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ABSTRACT

The demand for online monitoring and control of biogas process is increasing, since better moni-
toring and control system can improve process plants stability and economy. A number of
parameters in both the liquid and the gas phase have been suggested as process indicators (pH,
alkalinity, VFA and H, redox potential, biogas production rate, biogas composition, FOS/TAC ratio,
COD and/or VS reduction). The present study proposes the use of complex sensors as a possible
solution to engineer a consistent control system. Tests were performed to analyze the biogas
coming from a biogas plant in which conditions of pre-overloading and overloading were artifi-
cially inducted. The different inducted functioning conditions were recognised using a FOS/TAC
tester, or the ratio volatile organic acids/alkaline buffer capacity. The FOS/TAC ratio has long been
recognized extending as far as the imminent inversion of the digester biology to be detected at
an early stage. Data coming from the e-nose were sorted and classified according to FOS/TAC
ratio as a reference method. Not all the sensors of the e-nose were reactive to manure digestates,
but four of them, sensitive to aromatic compounds, ammonia alkanes and methane, resulted cru-
cial in the samples identification. Results confirmed that the e-nose can discriminate different
digestion conditions, demonstrating the possibility to reduce the number of sensors in this
innovative tool for biogas control systems. However, this instrument cannot be considered a com-
plete alternative to traditional analysis systems, as, for example, the FOS/TAC titration, but a sup-

ARTICLE HISTORY
Received 6 July 2015
Accepted 26 January 2016

KEYWORDS

Digestates; e-nose;
overloading; sensors of the
e-nose

porting tool for a quick analysis of the system.

Introduction

In the last decade, the demand of renewable and
green energies, sustainable techniques, the remarkable
crisis in livestock production due to the income loss
for the low meat price paid to the farmer and the ris-
ing of national meat production costs, has lead, espe-
cially in Northern ltaly, to a wide diffusion of biogas
plants (Holm-Nielsen et al. 2009). Moreover, the incen-
tives granted by the government determined the
wide diffusion of plants, especially in swine and cattle
farms.

The anaerobic digestion occurring in biogas plants
is a biotechnological process utilising waste to produce
valuable biogas under anaerobic conditions. These
plants, processing manure or slurry that can be added
with biomasses for methane production present the

necessity to be monitored, in order to achieve an opti-
mal biogas production avoiding undesired unbalances
in the substrate, as the so-called “overloading” induced
by an overfeeding of the system.

In anaerobic digestion, substantially, there is the
substrate conversion to mono- and oligomers (amino
acids, long-chain fatty acids and saccharides), then the
fermentation of the substrate mainly leads to volatile
fatty acids (VFA), in particular acetic acid, followed by
gases (H,, CO,), finally transformed to methane and
CO,. In the meanwhile, the concentration of simple
ions and pH varies. The factors affecting the status of
anaerobic digestion can be mainly represented by
drastic changes in plant feeding and environmental
fluctuations, i.e. temperature (Ward et al. 2008). For
this reason, a continuous monitoring of the plant and
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of digestion itself is necessary to avoid the instability
of the system.

Nowadays, a wide number of indicators are used
to monitor the correct anaerobic digestion, as VFAs
evaluation (Boe et al. 2007, 2010), pH, redox poten-
tial, biogas production rate, biogas composition, FOS/
TAC ratio, COD and/or VS reduction are also used. FOS
is an acronym that stands for Flichtige Organische
Sauren, i.e. volatile organic acids, and is measured in
mg HAceq/l, while TAC stands for Totales
Anorganisches Carbonat, i.e. total inorganic carbonate
(alkaline buffer capacity), and is measured in mg
CaCO3/I. The FOS/TAC ratio has long been recognized
as a guide value for assessing fermentation processes. It
enables process problems extending as far as the immi-
nent inversion of the digester biology to be detected at
an early stage. Among these indicators, the FOS/TAC
ratio intended as the ratio between VFA content and
buffer capacity of the substrate is widely considered as
the most crucial and direct indicators of the system
status (Holm-Nielsen et al. 2008). The increase in VFA
concentration is interpreted as the result of methano-
genesis inhibition or the accumulation of acids that
determines the organic overloading, and it implies a
risk of process upset (Hansson et al. 2003; Zhang et al.
2009).

