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HOW TO IMPLEMENT AN ELECTRONIC
NOSE FOR CONTINUOUS ODOUR
MONITORING IN A POULTRY SHED
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HOW TO IMPLEMENT AN ELECTRONIC NOSE FOR CONTINUOUS
ODOUR MONITORING IN A POULTRY SHED
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Department of Primary Industries & Fisheries, Queensland Government, Australia
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ABSTRACT

Continuous odour monitoring technologies are necessary to understand complex odour
generating mechanisms within poultry housing as well as to identify strategies to reduce the
impact of odour emissions on local communities. To evaluate electronic nose technologies for
continuously assessing odour concentration in poultry housing, a mobile laboratory containing
an electronic nose and an associated sample delivery system was deployed to a commercial
poultry farm and tested over a broiler production cycle. The results demonstrated that it was
possible to develop a model to allow an electronic nose to provide a semi-continuous
measurement of odour concentrations. The electronic nose was also able to demonstrate the
influence of shed conditions on odour emissions.

Key words : Poultry odour, Electfonie.nose;-Contintlous odour monitoring, Partial Least
Squares

1 INTRODUCTION

Odour issues are a threat to the growtliof-the-poultry mndustry. The importance of odour issues
has escalated due to increasing populdtion densities near poultry farms and the expectation of
good air quality by semi-rural communiti€s. Therefore, increasing effort has been made to
measure odours in order to improve regulation and development of odour control strategies
for poultry farms. These actions aim to reduce negative public attitudes towards poultry
farming (GHD, 2003; PAE, 2003; Jiang & Sands, 2000).

Odours from poultry farms are generated predominantly by waste decomposition in the litter.
The generation of odour from the litter is influenced by the moisture content and temperature
of the litter as well as the amount of manure accumulated in the litter. However, there are few
data to corroborate the odour-generating mechanisms in poultry sheds. A more complete data
set describing odour emissions from poultry sheds is required.

Current methods for odour assessment rely almost exclusively on dynamic olfactometry.
However, olfactometry is limited as an assessment and management tool because of cost
(over AUD $400 per sample) and labour requirements (Nimmermark, 2001). Additionally, the
non-continuous, discrete nature of odour samples may be suitable for representing steady-
state odour emissions, but is not useful for measuring emissions from highly dynamic odour
sources. Odour nuisance is often more problematic at night and/or early in the morning when
it is impractical to assess odour. Odour dispersion is highly dependent on the wind speed and
direction (Gronauer et al., 2003). Consequently, development of a continuous odour
monitoring device, independent of the human nose, would be of great benefit.



Recent developments in electronic nose (EN) technology and modern statistical methods including
chemometrics and artificial intelligence, provide opportunities to extend the scope of odour
measurement. An electronic nose is an instrument consisting of an air sampling apparatus and an
array of gas sensors interfaced to a personal computer or an embedded system. A feature that
distinguishes an electronic nose from other instruments used for odour measurement is the ability
of its sensor array to respond differently to various odours. Each odour may contain hundreds,
sometimes thousands, of different Volatile Organic Compounds (VOCs). Classical spectrometry
analytical methods such as Gas Chromatography—Mass Spectrometry (GC-MS) are able to identify
and measure individual odorous chemical compounds in an odour sample. On the other hand, the
electronic nose can react to the “total odour sample” as does a human nose. In the human olfactory
sensing system, it is not necessary to separate individual chemicals in the sample as part of an
assessment process; the odour is assessed as a whole and the odour is identified using our brain (i.e.
recognise the odour pattern from memory bank).

Researchers have identified that electronic nose is able to quantify odours in the field and to
discriminate between odours from different sources (Gronauer et al., 2003; Steutz & Fenner,
2001). Developments in the statistical techniques required to analyse outputs from electronic
nose devices have broadened the scope for electronic nose applications. Bicego et al. (2002)
identified how an apparent lack of reproducibility of sensors could be compensated using a
flexible calibration and recognition tool._based on neural networks. Bocorrh et al. (2002)
postulated that the predictions made_withi‘artificial neural networks (ANN) arose from the
ability of neural networks to simulate non=linearirelationships observed in human perceptions
such as taste and odour. Improved'statisti€alimethods were used by Guadarrama et al. (2002)
to discriminate between various| VOCs derived/from car\components.

More recently, Sohn et al. (2003;720045=2006) /ahd- Qu et al. (2001) were able to obtain
significant relationships between ‘¢lectronic-neseroutput and odour concentration determined
by dynamic olfactometry. The formet teseatchers-Were then able to accurately determine the
odour concentration of samples not used t6 train the electronic nose using an ANN approach.
Although errors associated with olfactometry were identified as a constraint to improving the
accuracy of odour concentration determination, it was shown that the ANN algorithms used
significantly improved the model’s ability to predict new samples when compared to
alternative linear and non-linear multivariate modelling techniques. Sohn et al. (2006) also
showed that an electronic nose with a reduced number of sensors could quantify odour
concentrations from a specific source. In these approaches, reliable olfactometry data is
important because ANNs are trained not only using the sensor outputs of an electronic nose
but also the odour concentration results from olfactometry.

The air quality research group in the Department of Primary Industries and Fisheries,
Queensland (QDPI&F) has developed and evaluated an electronic nose system. This system
includes an array of Metal Oxide Semiconductor (MOS) sensors, which are appropriate for
the assessment of odour emissions from intensive livestock industries because of their
sensitivity to volatile chemicals found in such_odours. The electronic nose is able to provide
qualitative information (i.e. discriminate between samples from different sources) and predict
odour concentrations using a model based on results from olfactometry. This device and
associated models were applied to odour derived from a broiler shed.



Two core objectives were investigated in this study. These were to develop an odour
prediction model for broiler sheds and to evaluate the continuous odour monitoring capability
of electronic nose technology for an “in-shed” application.

2 MATERIALS AND METHODOLOGY

2.1 Experimental program
This study consisted of a laboratory-based investigation and the field-based investigation.

2.1.1 Laboratory-based investigation

Discrete grab samples were collected at a commercial broiler shed in Queensland, Australia
during 2005 and 2006. The samples were analysed using the dynamic olfactometry and the
electronic nose in QDPI&F. The electronic nose results and olfactometry data were integrated
to develop a model to predict odour concentrations.

2.1.2  Field-based investigation

For the field-based investigation, the electronic nose system was deployed in a mobile
laboratory stationed alongside the same poultry shed used for collecting discrete odour
samples. The electronic nose was used to continuously monitor air quality inside the poultry
shed over a complete winter broiler produetien.batch from 09/06/2006 to 24/07/2006.

2.2 Odour sampling site

The samples used for dynamic olfactometrypwere collected from a broiler shed in Queensland,
Australia during the period July 2005+ July.2006. The details of the poultry farm are given in Table
1. A total of 174 discrete grab odeur samples were éollected from the shed. From June 2006, the
electronic nose continuous odour monitoring work Was also conducted at the farm using the
developed odour prediction model.

