kHz. This scanning method is usually called wavelength
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modulation spectroscopy which can extract weak absorption
signals from the strong background noise. When the NH; gas
was pumped into the circular absorption cell, the laser beam was
absorbed and detected by the photodetector. The type of
photodetector is g10899-01k from Hamamatsu Photonics
(China) Co. LTD. Then the second harmonic signal for
concentration inversion was demodulated by the lock-in
amplifier and collected by the microcontroller (MCU). The
type of MCU is STM32F103. According to Beer-Lambert law
[24],
harmonic amplitude, absorption line strength, optical path

the gas concentration is proportional to the second

and pressure. At normal temperature and pressure, the
absorption line strength, optical path and pressure are known
and constant. Therefore, the ammonia concentration has a
positive proportional relationship with the second harmonic
amplitude.

In addition, TVOC, CO,, temperature, humidity and dust
sensors are also integrated into our sensor system to obtain
parameters related to air quality in poultry houses. Various
sensor modules integrated into the system have their
measurement accuracy, and the system adopted the all-in-one
sensor module PTQS1005A from Beijing Planttower Co. LTD.
Among them, the temperature range is between —10-55°C, the
resolution is 0.1°C; The humidity measurement range is 0-99%,
the resolution is 0.1%; The TVOC range is 0-10 ppm, the
resolution is 0.01 ppm; The minimum detection limit of dust
sensor is 1ppb; The range of CO, sensor is 400-3000 ppm. The
data transmitted through the communication module is the value
of the gas content in the environment obtained at the

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.1051719

Wang et al. 10.3389/fphy.2022.1051719

FIGURE 2
The micro circular absorption cell: (A) Optical path structure diagram; (B) Photograph.
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FIGURE 3

(A) Photograph of measuring standard ammonia; (B) Monitoring data for 2 ppm ammonia within 24 h; (C) Monitoring data for 50 ppm ammonia

within 24 h; (D) Repeat measurement of 50 ppm ammonia.
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FIGURE 4

(A) Photograph from field measurement at the broiler house; (B) NHsz, TVOC and temperature monitoring data in 6 days.
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corresponding time, which will be transmitted to the mobile app
in real time and automatically saved in the Excel table for the
measurement personnel to view and analyze.

Design of the circular absorption cell

The measurement principle of TDLAS is based on Beer-
Lambert law [24]. The detection sensitivity is often improved by
increasing the effective absorption path at the same absorption
line. However, the volume of the absorption cell with a long
optical path is usually large. This results in a long response time
and inapplicability to develop compact and portable TDLAS
sensors [25]. With the trend of miniaturization of TDLAS
sensors, more and more attention has been paid to the micro
absorption cell with a long optical path [26]. Absorption cells
based on several structures have developed to satisfy different
application situations [27]. In this paper, by borrowing from
published technologies [28-30], we designed a micro circular
absorption cell for ammonia detection in poultry housing, just as
shown in Figure 2. Compared to the circular absorption cell made
up of many small reflectors in the Ref. [31], our cell used an
integral ring reflector with the diameter of 60 mm and height of
10 mm to make it easy to install and has a better stability. The
ring reflector was coated with an enhanced silver metal film with
a reflectivity of more than 99% within the spectral region of
800-2000 nm. Using a cylindrical mirror, the incident beam with
a diameter of 1.5mm was shined on the ring reflector and
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reflected about 70 times. Therefore, the cell could reach up to
a 5 m optical path only within a volume of 30 ml, which ensures
high sensitivity and fast response time for NH; detection.

Sensor performance and application
in poultry housing

Sensor performance

Ammonia concentration in poultry housing is regulated to
protect worker health and animal productivity in countries and
regions worldwide. The European Union limits ammonia in
poultry to 20 ppm, America allows a weighted average
exposure limit of 50 ppm for humans for 8 h, and The United
Egg Producers state indicates that ammonia levels in chicken
houses should ideally be less than 10 ppm and not more than
25 ppm [32-34]. We fit the second harmonic peak obtained by
measuring standard ammonia according to the variation range of
ammonia concentration in poultry housing. The harmonic peak
has an excellent linear relationship with the low ammonia
concentration in poultry housing.

As shown in Figure 3A, we continuously measured the
standard gas to verify the sensor performance and conducted
it under laboratory conditions to ensure accuracy. As shown in
Figure 3B,C, the standard gas concentration of 2 ppm and
50 ppm were continuously measured at 24 h with intervals of
3min. The data fluctuated by 0.2 ppm during measured
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TABLE 1 Comparison of different ammonia sensors.