VFAs detection can be performed through fluores-
cence spectroscopy (Pearce et al. 2003; Madsen et al.
2011), near-infrared (NIR) spectroscopy (Nicolas et al.
2001), titration and gas chromatography (Cimander
et al. 2002).

Unfortunately, because of the high complexity of
biogas plants and fermentation status, the interrela-
tions of the many involved parameters remain unclear
most of the time. A wide adopted technique is to set a
threshold values for some individual indicators like pH,
VFA and FOS/TAC ratio. These parameters are consid-
ered as the most relevant state variables for process
monitoring, but the detection of critical values can be
evaluated when an undesired fermentation is already
occurring.

For this reason, the electronic nose was utilized for
the first time in a study performed by Nordberg et al.
(2000) to monitor the anaerobic digestion process.
Adam et al. (2013) applied this instrument in a similar
trial to auto-alert and control the system.

The electronic nose is a biologically inspired sys-
tem composed of an array of non-specific gas sen-
sors (Pearce et al. 2003). When sensor responses are
put together, they form a pattern, which is typical of
the gas mixture presented to the array, in this way,
the responses of the sensors produce patterns
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characteristic of each chemical mixture exposed to
the sensor array. By presenting many different chem-
icals to the sensor array, a database of patterns is
built up and used to train the pattern recognition
system: this finally allows recognizing a gas mixture.
More extensive information, about e-nose technology,
can be found in Pearce et al. (2003).

For the above-mentioned reasons, the aim of this
work was to

e determine the correct technique to use an e-nose
as a discriminator in anaerobic digestion status and
able to provide an early warning of anaerobic
digestion process faults, especially in the case of
organic overload, and

e investigate, in particular, the ability of the single
sensors of the electronic nose in estimating the fer-
mentation status in lab-scale biogas plant, and to
design, in future, a simplified low cost tool for bio-
gas production monitoring.

Materials and methods
The lab scale reactors

For the trial, three lab-scale reactors of 361 of vol-
ume were used, 30! of pig slurry were put in each
of these tanks. There were three watertight transpar-
ent containers (see Figure 1) set up to recreate a
real-scale digester plant, equipped with a mixer, a
heater for the maintenance of the temperature
(38°C), sensors for measuring the temperature and
the pH, supply ducts, and discharge of the effluent,
gas outflow pipes, and inflow pipes for pH correc-
tors. All ducts were supplied with valves to limit air-
flow exchanges. Tanks were covered with black
clothes to avoid any potential effect of natural and
artificial light.

The battery was set up to produce the digestate
effluent containing known solutions of volatile fatty
acids used as an indicator of the physical-chemical
stability and efficiency of the fermentation process,
simulating operating phases of optimal and sub-opti-
mal overload. Total solids (TS) and volatile solids (VS)
were evaluated in input and output biomasses.

The start-up phase of the process of anaerobic
digestion consisted in a stationary phase of 45d
aimed to induce the stability in the fermentation.
These conditions of stability were tested through the
FOS/TAC ratio measurement and the pH value. At the
end of the 45 d, the pig slurry was added with grow-
ing amounts of rice meal (see the following section)
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Figure 1. The mini reactors used in the research.

to overfeed the digestion in process and to induce
an overloading situation, for 40 d of experimental
study.

Manure sampling in the reactors

For the odorimetric analysis, the daily withdrawal of
samples of slurry from the reactors was chosen as the
methodology of collection sampling. During the experi-
mental test, all the reactors were fed in the same way.

The daily amount of rice meal for the induction of
the overload in the system was increased from 1.6 to
6.6g/l/d since the sixth day of the test, to cause the
establishment of the overloading process in the pilot
plant.

Every day, four samples of 100 ml of digestate were
taken from each reactor, for a total of 480 samples
(four samples of 100 ml for 40 d of study). From every
100ml sample, 50ml were taken to be stored at
—20°C, in vials hermetically sealed with a rubber stop-
per, for the final analysis performed with the electronic
nose. Samples were numbered according to the FOS/
TAC ratio that was measured to be used as a reference
method for correct/incorrect fermentation of the anaer-
obic digestion, described as follows.