Table 1 Details of the poultry farm used for the trial

Farm type Broiler production
Location Southeast Queensland
Number of sheds 32 (22 used for broiler production)
Sample shed age Built 2005
Ventilation (tunnel or natural) Tunnel

8 tunnel ventilation fans with circular cowling (cone) and
one exhaust fan at the inlet end of the shed (inlet fan)
48" (1220 mm) Hired Hand® Mega Flow Fan (45,000 m’

Fan configuration

Fan specifications hr'! @ 0 Pa) fitted with cone. Aluminium shutters and
grills
Drinker type Nipple with cup
. 28,000 - 30,000 at start of batch. Harvest 50% of birds
Birds per shed

around the end of week 5




Litter type Shavings

Average batch age 51 days
Baffle system None - roof has shallow pitch
Shed dimensions 14.8mx 120 m x 2.6 m (Wx Lx H). 3.1 m to apex
Fan dimensions Cowling: 1500 mm, Blade: 1200 mm
Shed cleaning products Prolong (insecticide) and Formaldehyde

| 2.3 Odour sampling and measurement of grab odour samples

2.3.1 Polyethylene odour sampling duct

A single tunnel ventilation fan on the broiler shed was fitted with a temporary duct (Figure 1)
to provide well mixed (homogenous) air samples. Duct dimensions and sampling point were
designed to comply with AS 4323.1 (2001a). The duct was constructed from 200 pm
polyethylene sheet. The duct was 1.4 m in diameter and 18 m long. Odour samples were
collected approximately 13 m from the fan outlet (5 m from exhaust end of duct). It was

partially suspended from a tensionmached to the top of the duct.
5 e

Figure 1 Tunnel ventilated broiler shed showing polyethylene sampling duct attached to an
exhaust fan

2.3.2 Ventilation rate measurement

Ventilation fans were locked in or out to maintain a constant airflow during each sampling
phase. The shed ventilation rate was calculated by measuring the wind velocity profile inside
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the shed using a hot wire anemometer (TSI 8386A Velocicalc™ hot wire anemometer, TSI
Ltd, USA) according to the Australian Standard, AS NZS 4323.1: Stationary Source Emission
Method 1 (2001b). Thirty two measurement points were used to describe the ventilation rate
profile across the shed. These are shown schematically in Figure 2.

Measurements were collected under the last baffle, closest to the fans. A velocity
measurement was taken at each sampling point across the sampling traverse/s. Ten averaged
measurements were collected at each sampling point using the averaging capabilities of the
hot wire anemometer. An average of all measurements across the shed was then used for
ventilation rate calculations.

Metres from the left side wall of the shed

0.97 291 4.84 6.78 8.72 10.66 12.59 14.53

1
é 2.10 ° ° ° ° ° ° ° °
g
= 1.50 ° ° ° ° ° ° ° °
s
S 0.90 ° ° ° ° ° ° ° °
=

0.30 ° ° ° ° ° ° ° °

Figure 2 Sampling point positions/ffor-veutilation-rate measurements according to the
Australian Standard4328.1: Stationary-Source Emission Method 1

2.3.3 Sampling probe and sampléeollection

Samples of the odorous air were drawn from the duct through a stainless probe and
polytertrafluoroethylene (PTEE) tubing into 120 L Melinex™ bags (Polyethylene
Terephthalate). All components used for sampling were manufactured from stainless steel or
PTFE.

An_empty sample bag was placed into a rigid 120 L sample drum customised for odour
sampling work. One end of a PTFE tube was connected to the sampling probe and the other
end attached to a sampling drum fitted with a Melinex' " bag insert. All bags were
preconditioned by filling with odorous air from the probe then emptied prior to the sample
being collected.

Triplicate samples were collected concurrently. Two samples were used for olfactometry
analysis and the other sample was used for electronic nose measurement. Each triplicate
sample was collected over a period of approximately ten minutes. The sampling drums were
then sealed and transported to the laboratory for analysis by dynamic olfactometry and
electronic nose.

All samples was analysed within two to six hours of collection in order to minimise the effect
of sample storage. Each bag was used once and discarded after analysis.

-11 -



2.4  Continuous odour sampling and measurement

24.1 Mobile laboratory

An air conditioned, insulated shipping container was used to construct a mobile laboratory
where the electronic nose was housed in a temperature controlled, dust-free condition. The
mobile laboratory was deployed to the sampling site on 05/06/2006 and was operated over a
complete batch for the continuous odour monitoring work.

2.4.2 Air sample delivery system

A system to deliver sample air to the mobile laboratory was built using 110 mm polyvinyl
chloride (PVC) stormwater pipe. The length of the air sampling delivery system was 25 m
from the sample inlet to the mobile laboratory. The air sampling inlet was located half way
across the shed and 10 m back from the exhaust fan end of the shed. The sampling inlet was
positioned 1 m above the litter. The sample air was drawn through the duct at a velocity of
6.25 m s™' using an axial type fan. The retention time in the PVC pipe was four seconds. As
the retention time was only four seconds, it was assumed that odour emissions from the PVC
pipe material were minimal, and that alteration of the shed air composition during the sample
transfer would be negligible.

2.4.3 Sub-air sample collection for electronic-nose analysis

Air was sub-sampled from the duct“and deliveredsto the electronic nose. Sub-samples were
continuously collected using a customised samplingyport with four branches and four sampling
holes per branch to ensure maximum /gas/sampling efficiency from the main air sample delivery
system. Sixteen sampling points were quadratically spaced acrosss the sampling port. This hole
configuration helped to minimise|the*érrors-dueste any - non-uniformity of the air profile inside the
duct and thus ensured that samplés”were representative of bulk air derived from the shed.
According to the numerical simulation/test- catried-out by Loubet ef al. (1999), this type of
sampling port showed a theoretical sample tecovery efficiency of 100.4 % while a single point
sampling port showed a sample recovery efficiency of only 61 %. The sampling port was installed
inside the 110 mm PVC pipe.

Dust was removed from the air samples using a custom built PM dust filter (Type A/E glass fibre
110 mm PALL filter) and then delivered to the electronic nose through the air sample distributor.

2.5 Electronic nose
The electronic nose consisted of 24 different MOS sensors. The sensors were installed in three

different types of stainless steel sensing chambers. The results from three different sensing
chambers were integrated and analysed together. The details of these sensing chambers are
presented in Table 2.

Signals from all sensors were collected at a sample rate of 60 Hz using a DT 800™ data logger
(DataTaker”, www.datataker.com) The temperature, relative humidity and sensor responses were
monitored and stored using a real-time data logging program developed using Labview 7.1™
(National Instruments, Austin, Texas, USA). Odorous air samples were presented to the sensing
chamber of the electronic nose at a flowrate of 500 mL min™.

-12-



A temperature and RH calibration model developed using chemometric approaches (Sohn et
al., unpublished) was applied to the raw sensor responses of the electronic nose. The adjusted
temperature and RH values of the electronic nose outputs were 25 °C and 25 %, respectively.

Table 2 Summary of sensing chambers used for the electronic nose

Sensing Sensor ~ Number of Shape Internal Material Features
chamber type sensors P volume (mL)
Prototype 1 MOS 12 Hexahedron 575.0 Stzi::SS n/a
Umve.rsny of MOS 6 ClrFular 359 Stainless Int'ern.al flow
Pisa cylinder steel distributor
Prototype 2 MOS 6 ClrFular 25 Stainless Temperatcure
cylinder steel modulation

The schematic of DPI&F’s electronic nose and associated sample delivery system is depicted in
Figure 3.

B\ ) Other Instruments Ventline
PVC Samping duct - Lo ferondln 7777777777777777777 Sdend vahe 1
Fan bank @
@ Solenoid valve #2 77777777 Y 777777 ‘
Broiler shed At cylinder %
Personnal computer
for data logging
Figure 3 Electronic nose experimental set-up for continuous monitoring of odours from a
broiler shed

3.6 Olfactometry analysis

Odour concentrations were determined using the eight-panellist, triangular, forced-choice
dynamic olfactometer developed by the Department of Primary Industries and Fisheries which
has been described previously (Nicholas et al., 1999; Zeller et al., 2002). This olfactometer
was constructed to comply with the Australian/New Zealand Standard for Dynamic
Olfactometry (AS4323.3) (2001b), hereafter referred to as “the Standard”. The conduct of the
odour assessment also complied with the Standard.