10.3389/fphy.2022.1051719

Volume Sensor Response object Time LoD References
On-chip Semiconductors Sensor Non-specificity 7s 1ppm [37]

On-chip Electrochemical Sensor Non-specificity 18 min 2ppm [38]

/ TDLAS-based Sensor NH; 7784 s 0.5ppm [39]

314 x 13 x 13.5 cm’ TDLAS-based Sensor NH; 38s 3.95ppb [40]

43 x 18 x 16 cm’ TDLAS-based Sensor NH; 184 s 0.16ppm [25]

15 x 8 x 6 cm’ TDLAS-based Sensor NH; 15s 0.2ppm This work

ammonia concentration of 2 ppm and fluctuated by 0.1 ppm
when measured ammonia concentration of 50 ppm. The time-
corresponding concentration data in Figures 3B-D is obtained
by wusing Origin to draw the data from the mobile
app. Prolonged monitoring observed that the signal baseline
had no drift, and the measurement of low concentration
ammonia also had excellent precision and stability. The
response time and recovery time are also essential
performance metrics. To demonstrate the reversibility of the
sensor, we measured the standard gas several times. Figure 3D
shows the signal response when switching from air to 50 ppm
ammonia three times. As a result, the sensor response time and
recovery time remain within 15 s, and measurements can be
quickly restored to air levels, meaning the sensor has excellent
reversibility. The data indicated that the sensor could be used to
monitor the dynamic changes at low concentrations of
ammonia to meet the need for ammonia monitoring in
poultry housing.

Application in poultry housing

We used the sensor to monitor the broiler chicken house
environment on the farm for 6 days. There are 36 mature roosters
in the monitoring field, staff regularly clean up and sanitize, and
fewer external factors influence the data. As shown in Figure 4A,
the sensor was placed in the broiler house on September 3 at 10:
00 a.m., measurements were taken at intervals of 5 min, and
normal production activities continued in the house.

Figure 4B shows that ammonia concentration in the broiler
house varied over time. In 6 days, the staff grabbed 16 chickens
from the house (grey shadow) and cleaned up manure twice
(brown shadow). As the manure accumulated, ammonia
concentration continued to rise in the house and cleaning the
manure caused a precipitous drop in ammonia concentration.
The data confirmed that manure is the main source of ammonia
in poultry housing [35]. Ammonia evaporated rapidly while
cleaning manure, which caused the ammonia concentration to
fluctuate significantly in a short period [36]. The concentration
curve in Figure 4B is obtained using Origin to draw the data from
the mobile app.
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Similarly, measurements changed when some chickens were
grabbed because of fluctuation in ammonia concentration by
shaking the coop. The rapid rise and fall of ammonia caused by
human activities demonstrated the rapid response of the sensor
to monitor ammonia change in poultry housing. According to
the Environmental Quality Standard For The Livestock And
Poultry Farm of the People’s Republic of China, the
concentration of ammonia in adult poultry housing is less
than 15 ppm, and the measurement results meet the standards.

The environmental requirements of modern poultry housing
are not limited to harmful gas concentration but also include
temperature and humidity, dust and CO, concentration.
Abnormal temperature, humidity and other environmental
factors affect the development of animals. The TVOC
concentration and temperature in Figure 4B reflect the broiler
house environment from the side. TVOC levels suddenly
increased when cleaning the house and grabbing chickens,
similar to the change in ammonia concentration. The
temperature changed with the day and night rule and never
exceeded 30°C. Upon completion of the measurement, the device
was re-measured for standard ammonia and found to be
unchanged, indicating that the measured concentration in the
broiler house was accurate.

Conclusion

The experimental data shows a good ability to monitor the
ammonia of the sensor in poultry housing. The performance of
this sensor and some previous sensors is shown in Table 1. The
volume of this sensor in Table 1 only includes the part of measure
ammonia, excluding other integrated sensor modules. The sensor
designed in this paper can quickly measure ammonia. As the
volume is reduced, the accuracy remains at an excellent level.

Based on the TDLAS and circular absorption cell, the
portable sensor of low monitor concentration of ammonia
was studied. WMS reduces environmental noise interference
and detects fainter signals. The sensor has an incredible
increase in performance using the circular absorption cell. The
small size of the absorption cell makes the chamber highly
efficient for gas exchange at a fixed velocity. The low exposure
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area reduces ammonia memory effects on the inner surface.
Experimental data shows that the sensor has the advantages of
high sensitivity, high stability and fast response time in long-term
monitoring. The system realized the multiple component
measurement in a complex environment using integrated
sensor modules. As an effective low concentration ammonia
monitoring system, the sensor has considerable application
potential in poultry housing.
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