The remaining part of the sample (50 ml) was ana-
lyzed by conventional methods to evaluate the pH and
FOS/TAC ratio, through titration (TIM 840; HACH
LANGE). In Table 1, a classification of the digestion

Table 1. Indications for the evaluation of FOS/
TACs ratio (Mezes et al. 2011)

FOS/TAC ratios Background

>0.6 Excessive organic load

0.5-0.6 High organic load

0.4-0.5 The plant is incoming in overloading
0.3-0.4 Ideal conditions for biogas productions
0.2-0.3 Insufficient organic load

<0.2 Extremely low organic load

type according to FOS/TAC values is reported (Mezes
et al. 2011).

The 480 samples, ordered according to their FOS/
TAC ratio value, were thawed out by keeping them for
24h at 4°C. Then the samples were brought to 38°C
using a thermostated sand bath, and kept at this tem-
perature for 25 min in order to recreate the same con-
ditions inside the reactors and, to allow the volatile
fatty acids to volatilize and occupy the headspace of
the vial. During sampling, two hypodermic needles
were inserted through the rubber cap of the vial into
the headspace. The first needle was connected to the
sampling unit, while the second was connected to a
charcoal filter by means of a polytetrafluoroethylene
(PTFE, Teflon) hose.

Biogas production rate and organic-loading
rate were monitored directly by the reactors weekly
during the trial, as parameters were able to
confirm the fermentation status described by FOS/
TAC ratios.
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Table 2. Densors of the PEN 2 electronic nose (WMA Airsense, Schwerin, Germany)

Sensor in array

Sensor name

Description

Reference

1

W1A-aromatic

Aromatic compound
Broad range sensitivity reacts to nitrogen oxides and ozone very sensitive

Ammonia, used as sensor for aromatic compounds

Mainly hydrogen, selectively (breath gases)

Alkanes, aromatic compounds, less polar compounds

Sensitive to methane (environment) ca. 10 mg/kg Broad range, similar to

Reacts on sulphur compounds H,S 0.1 mg/kg. Otherwise sensitive to many

Toluene, 10 mg/kg
NO,, 10mg/kg

Benzene, 10 mg/kg
H,, 100 mg/kg
Propane, 1 mg/kg
CH,, 100 mg/kg

H,S, 1 mg/kg

terpenes and sulphur organic compounds, which are important for smell,

2 W5B-broad range
with negative signal
3 W3A-aromatic
4 W6B-hydrogen
5 W5A-arom-aliph
6 W1B-broad-methane
No. 8
7 W1C-sulphur-organic
limonene, pyrazine.
8 W2B-broad-alcohol
9 W2C-sulphur-chlor
10 W3B-methane-aliph

(methane)

Detects alcohols, partially aromatic compounds, broad range
Aromatics compounds, sulphur organic compounds
Reacts on high concentrations >100 mg/kg, sometimes very selective

CO, 100 mg/kg
H,S, 1 mg/kg
CH,, 10mg/kg

Odour analysis: the electronic nose

Pig slurry (the biomass used in this trial) samples
odour was analysed by means of a PEN 2 electronic
nose (WMA Airsense, Schwerin, Germany), which con-
sists of a sampling unit, a sensor array made up of 10
metal oxide semiconductor (MOS) chemical sensors,
and a software for data storage and multivariate statis-
tical processing (pattern recognition system).

The description of the nose sensors is reported in
Table 2. Odour analysis was performed in a two-step
way: measurement and standby. Electro-valves were
controlled by a computer program and guided the air
through different circuits depending on the stage of
the analysis. Irrespective of the phase, airflow in the
measurement chamber was kept constant. As
described in Table 3, during the measurement phase,
the sampling unit "inhaled" the volatile gases present
in the headspace of the vial and sent them at a con-
stant rate (6.67ml s~') to the measurement chamber
causing changes in sensor’s conductance: this phase
lasted 80s, which was enough time for the sensor sig-
nals to reach a stable value.