During a typical odour sample assessment routine, each panellist was first screened with the
reference gas (n-butanol) to ensure that his or her detection threshold was within the required
concentration range of 20-80 ppb (v/v). Thereafter, the odorous sample was diluted and
presented to the panellists in one of three ports, while the other two ports emitted clean,
odour-free air. The panellists were required to sniff from the ports and determine whether they
could detect a difference between the three ports. Each panellist was allowed a maximum of
15 s for this assessment. The panellists indicated via a keypad whether they were certain,
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uncertain or guessing that one of the ports was odorous, as well as from which port the odour
(if detectable) was emitted.

This process was repeated, doubling the concentration of odorous air of the previous
presentation each time, until each panellist had entered a “certain and correct” response for

two consecutive presentations. Each panellist’s individual threshold estimate ( Z,,, ) was then

determined by calculating the geometric mean of the dilution at which the panellist did not
respond with certainty and correctly and the first of the two dilutions where the panellist did
respond with certainty and correctly. A complete dilution series is defined as a round. Three
rounds were completed for each sample provided sufficient sample was available.

At the end of the three rounds, the results of the first round were discarded in accordance with
the Standard. The results from rounds two and three were then geometrically averaged ( Z,,; ).

The ratio between Z,,, and Z,,, is defined asAZ . The calculation of AZ is presented in the
following equations:

= zZ
if Zyp 22y, then AZ = ZITE (Eqn. 1)
ITE
if Zyp < Z s then AZ = ZITE (Eqn. 2)

ITE

If AZ is greater than + 5 then all’Z;/values of theipanel member with the largest AZ were
excluded from the data set. Thelsereeningprogedure :was then repeated, after re-calculation of
Z . for that measurement. If a panel member again‘did not comply, the results for this panel
member (with the largest AZ ) were omitted:"THis was repeated until all panel members in the
dataset had an acceptable AZ value//Therlast\valie’ of Z,,, was then defined as the odour
concentration and expressed as odour Units-per-etbic metre (OU m™).

2.7  Development of odour prediction model

2.7.1 Data pre-processing

Raw voltage responses from the electronic nose were converted to sensor resistances for
further data analysis. The data derived from the 24 sensors, plus temperature and relative
humidity data, were stored in a personal computer (PC) in a binary format. Pre-processing
algorithms were then applied to scale and normalise the input data prior to conducting
principal component analysis (PCA). One hundred and seventy four data files were available
from the grab odour samples. Over five million data points were generated from the
continuous odour monitoring trial. The pre-processing work and data analysis was conducted
using ﬂ%l?/[ SPSS™ statistical package and the Partial Least Squares (PLS) Toolbox 3.5™ for
Matlab™ ™.

2.7.2  Outlier handling

Before applying any modelling technique, the identification and removal of outliers (samples
significantly different from homologues belonging to the same population) was required. As
samples of each category were obtained, in our case, by replicates of the same measurement
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procedure, a multivariate normal distribution around an ideal category representative might be
expected, with deviations from that point being due to experimental errors. However, large
deviations may be generated by random errors either in the sample preparation and
measurement, or in the data acquisition and treatment, so that it is not possible to consider all
the data as a representative of that category.

PCA was used to display data and detect outliers, by using the O and T* diagnostic tests. O
is defined as the sum of the squares of residual matrix of each sample and indicate how each

sample conforms to the PCA model. The T test, known as Hotelling’s T° statistic, is a
measure of the variation in each sample within the PCA model.

Samples identified as outliers (greater than three standard deviations from the mean value, p <
0.001) were removed.

273 Partial least squares

PLS regression is a method for constructing predictive models when many factors exist and
are significantly redundant like the results from an electronic nose. PLS regression has been
used in various disciplines such as chemistry, economics, medicine, psychology, and
pharmaceutical science where predictive linear modelling, especially with a large number of
predictors, is necessary. PLS regression has become a standard tool for modelling linear
relationships between multivariate measurements in chemometrics.

PLS regression is an extension j0f,th&“MLR model\(e.g., Multiple Regression or General
Stepwise Regression). In its simplest form,“a lincar model specifies the (linear) relationship
between a dependent (response) variableé ¥,-and\a set of predictor variables, the X's, so that

Y =b, +b X, +b,X, +A +b X (Eqn. 3)

In this equation, b, is the regression coefficient for the intercept and the b, values are the

regression coefficients (for variables 1 through p) computed from the data.

3 RESULTS AND DISCUSSION

3.1 Odour prediction model

The odour prediction model was applied to predict odour concentrations from sensor output
data of the electronic nose. The odour concentrations predicted by the model were then used
to investigate the relationship between odour concentrations inside the poultry shed and
factors such as climate, bird age, ventilation rates and other variables associated with the
broiler production cycle.

The odours emitted from similar odour sources have similar chemical characteristics and
should therefore, show similar sensory patterns. The sensory pattern results for 12 sensors to
four odour samples are depicted in Figure 4. As shown in Figure 4, the sensory patterns from
grab samples are quite similar. In addition, MOS sensor types B, C, E, F, H and J showed
greater sensitivity to poultry odours than other sensor types. Therefore, these sensors were the
major contributors in the process used to build the odour prediction model.
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MOS B MOS A

—&— Poultry Odour A
—O— Poultry Odour B MOS L
—w— Poultry Odour C
—v— Poultry Odour D

T
100x10°% 200x10°

MOS K

MOS H MOS |

Figure 4  Responses of 12 metal oxide semiconductor sensors to four poultry odour samples

In order to develop an odour predictionsmodelk.the odours emitted from an odour source need
to be clearly separated from othet’0dourSiiAls presented in Figure 5, the PCA results showed
clear separation between poultry:odour/and the control (clean air from instrument-grade air
cylinder). The scores of Principak Componentyl, ¥=axis of the graph, show the difference
between poultry odour and clean-ait.\The=scores of Principal Component 2 plotted along the
Y-axis of the graph, indicate diffetent gdour.concentrations of samples.

The results of olfactometry and the electrofiic nose were used to develop an odour prediction
model using PLS. The scatter plot of actual odour concentrations and the predicted PLS
model output (scaled into the odour concentrations domain) for the test data is shown in
Figure 6. A pre-processing algorithm (i.e. autoscale) and outlier handling technique were
applied to improve the performance of the model.

As the electronic nose outputs had 26 dimensions (i.e. 24 MOS, one temperature and one RH
sensor), data compression and dimensionality reduction of the data (i.e. 26 dimensions to two
or three dimensions) was required. Otherwise, the prediction model tends to ‘saturate’ and can
not predict odour concentrations accurately because of ‘over-fitting’ or ‘under-fitting’ issues.
During the pre-processing stage of the data analysis, PCA acts as a decorrelator of variables
and maximizes the variance within the data and finally, transforms variables into latent
variables having less dimensionality.

Three latent variables (i.e. compression of the data to three dimensions) resulting from the
PCA pre-processing work were used to develop the odour prediction model. The three latent
variables capture 76.78 % and 93.87% of the variances of the original electronic nose sensor
array outputs and olfactometry data, respectively. Therefore, the three dimensional
compressed data was able to adequately represent the original data set having 26 dimensions.
The results of the data compression process using PCA are presented in Table 3.
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Figure 5 Principal Component/nalysis-coniparisen between the odour samples collected
from d potiltryshed and<cleau air control

Table 3 Percent variance captured by the odourprediction model

Electronic'nose outputs Olfactometry outputs
Latent
variables Latent variables Cumulated Latent variables Cumulated
(%) variables (%) (%) variables (%)
1 62.60 62.60 18.46 18.46
2 10.42 73.02 40.39 58.85
3 3.75 76.78 35.02 93.87

The root-mean-square error of calibration (RMSEC) and the root-mean-square error of cross-
validation (RMSECYV) are often used to evaluate the performance of a predictive model. The
RMSEC is a measure of how well the model fits the calibration data. In contrast, the
RMSECYV is a measure of a model’s ability to predict new samples.

The values for the correlation coefficient (), the RMSEC and the RMSECV of the model
were 0.94, 179.79 and 183.23, respectively. These values implied that the developed model
output is expected to have maximum error range of + 183.23 odour unit (OU m™) when
unknown odour samples are presented to the model.
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The predicted odour concentrations obtained by the PLS model are well distributed around the
ideal 1:1 straight line as shown in Figure 6. No skewness was observed. In addition, the model
explained most of the variances provided in the electronic nose and olfactometry datasets. It
can be concluded, therefore that the PLS model is able to predict the odour concentrations
from the poultry shed accurately with a high correlation coefficient value.

400

3000

2000

Concen

Predicted Odour

1000

1 1 1 1 1 1 1 1
0
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Measured Odour Concentrations using Dynamic Olfactomdter (OU m

Figure 6 Comparison of predicted odour concentration using the developed Partial Least Squares
model and actual odour concentrations measured by olfactometry

The sensor data arising from analysis of four odour samples collected on 24/07/2006, was not used
to develop the prediction model. These results were presented to the model to validate the
prediction of odour concentrations. The measured odour concentration results were then compared
with those predicted by the electronic nose as shown in Figure 7. From the comparison plots, it was
observed that the predicted odour concentrations were well correlated with the actual odour
concentrations measured by olfactometry. The value for the correlation coefficient () of this
validation trial was 0.89.

Odour quantification using the PLS technique allows prediction of odour concentrations from
the sensor response of the electronic nose with a high level of confidence. However, one must
keep in mind that the regression process must only be used for interpolations. In addition, this
odour quantification technique needs an adequate number of reliable odour results from
dynamic olfactometry to train the model. A rule of thumb suggests that at least 50
olfactometry results are required to develop a reliable prediction model.
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Figure 7 Comparison results of predieted-odour concentrations using the electronic nose
and the actual odowr’ sohicentrationssmeasured by olfactometry

3.2 Diurnal variation of the shed air,quality

The typical pattern of diurnal variation$ ot the electroni¢ nose responses is shown in Figure 8.
The sensor outputs of the electrohic ‘nose=show a strong relationship to ventilation rate.
Electronic nose outputs tend to inctease-during.the night and to decrease during the day as an
inverse function of ventilation rate.”Inetéases)in wentilation rate reduced the value of the
electronic nose outputs (i.e. odour conCentratiofis), indicating dilution of odour by the larger
volumes of ventilation air. The results were consistent with the prediction of odour
concentrations using the Pacific Air & Environment (PAE) model (PAE, 2003). The PAE
model shows an inverse relationship with ventilation rate (i.e. constant x 1/ventilation rate),
giving maximum concentrations under low ventilation conditions (i.e. night) and minimum
concentrations under high ventilation day time conditions.

Figure 8 provides the following information:

a) As the operation of fan No. 4 was increased from 50 % to 100 % and the inlet fan started
to operate continually at around 9:00 am, the predicted odour concentration started to
decrease;

b) When fan No. 8 started to work at 95 % operation cycle around 11:00 am, the predicted
odour concentration decreased further, reaching a minimum around 4:00 pm;

c) As the ambient temperature dropped during the afternoon, fan No. 8 turned off to reduce
heat loss. Consequently, sensor response increased because of reduced dilution; and

d) The operation of fan No. 4 and the inlet fan was decreased to 50 % at 5:00 pm. The
predicted odour concentration increased to a more stable value.

It must be stressed, however, that the relationship between odour concentration and
ventilation rate is not simple. While ambient temperature is the major driver of ventilation
(GHD, 2003), shed ventilation is influenced by a number of interrelated factors, including the
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physical location of the temperature sensor, the number and location of operating fans and the
extent of opening of side vents. These factors all contribute to the aerodynamic complexities
within the shed. The processes whereby odour is generated within the shed are also probably
complex. Diet composition, stage of growth and litter characteristics will all probably
influence shed odour concentrations. The inter-relationship between odour concentration and
ventilation status then determines the odour emission rate.
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} e - Relative humidity
{

—— — Predicted odour concentrations
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460 —
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-
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400 (b) Increase fan 8 cycle to 95 % at 10 am f
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Figure 8 Diurnal variation of the predicted-odour concentrations by the electronic nose and
the Partial Least Squares model at the broiler shed used for experimentation

3.3  Continuous odour monitoring over a broiler production cycle

To continuously monitor air quality inside the shed, an odour monitoring system is required to
detect the events that may influence odour concentrations inside the shed. The electronic nose
and associated model provides this capability. The events include the stage of production
cycle, bird stocking density and changes in ventilation rate.

The effect of the batch age on shed odour emission can also be observed in Figure 9. Other
researchers have reported that the shed odour emission rates show a roughly linear increase
until the first harvest at week five — thereafter the odour emission stabilised (Clarkson &
Misselbrook, 1991; GHD, 2003).

During the first nine days of the batch, the predicted odour concentrations were about 300 OU
m” due to the minimal daily ventilation rates. The average daily ventilation rates at this stage
ranged from 1.2 to 12.1 m’ s'. From the 10" day of the batch, the predicted odour
concentration results were about 100 OU m™ for a week, and then continuously increased
until the 24™ day of the batch from 200 OU m™ to 700 OU m™.
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Before the first harvesting at 35 days, the predicted odour concentration results decreased
again due to the increase of daily ventilation rate. During this period, the daily ventilation
rates were increased from 104.9 to 516.5 m’ s”'. After the harvesting on 08/07/2006, the
predicted odour concentrations inside the shed stabilised at about 500 OU m™ and showed
fluctuations according to the changes in ventilation rate. The predicted odour concentration
results then increased due to three days of rainfall as shown in Figure 9.

Figure 9 illustrates the odour prediction results using the electronic nose and the PLS model
during the winter batch. It confirms that the electronic nose can detect events that are closely
related to changes in air quality. Around 50 — 60 % of birds are harvested at the end of week 5
of the production cycle. The reduced bird mass and bird volume results in a corresponding
reduction in the rate of manure excretion, disturbance of the litter surface and therefore, odour
emissions from the shed are reduced. The sensor array response showed a significant decrease
over the three days following removal of 50 % of birds.

However, care must be taken when using these values because the odour emission results are
based on one specific trial conducted at a single broiler farm. Factors such as season, shed
design, litter moisture level, and litter type may affect the odour concentration inside the shed.
It was not possible within the scope of the project to generate representative odour emission
values using the odour concentrations derived from an olfactometry for all possible conditions
inside the shed.

Increase of daily ventilationrate  Harvest of 50 % broiler
1200 600

3 days rainfall

1000 o

+ 400
800 —

G et

—0— 12:00 am
—O— 6:00am
Average daily ventilation rate Lo

600
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Predicted Odour Concentration using the PLS model (OU m- )
Average Daily Ventilation Rate (m3 s'1)
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T T T T T T T
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Figure 9 Odour concentrations predicted by the electronic nose during the winter batch at a
commercial broiler farm
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CONCLUSIONS

This study has demonstrated that:

a)

b)
¢)

d)

e)

It was possible to develop a model to allow an array of sensors to provide a semi-
continuous measurement of odour concentrations;

The model output appeared creditable and accurate;

The model identified specific periods when events altered shed odour concentrations
including rainfall and changes in bird stocking density;

It appeared possible to use an electronic nose to demonstrate the influence of shed
conditions on odour emissions continuously and in real-time.