When a measurement was completed, a standby
phase of 160s was activated. Its purpose was to clean
the circuit and the measurement chamber, in particu-
lar, in order to return the sensor signals to their base-
lines. During this phase, clean air entered the circuit,
crossing the measurement chamber first and pushing
the remaining volatiles out of the circuit itself.

The 10 MOS chemical sensors comprising the sensor
array operated by transduction of the chemical com-
pounds in the manure aroma into electric signals
(Yuwono & Lammers 2004; Pistis et al. 2013). At the
end of the measurement, these signals were recorded
and stored, to be analyzed either by the software of
the pattern recognition system or by statistical analysis

Table 3. Summary of the operating conditions of the e-
nose during headspace analysis of manure odour).

Operating condition

Transport gas Ambient air
(cleaned by charcoal filter)
Sampling rate 10mLs™"
Amount of sample/vial 667mLs™"
Vial volume 20 mL
Data acquisition
Headspace generation time 1800s
Sampling time 80s
Flushing time 160 s
Total measurement time 240s
Acquisition rate 1 signal s~

software. One pattern comprises the signals from all 10
sensors taken during the measurement of a sample.

The ratio (G/Gy) between the conductance of each
sensor, G (Q_4), at each second of measurement, and
the reference, Gy (Q_,), which is the conductance that
the sensor shows that when clean charcoal-filtered air
enters, the measurement chamber expresses odour
variation perceived by each sensor which is recorded
by the software.

Statistical analysis

(a) Results of pH and FOS/TA were submitted to vari-
ance analysis to evaluate significant differences (at
least p < 0.05; Proc GLM, SAS Statistical package,
9.2, 2014, SAS Inc, Cary, NC) during the days of
trial, corresponding to the expected different fer-
mentation degrees for the induced overfeeding of
the system.

(b) Data of conductance recorded by the e-nose soft-
ware in the pattern (the signals from all the sensors
taken during the measurement) were submitted to
variance analysis to evaluate significant differences
(at least p < 0.05) by each sensor in fermentation
status recognition (Proc GLM, SAS Statistical pack-
age, 9.2, 2014, SAS Inc., Cary, NC). This model was
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Figure 2. FOS/TAC ratio and pH in the 40-d trial (after 45 d of start up phase), the red line indicates the addition of rice meal to

overfeed the system.

chosen for the lack of a linear response between
the dependent variables and the independent vari-
ables during the 40 d of the study.
For these purposes, the following model was used in
both analyses:

Yik = 1+ Ri + Dj + e

where y is the independent variable of pH or FOS/TAC

values (a)/sensor response (b); p is the overall mean; k

is the sample (i is the 1,...4); Ri is the effect of jth

reactor (i is the 1,...3); Dj is the effect of the day of
sampling (n is the 1,...40); eijk is the residual error of
each observation.

(c) Data, obtained in the experimental study, were
submitted to principal component analysis (PCA)
that is a linear, unsupervised pattern-recognition
technique very useful for analyzing, classifying
and reducing the dimensionality of numerical
datasets in multivariate problems (Todeschini
1998). For this purpose, the SAS Statistical pack-
age was used by applying the SAS Proc
PRINCOMP  Procedure, Statistical package, 9.2,
2014 (SAS Inc., Cary, NQ).

Results

FOS/TAC ratio, pH, loading rate, biogas production
rate, total and volatile solids

Figure 2 shows the trend of FOS/TAC ratio and pH of
the slurry samples during the 40 d of trial that coin-
cides with the beginning of rice meal addition after

the start-up phase of 45 d, the blue line indicate the
amount, in grams, of rice meal to induce the overload-
ing in the reactors. No significant differences were
detected in FOS/TAC ratios and pH values of samples
collected from the three reactors. Figure 2 describes
the mean values of those parameters.

TS and Vs mean values of inputs in the tanks were,
respectively, 125.8g kg~ ' and 896.3g kg~ ' TS; TS and
Vs mean values of output (digestates) were, respect-
ively, 69.3g kg~ ' and 705.3g kg~ ' TS.