Effective olfactometry assessment requires a large number of odour samples to be
collected and analysed. Due to the cost of sample collection and analysis, olfactometry is
considered a costly method. These factors make it difficult to evaluate the efficacy of
odour management by using olfactometry. Electronic nose can be a cost-effective odour
measurement method to assist olfactometry assessment; and

For the first time, it has been demonstrated that electronic nose provides accurate,
affordable and real-time odour measurement capability.
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ABSTRACT

Livestock waste treatment holds a large nitrous oxide (N,O) potential with global emission. In
the composting process, accumulation of nitrite correlates with the N,O emission. In the
present study, inoculation of nitrite-oxidizing bacteria (NOB) during composting of swine
feces was conducted to inhibit nitrite accumulation, and its effect on N,O emission was
evaluated. Mature swine-feces compost (MSC) was used as the source of NOB (NOB content:
10° MPN g"). The MSC was added into the composting swine feces after the thermophilic
fermentation. The addition of MSC prevented nitrite accumulation, promoting oxidation to
nitrate, whereas the nitrite accumulation occurred in the material which MSC was not added
as the result of the delayed growth of-ifidigenous NOB compared with that of ammonia-
oxidizing bacteria (AOB). The pattctns of nitrité in the material agreed with that of N,O
emissions; therefore, the emissiony0fN50 ceased.rapidly when the MSC was added. Emission
rates of N,O from the composting material with or,'without MSC addition were 17.5 and 88.5
g N,O-N kg' T-N (initial), respectively’ (décreasing rate of NoO emission was 80%).
Improving composition of nitrifying'\communitiés not-tg cause the nitrite accumulation would
be effective to reduce N,O emissiont from composting 0f animal waste.

INTRODUCTION

Suitable handling and/or treatment of livestock excretions is important not to cause the serious
pollution problems such as water pollution and offensive odor evolution '?. Composting is a
traditional treatment method changing odoriferous and unsanitary livestock waste to odorless,
sanitary, and marketable organic fertilizer *. However, composting of organic wastes has also
caused the emissions of environmental harmful gases including nitrous oxide (N,0O) 46)
N,O is a strong greenhouse gas '2 and contributes to stratospheric ozone depletion
Global increases in N,O concentration are primarily due to agriculture, and it was estimated
that 65% of anthropogenic N,O is generated in the livestock sector, mostly from manure .
Because the number of domestic animals continues increasing in the world, mitigation of N,O
emission from livestock production systems is important to prevent global warming
acceleration.

3)

Nitrification (the oxidation of ammonia nitrogen to nitrate nitrogen by ammonia-oxidizing
bacteria (AOB) and nitrite-oxidizing bacteria (NOB)) is a necessary prerequisite for the N,O
emission from stored livestock manures. In composting of livestock waste, nitrification
usually starts after the thermophilic composting fermentation because nitrifiers can not be
active in the temperature over 40 °C . When nitrification starts in the composting process,
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however, nitrite tends to be accumulated because of incomplete nitrification. A good
correlation between N,O emission and nitrite accumulation has been observed in organic
waste composting " '". Therefore, there is a possibility that N,O emission can be reduced by
preventing nitrite accumulation in the material during the composting process.

In the present study, inoculation of NOB was conducted during composting of swine feces
to prevent nitrite accumulation, and its effect on N,O emission was evaluated.

MATERIALS & METHODS

Fresh swine feces were collected from the pigpen, and mixed with sawdust to amend the
property of swine feces suitable for aerobic fermentation. Thirteen kilogram of the mixture
(swine feces + sawdust) was piled into the laboratory-scale composting apparatus which was
a stainless steel, airtight box (inside volume of the box, 58 L) with two ports for inlet and
outlet air ®. Continuous ventilation of headspace inside the reactor was conducted by an air
pump at a fixed rate of 10 L min". N,O concentration in the inlet and outlet air was
continuously measured by an infrared photoacoustic detector (IPD, multi gas monitor type
1312, Innova, Copenhagen, Denmark). The emission rate of N,O was computed from the
amount of ventilation and the concentration differences of N,O between the inlet and outlet
air samples '®.

Emission rate of N,O (mg t-min”) =ifeone.-.ofoutlet air (mg m™) — conc. of inlet air (mg m’
%)} x measurement interval (t/60) % Verititation rate (m3 hour™)

Mature swine-feces compost (MSC) aged ‘Ovier one, year was used as the source of NOB.
This MSC contained NOB at\[.7 % " 10%MPN /g WM. The MSC was added into the
composting material at an additional rate of10% (w/w) after the thermophilic phase of
composting to avoid decreasing “the//ntimber ‘of nitrifiers added at high temperature.
Physicochemical parameters (moisture™eonterit, pH, Kjeldahl-N, ammonium-N, nitrite-N,
nitrate-N and biochemical oxygen demand (BOD)) and population sizes of nitrifiers were
analyzed about the compost materials which were sampled at the time of pile turning %% '*17,

RESULTS

Temperature & BOD
After the start of composting, the temperature rose approximately 60 °C, and rerising of
temperature was observed after the turning at the first and second week. The temperature
never exceeded 30 °C after the turning at the third week and dropped closer to the ambient
temperature. BOD concentration was decreased dynamically from 22 to 2% during the first 3
weeks. From these results, we determined that the thermophilic phase of this composting was
restricted to the first 3 weeks, and MSC was added after the turning at the third week.

Nitrifiers and inorganic nitrogen compounds

At the start and during the thermophilic phase, there were very few nitrifiers in the
composting material. The first increase of nitrifiers was confirmed at the second week, and it
was solely AOB. After the addition of MSC, the NOB population remained high
(approximately 10° - 10’ MPN g DM) until the end of the experiment. On the other hand, a
long lag in proliferation of indigenous NOB was observed in the control (without MSC
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addition), and it was in the eighth week that NOB was first observed to exceed the detection
limit. The number of NOB in the control increased gradually, and it took a long time to
recover the community of nitrifiers capable for complete nitrification (Fig 1).

1

F Control
8 &4

1 07 m ! -‘yv‘ "‘, r N \‘\];
. A

i

Nitrifiers (MPN g™' DM)

103,

1

-
0123456 8 91011121416

Time (week)

10?4

10"

10°-

Sy
=10

"o 1071

Nitrifiers (MPN

2 MSC addition
g ?ﬁ‘ l?

? p £

102 +orc

01

| -O--AOB [l NOB |

T T T T T T T 1

23456 8 91011121416
Time (week)

Fig 1. Changes in MPN of ammonia-oxidizing bacteria (AOB) & nitrite-oxidizing bacteria
(NOB) in compost material during swine feces composting. Arrow indicates addition
of MSC. Error bars indicate 95% -confidence limits. (adapted from Fukumoto et al.,

2006)

In the initial material, ammonium faccounted/ for\most of the inorganic N, and it began to
decline after the peak formation atfirstweek.4nstead.offammonium decline, nitrite and nitrate
started to increase. In the control nitriteformed a/peak at the fourth week and then declined
gradually until the 14™ week, while/it was not-detectéd at the fifth week in the treatment of
MSC addition. These patterns of\nittit¢seemed to be reflected by the changes in the
population of nitrifiers. In the treatment-ef~MSC addition, nitrate was quickly increased after
the MSC addition, and reached to considerable higher level than the control (Fig 2).

Fig 2.
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Changes in the concentration of inorganic nitrogen compounds during swine feces
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N,O emission

During the first 3 weeks, N,O emissions were changed at low level in the both control and
treatment of MSC addition. The emission began to increase between second and third weeks,
and then formed the highest peak after the turning at the third week. In the control, the emission
was declining gradually, however it kept the N,O concentration that is clearly higher than the
background level for a long time. In contrast, NoO emission ceased within 1 week after the peak
in the treatment of MSC addition. These patterns seemed to reflect the changes in the nitrite
concentration in composting material (Fig 3).
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Fig 3. Patterns of N,O emissigu§ duriaggswine ¢f€ees composting. Arrow indicates MSC
addition. (adapted from Fukumoto.et al{ 2006)

Total amounts of N,O emission-insthe ¢ontrel=and:treatment of MSC addition were 10.4 and
2.0 g N,O-N, respectively. The emiSsion rates.of Ng@ based on the T-N in the initial swine
feces in the control and treatment \sf*MS€ radditiod’ were 88.5 and 17.5 g N,O-N kg T-N
(initial), respectively. Decreasing rate 6f-NoO-emiission from the control to treatment of MSC
addition was calculated as 80%; therefore, it was found that the addition of MSC which
contained adequate number of NOB capable for complete nitrification was effective to reduce
N,O emission from composting of swine feces.

CONCLUSIONS

Accumulation of nitrite, which was derived from a lag in proliferation of indigenous NOB,
seemed to be a cause of significant N>O emission during swine feces composting. Addition of
MSC which contained adequate number of NOB capable for complete nitrification was
effective to prevent nitrite accumulation and reduce N,O emission. Present study was
conducted using the laboratory-scale composting apparatus in a controlled laboratory
condition. To establish the composting method with low N>O emission, further study
considering the more complex circumstances observed in actual treatment must be necessary.

This paper is revised version of the paper I published in Environmental Science &
Technology, 40(21), p6787-6791 (2006).
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Mitigation of N,O emission from animal waste composting
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Necessity for control of N,O emission from animal excretions
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1.8 billion head (1950) — 4.4 billion head (2002)

The world domestic animal head count continues increasing in a ratio
to exceed population growth.
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(FAO, 2006. Livestock’s long shadow, pp102-123)

Livestock activities contribute almost two—thirds of all anthropogenic N
,O emissions, and 75-80 percent of agricultural emissions.
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HEREAE A S ONLOR A
N,O emission from animal waste composting
« HIEDRBHMMD S DN,OFELE DATIE

Nitrification is necessary prerequisite for N,O emission from stored m

anures.

« R L TIEBILIE S ,REBE TR ICEHRE
Nitrification starts after the thermophlic fermentation in composting be
cause nitrifiers can not be active in the temperature over 40 °C.

s NLOWZHEEE D P HER ™ BEBICHEAEBANLEL D

./lost of N,O is released during the later period of composting.

7 : 3
TU& WA

HERE O REEEE & NLOR A&

Temperature profile of composting material and N,O emission
during swine feces composting

70 120
60 - h —e— Compost temperature 100
zZ
~ f\ : -+ N,O emission S
S 50 - X} : 80 o
3
o =
5 A %
T 40 / i - 60 &
o f =]
o I —
£ 30 1 i - 403
oL b 3
20 { - 20
10 0

0 10 20 30 40 50 60 70 80
Time (days)
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N,OR4CEb 52 BRD : WALME

Factor of N,O emission in composting : Nitrifying bacterium

n PUOEZT7HEMLEE  REEEE/LIAE
Ammonia—oxidizing bacteria (AOB) & Nitrite—oxidizing bacteria (NOB)

NH, is oxidized to NO;~ by the collaboration of two kinds of microbes.
Between these two kinds of microbes, there are differences in characteri
stics, e.g., proliferation time, sensitivity to toxicities.

AL 51 BRSO RS
Changes in the population sizes of nitrifiers
during swine feces composting

10°

8 —
10 W AOB
7

10° 4 Il NOB

Nitrifiers (MPN/g DM)
2 3 3

=
o
w
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=
o
N
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0 7 13 17 24 31 45 69 76 90
Time (day)
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mission in composting : Nitrite nitro en
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cumulation of Nitrite
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AL B B MISREEER S O
Changes in the inorganic nitrogen compounds
during swine feces composting

04

— @— Ammonium (NH,*)
—l— Nitrite (NO, ™)
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‘NO%% e EREEL - MESEEERRE X OREF

Relationship between N,O emission rate and nitrite/nitrate concentrations
during swine feces composting

= BRERERE DIEDAERY - B D

7 Tl ® T T T T 0)
—@— Nitrite (NO, ) E\ JFHEa

=67 - m- Nitrate (NO, ") | N,O has a ppsitive relation to NO
e 3 ,~ and negative to NO4~
T 2 5 9
= y=0.02+37.57x (R2=0.903)
c O
n )
2 = Y |
o D % Y N ~ —
Qs , /- HIEEE - IHER DER1L IR EIZ KD
z g’ y=1.32—4.09Log(x) ZO%EEZIZ[H%IJO)__[“"ﬂi

=~ (R2=0.666)

Possibility for mitigation of N,O emission

0 01 02 03 04 05 06 07 bypromptoxidization of nitrite to nitrate
NO,~ or NO;~ (N% DM)

TR EEE M ORI IS & B N,OF 2 o

ntrol of N,O emission by addition of nitrite-oxidizing bacteria (NOB)
during swine feces composting

B89 (Purpose)

HIEEELMEE (NOB) Z A ML iHaE(c. #HBEE
RICHDEFRFPOHRIEE %Eglelﬁrg@jﬁ$5’5ctvsl\lgoﬁ
FICRIFITRZEICIOVWT, RS AHEERLAIED Ty —R T
REET B,

The purpose of this experiment was to evaluate the e
ffect of NOB inoculation on nitrite oxidization and N,
O emission during swine feces composting.

10
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M R
Materials & Methods
= FE RS A+F Lo X (KAER)

Materials for composting: Fresh swine feces mixed with sawdust

= NOBHEIGIR © e S A HEBE

Source of NOB: Mature swine—feces compost (MSC)

« AINEH  SREEK T ER

Time of NOB addition: Immediately after a thermophilic composting

u nit'%ﬁc s('jm\E VS NOB/:J\\jJDE (10%7U,..\iEHE)

Experimental treatment: Control vs NOB—added (10% mature compost)

11

.
LR BT

Laboratory scale composting apparatus

Exhaust air Gas monitor

L 3 min interval
Exhaust air samp_le>

Data logger

Styrene foam

Stainless steel airtight box
Flowmeter

Thermocouple Compost heap “Airflow distributor

H: W :D=35:55:30cm (Interior box measurement)
Inside volume of the box = 58 L

Gas emission (mg/ t min) = (conc. of outlet air (mg/m3)—conc. of inlet air (mg/m3))

x measurement interval (£/60) X ventilation rate (m3/hour)
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MEEEM (BFRSA+7 7)) CEARKS A KIEM
AR

Properties of initial swine feces mixed with sawdust and

Properties of initial swine feces mixed with sawdust

Moisture c N content, N% DM 80D, *Nitrifiers, M
PH PN/g DM
ontent, % % DM
TN | NH," | NO,~ | NO;~ AOB | NOB

61.9 7.512.36| 0.21 | 0.00 | 0.01 | 21.6 | <102 | <102

Properties of mature swine—feces compost (MSC)

Melsiure @ o N content, N% DM BOD, *Nitrifiers, MPN/g DM
Oﬂtent, % TN NNH(§+—& NOg_ % DM AOB NOB
2

57.5 6.9 13.25( 0.00 | 0.65 | 0.84 | 2.8x107 | 4.0%10°

*Detection limit of MPN: <102 cells/g DM

14

HEEFEEE (CH (T 2NOBRMEF A

Point in time of NOB addition in composting fermentation

70 - 25
® BOD: Control
O BOD: NOB-added
60
—— temp: Control - 20
- —— temp: NOB-added
S 50 ®
o Addition of NOB (mature compost) -15 8
=) —_
"é 40 - 28
Q o
o - 10
=
€ 30 - T S
|_
20 F S
10 T 0
0