From Figure 2, it is possible to see that until the
14th day of the trial, with a correct feeding of the lab
scale biogas plant, the FOS/TAC ratio remained accept-
able (0.35), but with the higher addition of rice meal,
at day 16, the FOS/TAC ratio was higher than 0.5.

The trend of pH showed decreasing values from
8.37 to 5.22 in a reactor, during the stable phase, usu-
ally the pH should settle to values ranging between 7
and 8. It is clear that the overloading induced by rice
meal addiction in the final stage of the test is dedu-
cible from very low values of pH, as the expression of
the accumulation of volatile fatty acids and acidifica-
tion. The pH, however, despite being able to indicate
an imbalance of energy efficiency of the reactor,
appears to be a late indicator, especially in the case of
liquid slurry or manure, since the increase of volatile
fatty acids can be masked by the high buffering cap-
acity of substrate.

From Figure 3, it can be observed that biogas pro-
duction rate increased until the fourth week of the
trial, but after a remarkable overfeeding given by rice
meal addition, the gas production decreased by
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Figure 3. BPR, OLR (loading rate) and FOS/TAC ratio during the 40-d trial.

Table 4. Lsmeans of e-nose sensors response to manure
samples.

Sensors Lsmean value p
1 W1A-aromatic 0.87 <0.01
2 W5B-broadrange 143 ns
3 W3A-aromatic 0.89 <0.001
4 W6B-hydrogen 1.03 ns
5 W5A-arom-aliph 0.89 <0.01
6 W1B-broad-methane 0.70 ns
7 W1C-sulphur-organic 2.73 ns
8 W2B-broad-alcohol 1.65 ns
9 W2C-sulphur-chlor 2.2 ns
10 W3B-methane-aliph 1.96 <0.001

around 30%, together with the increase of FOS/TAC
values.

E-nose analysis

Data obtained by the olfactometric analysis were proc-
essed by GLM procedure analyzing changes in sensor’s
conductance in the days of the trial to evaluate which
sensor was determinant in odour detection. No signifi-
cant differences were found in the three reactors
responses.

This procedure confirmed that the sensors most
involved in the discrimination of fermentation process
status were numbers 1, 3, 5 and 10 (respectively, with
Ismeans of 0.87, 0.89, 0.86, 1.96; p <0.01), while the
other sensors did not show any ability on samples dis-
crimination (Table 4) during the day of the experimen-
tal study.

The score plot (Figure 4) provided by PCA analysis
reports the difference between samples collected dur-
ing correct fermentations, pre-overloading and over-
loading processes in the mini reactors. Since no
significant difference, from odorimetric point of view,
between the four samples daily collected from each
lab-scale reactor and among the three reactors were
detected, 40 samples were used in the multifactorial

Principal Components Score Plot

- 252627
282930

1516 =
17181920

5678 21222324

1234
. 31323334

second component
o
1

}

1 siw01112
1214

353637
383940 -
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6 5 -4 -3 -2 -1 0 1 2 3 4

first component

Figure 4. Score plot provided by PCA related to manure sam-
ples olfactometric analysis.

analysis. Samples analyzed by the e-nose were sorted
in an ascending order according to FOS/TAC ratio that
means, for example, that a low number is representa-
tive of a low FOS/TAC value.

Samples collected during the overloading process
account positively for the principal component 1 (x-
axis) and negatively for principal component 2 (y-axis).

Slurry samples numbered from 1 to 20 correspond
to a FOS/ Slurry samples numbered from 1 to 20 cor-
respond to a FOS/TAC ratio < 0.25; from 21 to 24 to a
FOS/TAC ratio ranging from 0.26 to 0.38; from 25 to 30
to a FOS/TAC ratio ranging from 0.39 to 0.40; from 31
to 34 to a FOS/TAC ranging from 0.41 to 0.55; and
from 35 to 40 a FOS/TAC higher than 0.55.