Time (weeks)

15

-4] -




RLEEHOET (NOBK M)
Changes in the population sizes of nitrifiers
in the test of composting with NOB addition

H
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e o A a

ERRERRFRASOHE (NOBARIMKER)
Changes in the inorganic nitrogen compounds
in the test of composting with NOB addition

NOB-added
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o Fel s
=03 031/ QW4
o3 1 \ H o
N 0.05 " () r0.05

~0.2 0.2 v =

I »
4 A

0.1 0.11 \Q

\
0 T T 0 o] o o = —a==a0
0O 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Time (weeks) Time (weeks)

17

-4 -



N,O%4/{%—> (NOBAMMAER)

Patterns of N,O emission in the test of composting with NOB addition

NOB (mature compost)

addition
80 - -
%
70 - —o— Control
i —— NOB-added
60

(6]
o

w
o

N,O emission (mg/m?)
N o
o o

Time (weeks)

18

ENA SN SR
N,OfR%4+® (NOBRMHER)

Total N,O emission in the test of composting with NOB addition

Total N,O emission and its emission rate based on total nitrogen (T
N) in the initial swine feces mixed with sawdust
Experimental trea Total emission, Emission rate,
tment g N,O-N g N,O-N/kg TNiiiia
Control 10.4 88.5
NOB-added 2.0 17.5

NOB inoculation reduced the N,O emission by 80% I

19
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i’EHMtb\BODNZO;”r‘éi#ﬂ% 3. iikiﬁ_itﬁ%éﬁﬁft
NDEEIZ & DNO,- gi,\,ﬂﬁaﬁm%u 2SR5

Nitrite-oxidizing

bacterla
Nirtous oxide

For reduction of N,O emission during animal waste composting,
it is effective to shorten the duration of nitrite accumulation by
quick recovery of complete nitrification.

ZE DM RER

Forthcoming (future) study - - -

« NLOBIEZI RO B/ ICRIT 51457

Examination for reduction of N,O emission with higher efficien
cy

o k%ﬁﬁ‘% %@ﬂﬁﬁnxf DIRE

L e /surface

, - aggregate

Blue: Nitrosospira spp. (AOB)
Red: Nitrospira like bacteria (NOB)

Schramm, et al. (1998) Appl. Environ. Microbiol.

21
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Hydrogen Production from Cow Manure
and a Mixture of the Manure with an

Artificial Food Waste
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(Dr. HIROSHI YOKOYAMA)



- 46 -



$R3 eNE2Y IS B4 BT Br]25} FRoA Y

T4 A=

se el A4
He ol A
AT7F A H A

How EAFE MABES olgdte] 37CRH 85T L=
5] 3|

Fuel MINPS Bl AaPuleny FAE ANsE

dhggofe] AFglo] Eejg] el wenjtel & F4aE AAkeA T 60T} 75T 9]
g 2etoa EHYREYH 45 AadE AT (2 2 392 9F 248 ml
Hy/ L Slurry ¢ 237} o] 3).

16S rDNA HAo oa) 60T 75T\ e 2rtor wdd LejgF9
vk glols A8 A3} 7F Z oS dglelA Costadum thermocellum 3 Cladanaerobacter

subterraneus 7} W7 = T}

60CAA e F &slEe o] 75T9 ASRY ©k=d, ol 60TdA Y

[e}
g dpgel e fEwe] 2 FEEA Y vgdad § 3 7|dE o2

Aot AdFSAEE o]8% maltose & ZIFES A= st 60TeA 9

ColA ] HRREE AR E 2 WA Al Ee T

Hebd g vk Jojih= gk @A A glel vls) 2 A Aol A wE AikEo] Y53
=gtk o] Ay 3 @A Ao E maltose 7F WE SRR EIEE

oA pH S SolA A st dA = vie BAkgFo] Stolx] Al "ot

adBe=z 60TAAe

R o Foa o

_Hl l‘>

-47 -



- 48 -



Hydrogen Production from Cow Manure and a Mixture of the Manure
with an Artificial Food Waste

Hiroshi Yokoyama
Waste Recycling Research Team, National Institute of Livestock and Grassland Science
E-mail: hiroshiy@affrc.go.jp

Abstract

Hydrogen production from a slurry of dairy-cow manure was examined by batch cultures in
a temperature range from 37 to 85°C, using microflora naturally present within the slurry.
Without the addition of seed bacteria, hydrogen was produced by simply incubating the slurry.
Two peaks of fermentation temperatures for hydrogen production from the slurry were
observed at 60 and 75°C (392 and 248 ml H,/L-slurry, respectively). Bacteria related to
Clostridium thermocellum and Caldanaerobacter subterraneus were detected in the slurries
cultured at 60 and 75°C, respectively, by a 16S rDNA analysis. Total amount of soluble by-
product production at 60°C was higher than that at 75°C, suggesting that the effluent from the
hydrogen fermentation at 60°C was a suitable feedstock for the following methane
fermentation. Two-step treatments of a.mixture of the slurry with maltose, as an artificial
food waste, were conducted by th€ijhydriogentfermentation at 60°C followed by methane
fermentation at 37°C. Amount.of methané~production by the two-step treatments was
significantly higher that that by a“one-step" tr¢atmenti(only methane fermentation). Rapid
decomposition of maltose caused-a/ pH drop/in the-one-step treatment, resulting in its low
amount of methane production.==Therefore, the hydfogen fermentation at 60°C would be
useful as an energy recovery techitique as*well as apte treatment for methane fermentation.

Introduction

Hydrogen production from organic wastes is interested as a sustainable bioenergy resource.
Animal waste contains organic matter available for biogas production, and also contains
various microbes including hydrogen-producing bacteria, methanogens, and cellulose-
degrading bacteria. Therefore, anaerobic fermentation of animal wastes does not require the
addition of seed bacteria for biogas production, and this feature distinguishes animal waste
from other organic wastes.

Currently, two-step treatments (hydrogen fermentation followed by methane fermentation)
have been proposed (1, 2). As compared to the one-step treatment, the hydrogen/methane
fermentation is predicted to increase the efficiency of energy recovery. In addition, the pre-
treatment by hydrogen fermentation is expected to facilitate methane fermentation. However,
many properties of hydrogen production from animal wastes remain unclear. In this paper,
our current studies with regard to the hydrogen production from cow manure have been
described.

Materials and Methods

A slurry (13.4g VS/L, pH 8.2) of dairy cow manure was prepared by mixing the feces and
urine from Holstein cows, and was fermented at the indicated temperatures. The hydrogen,
methane, and VFAs were analyzed with gas chromatography, as described (3). Bacterial
population was analyzed by denaturing gradient gel electrophoresis (DGGE), and the
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nucleotide sequences of DGGE bands were determined as described (3). In two-step
treatments, maltose monohydrate (4.5g) was added into the slurry (600 mL), and the mixture
was fermented at 60°C for 4 days. Then, the pH of the slurry was adjusted to 6.5 with 1N
NaOH. Methanogenic granules (100 mL) from an UASB plant of NILGS was added into the
fermented slurry, and the mixture was further fermented at 37°C for 10 days. In a one-step
treatment, the hydrogen fermentation at 60°C was omitted.

Results and Discussion
1. Hydrogen production from a slurry of cow manure

To examine the effect of the fermentation temperature on the hydrogen production, a slurry
of cow manure was cultured by batch experiments, at 37, 50, 55, 60, 67, 75, and 85°C. Total
amounts of evolved hydrogen were strongly dependent on the incubation temperature (Fig. 1).
Interestingly, two peaks of fermentation temperatures for hydrogen production from the slurry
were observed, at 60 and 75°C (392 and 248 ml Hy/l slurry, respectively). Methane was
produced from the slurries at 37 and 50°C, but it was not detected over 50°C, at least for 14
days (data not shown). This result suggested that hydrogen consumption by methanogens in
the slurry caused the low amounts of hydrogen production from the slurries at 37 and 50°C.
These results show that hydrogen can be produced from cow manure quite simply, by only
incubating the slurry at 60 or 75°C, withoutjadditien of seed bacteria.

Total amount of Hy evolution (ml Ho/l-slurry)

30 40 a0 ] 70 20 o0

Incubation temperature ()

Fig. 1. Hydrogen production from cow manure at various fermentation temperatures

Analyses of the hydrogen-producing bacteria in the slurry are important for understanding
the microbial mechanism of hydrogen production from the slurry. Therefore, the bacterial
population in the slurries cultured at 60 and 75°C were analyzed by DGGE. Several specific
bands for the slurries after fermentation were detected, and their nucleotide sequences were
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determined. The determined sequences were compared with the sequences in GenBank by a
BLAST search. (Table 1).

Table 1. Sequence similarity of the DGGE bands

Band No. figﬁ;ﬁt(%té(;n Closest relatives Sing(iyloearity Acc;;chs;ion
Bl 60 Clostridium stercorarium 93 AJ310082
B2 60 Clostridium thermocellum 96 AJ410280
Cl 75 Caldanaerobacter subterraneus 100 AY216597

Bands Bl and B2, specific for the 60°C fermentation, showed similarities to hydrogen-
producing moderate thermophiles, Clostridium stercorarium and Clostridium thermocellum,
respectively (4). Band Cl1, specific for the 75°C fermentation, showed 100% similarity to a
hydrogen-producing extreme thermophile, Caldanaerobacter subterraneus (5). The presence
of hydrogen-producing thermophiles in the cow manure is of quite interest. The cow manure
would be useful as seed sludge for hydfogen [feritentation.

Profiles of soluble by-productsin thefermentation’at 60 and 75°C were analyzed. Acetate
was predominantly produced at/607ahd 75°C (Fig)2).\ Total amounts of produced VFAs at
60°C was significantly higher than that at-75'C. Generally, the amount of produced VFAs
was frequently correlated with| the \solubilization ;0f suspended solids in animal manures.
Therefore, the 60°C fermentation\would-be moré.efféctive as a solubilization treatment rather
than the 75°C fermentation.

2. Two-step treatments of a mixture of cow manure with an artificial food waste

In a mixed treatment of animal manure and food waste, the organic load tends to be high, as
compared to that in a treatment of only animal manure, and the high organic load potentially
leads to a system failure of methane fermentation. In this case, hydrogen fermentation is
predicted to be effective as a pre-treatment for methane fermentation. Therefore, two-step
treatments of a mixture of cow manure with an artificial food waste were examined by the
hydrogen fermentation at 60°C, followed by mesophilic methane fermentation. Maltose is an
easily biodegradable organic matter, and is abundantly contained in food waste. Thus,
maltose was selected as an artificial food waste. Total amount of methane production by the
two-step treatments was significantly higher than that by a one-step treatment, only methane
fermentation (Figs. 3 and 4). In the one-step treatment, the pH of the mixture dropped to 6.0,
because of a rapid decomposition of maltose. Most methanogens are inactive below a pH of
6.5, and therefore, the pH drop led to a system failure of the one-step treatment. In the two-
step treatments, maltose was converted to VFAs by the hydrogen fermentation, and then, the
pH of the mixture was adjusted to be neutral before the second treatment, methane

-51 -



fermentation. Therefore, the pH did not drop in the methane fermentation in the two-step

treatments. These results show that the hydrogen fermentation at 60°C would be useful as an

energy recovery technique as well as a pre-treatment for methane fermentation.

Mlethane production (ol fd)

mmeolil-slurry

Q]

30

k-2
[}
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[ [nitial value
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Fig.. 2. Soluble by*ptoduet.profiles.in‘the fermented cow manure
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—O— Omg-step treatment
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Fig. 3. Time courses of methane production from the mixture of cow manure with the
artificial food waste. Methane production by the one- and two-step treatments in the
methane fermentation is shown.
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Fig. 4. Total amounts of hydrogen and miethane production from the mixture of cow manure
and the artificial food waste
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*Methane fermentation
Cellulose — glucose = VFAs + CO, + H, — CH, + CO,
*Hydrogen fermentation

Cellulose — glucose = VFAs + CO, + H, -» CH, + CO,

*Hydrogen-producing bacteria
Clostridium sp., Enteribactor sp., etc.

Spore formation, heat resistance, high growth rate,
wide optimum pH and temperature ranges

*Hydrogen-consuming bacteria

Methanogen, Homoacetogen, Sulfate-reducing bacteria, etc.
H,+ CO, = Acetate, dG <0

Composition of a slurry of dairy-cow manure

Total solids 17.7 g/lL

Volatile solids 13.4 g/L

Total carbon 6.7 g/L

Total nitrogen 0.47 g/L

pH 8.2 (at 25°C)




Schematic representation of the bioreactor

sensor
pH electrode

Vapor trap

Magnetic hot stirrer

(o A )

Temperature dependency of fermentative hydrogen production from the slurry
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Denaturing Gradient Gel Electrophoresis (DGGE) analysis

Microflora Genomic DNA 16S rtDNA Electrophoresis Sequence
determination

DGGE profiles of the microflora in the slurries

Lane 1 the slurry before culture
Lane 2 the slurry cultured at 60°C
Lane 2 the slurry cultured at 75°C




Sequence similarity of the bands from the DGGE analysis

Band No. Closest relatives Similarity (%) Isolation source

Bl Uncultured bacterium clone F3 824-07 99 anaerobic microflora enriched fro
m compost

Clostridium stercorarium 93 compost

Uncultured bacterium clone EBR-02E-0596 enrichment culture from methano
genic sludge

Clostridium thermocellum
Uncultured bacterium clone MBNAQ7 thermophilic anaerobic reactor
Uncultured bacterium clone 9G compost
Bacteroides xylanolyticus cattle manure

Caldanaerobacter subterraneus oilfield water, geothermal hot stre
am, hot spring

Profiles of soluble by-products in the slurries

i Initial value
® 60 °Cculture
W 75 °C culture

mmol/l-slurry

i-Butyrate
n-Butyrate g
Total-VFA




Two-step treatments of a mixture of cow manure and an artificial food waste

Hydrogen ‘ Methane "‘
fermentation fermentation

Two-step treatments

Methane
fermentation ! '

Animal manure
Food waste One-step treatment

Methane production from the mixture of cow manure and an artificial food
waste by two-step treatments

—— Two-step treatments
®— One-step treatment

Methane production (mL/d)

Time (day)
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Total biogas production from the mixture of cow manure and an artificial food waste

- Hydrogen
- Methane

Total gas production (mL)

One-step Two-step
treatment treatments

(o A )

Summary

1, Hydrogen can be produced from cow manure quite simply, by only incubating the slurry at 60 and 75°C.

2, Hydrogen-producing bacteria, with similarities to C. thermocellum and to C. subterraneus, are involved
in the hydrogen production at 60 and 75 C, respectively.

3, Cow manure is useful as seed sludge for hydrogen fermentation.

4, Two-step treatments of a mixture of cow manure with soluble organic matter produced much more
methane rather than one-step treatment.

5, The hydrogen fermentation at 60°C is useful as a pre-treatment for methane fermentation.