This classification represents a synthesis of studies
conducted by Mezes et al. (2011) and Lossie and Ptz
(2001), who declare that the FOS/TAC ratio of anaer-
obic digestion processes should be in the range of
0.3-0.4 (samples 15-30 accounting positively for the
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first and the second components), FOS/TAC ratios
above 0.4 (accounting negatively for the second com-
ponent) indicate instability process conditions, leading
to a decrease in biogas production (Figure 3).

Discussion

This study was performed to test the ability of a com-
mercial e-nose to evaluate fermentation status in lab
scale-biogas plants. The efficiency and the correct func-
tioning of a reactor for anaerobic digestion can be per-
formed through the detection of parameters that in
most cases cannot function as “early warning” tools in
undesired processes, as overloading. The acidification
of the system can depend on different factors like sub-
strate composition, trace element availability, reactor
type, temperature, etc. Methane production, as
expected, is normally the only continuously measured
parameter at agricultural biogas plants, but this param-
eter cannot reflect a process imbalance, if the biogas
plant treats substrates with changing composition.
Also hydrogen and redox potential could represent
useful control parameter, but complex dynamics and
variability make the interpretation of the results uncer-
tain (Brauer & Weiland 2009). Nowadays, only VFA can
be used as an efficient tool indicating a process imbal-
ance (Weiland 2010). Other authors suggest a ratio of
propionic/acetic acid >1 as an indicator for digester
failure, if the propionic acid concentration is higher
than 1000mg/l (Weiland 2008), while Ahring et al.
(1995) suggested that a combination of both butyrate
and isobutyrate concentrations could be a reliable par-
ameter for process failure detection. Nielsen et al.
(2007) found that propionate could be the optimal
indicator to control biogas plant status and efficiency.

Although a fast control of the process stability is
possible by determining the ratio of VFA to total inor-
ganic carbonate by a simple titration test, or calculat-
ing the FOS/TAC ratio (Rieger & Weiland 2006), and if
the ratio is <0.3, the process is stable, and an analysis
for determining the individual VFAs is not necessary
(Lossie & Putz 2008), an e-nose could improve a
prompt detection in digestion plant failure: our results
are in agreement with studies conducted by Adam
et al (2010, 2013) and Stockl et al. (2013).

In the first monitoring campaign conducted by
Adam et al. (2010), different substrates (corn oil and
a mixture of sucrose and corn oil) were used for
60 d, the trial showed that it was not possible to
conduct a comparison between different digesters,
but that each anaerobic digester and that the fer-
mentation occurring in it are unique and not repeat-
able in a broad sense.

This confirms that the characterisation of an odor-
ous compound could allow the identification of the
substrate and the biomass used for the generation of
biogas.

A proper management of the anaerobic digestion
is extremely important because it is the first step for
the economic success of the enterprise and it is of
great interest to identify alternative control systems
to monitor the digestion status in a faster way: in
this trial, the pH variation occurred 5 d later than
the detection of an overloading situation by the e-
nose.

The development of new technologies for monitor-
ing in real-time the anaerobic digestion status could
lead to the full potential of biogas plants, and to early
identify imbalances in the process (Ward et al. 2008;
Adam et al. 2013; Stockl et al. 2013).

Conclusions

Nowadays, anaerobic digestion control is only able
using high-tech analysis, such as VFA determination by
GC-MS or HPLC and the FOS/TAC ratio. Results of these
analyses are expensive and available later after
sampling.

This test showed, in agreement with other recent
studies, the real possibility of using the electronic nose
to achieve an effective continuous monitoring of the
anaerobic digestion process carried out in laboratory
scale in “real time”.

The real novelty of this study is the demonstration
of the possibility to reduce the number of sensors in
the architecture of an electronic nose, since only sen-
sors 1, 3, 5 and 10 showed an effective reactivity in fer-
mentation status recognition, while the others did not
show variation in the signal response to fermentation
changes.

This indication could lead to a specific e-nose for
monitoring the anaerobic digestion efficiency with a
limited number of sensors: the specific aim is to get a
simplified low- cost e-nose specifically devoted to
"early monitor” anaerobic digestion in biogas plants.

This study represents a preliminary research that
needs to be tested in real conditions to be applied in
bio gas plants.
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