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Abstract: As a result of compounds’ transformation in the waste biostabilization phases, there is an
increase in odor nuisance and health problems among people exposed to odorants. Linking the odor
concentration to the degree of waste biostabilization may be an important tool for the assessment of
individual technological variants of biostabilization. The study aimed to link the odor emissions to
the biostabilization degree in individual process variants that differed in the inoculum. The tests were
carried out on inoculated windrows on the waste mechanical-bological treatment open site. Odor
concentrations were measured during the entire seven-week process of biostabilization (weeks 1–7)
and compared with kinetics parameters of organic compounds’ decomposition. The olfactometric
tests showed the necessity of using the preparation to reduce the value of odor concentration.
Research proved that the decrease of odor concentration values could be useful to indicate the
particular phases of biostabilization. Also, the proposed method provides an opportunity to optimize
the process concerning the function related to the low degree of odor nuisance of the technologies,
including selection of environmentally safe inoculum. This issue has application values that may
result in the implementation of new control systems for waste stabilization bioreactors and the
evaluation of applied technological solutions.
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1. Introduction

Health issues are associated, directly or indirectly, with every step of the handling,
treatment, and disposal of waste. The direct impact includes exposure to hazardous sub-
stances in the waste or emissions from incinerators and landfill sites, vermin, odors, and
noise [1,2]. While municipal solid waste (MSW) disposal is still a crucial issue, the mechan-
ical biological treatment (MBT) plant is an important element of an integrated solid waste
management system [3]. Those installations are a cost-effective, appropriate solution used
both in developing countries [4], where specific solutions depend primarily on financial
constraints, and in developed countries. In Europe, where waste incineration plants are part
of municipal waste management programs, MBT installations have an important comple-
mentary role, especially when incineration does not meet the guidelines for full treatment
or when an indirect strategy is needed [5]. They can reduce the environmental impacts
due to leachate and landfill gas emissions, reducing the biodegradable organic content of
waste [6]. However, nuisance due to odor generation by waste treatment plants (landfill
and composting plants) and animal production operations is one of the major sources
of complaints of people living near these facilities [7–9]. Sulfur compounds—especially
hydrogen sulfide, methanethiol, dimethyl sulfide, and dimethyl disulfide [10]—were the
primary odor in the majority of MSW disposal facilities, which presents potential health
risks for on-site workers [11–13] and inhabitants of nearby settlements. Moderate H2S
concentrations can cause severe eye and respiratory irritation, headache, dizziness, nausea,
vomiting, staggering, and excitability, while high concentrations can cause shock, con-
vulsions, inability to breathe, rapid unconsciousness, coma, and death. Toxic effects of
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dimethyl sulfide, dimethyl disulfide, and methyl mercaptan are mainly the same as those
of hydrogen sulfide [14]. At lower concentration values numerous complaints about health
problems of people living near the source of odorant emissions are reported anyway. They
are not connected with a direct threat to health but, first of all, with irritation from the smell
nuisance and purely psychological effects [15–17]. This is even more important because
odorous compounds can spread over long distances. Depending on the weather conditions,
the range of the emitter can be as long as a few kilometers but usually the odor nuisance is
estimated to be within 500 m of the emitter [18]. Studies on the environmental impact of
waste treatment installations should consist of both olfactometric and chromatographic
analyses [19,20], taking into account the individual phases of the process related to changes
in the composition of the gases and, consequently, the quality and quantity of odorants
contained in them.

One of the physical methods of odor treatment is membrane covering. Sun et al.
studied the membrane-covered aerobic composting and analyzed NH3 emissions, and
the results showed that they decreased by 20–30% [21]. Li et al. proved that, in compar-
ison with the control group, the NH3 and H2S emissions outside the membrane of the
membrane-covered group decreased by 58.64% and 38.13%, respectively [22]. Nowadays,
instead of membrane covering and adding chemicals to the waste, it is increasingly com-
mon, together with biofiltration, to inoculate waste with mixtures of microorganisms and
enzymes [23–30]. The advantage of fungi, compared to bacteria, is that they have an aerial
mycelium and volatile odor compounds may be more efficiently captured [31]. However,
while these methods are costly and often insufficiently effective, published results are
still controversial and further studies are needed for a more detailed explanation of the
processes [29]. Among inoculants, it is worth mentioning EM (effective microorganisms)
biopreparations and their modifications. The EM preparation was created by Teruo Higa,
who used naturally occurring microorganisms in the environment, including lactic and
photosynthetic lactic acid bacteria, yeasts, radiophytes, and fungi [32]. The species com-
position of the microorganisms used in these preparations is unknown. Most often it
is only reported that they contain 80 species of anaerobic and aerobic microorganisms
represented by lactic fermentation bacteria, phototrophic bacteria, radiophilic bacteria,
yeasts, and other fungi, but there is no information on the abundance of these microbial
groups. Moreover, the studies of Jakubus et al. did not confirm the beneficial effect of EM
preparation on the intensification of organic matter mineralization process [33]. In addition,
the study of Maroušek et al. showed that when analyzing compost inoculated with seven
types of inoculum—mainly a mixture of bacteria, enzymes, and nutrients—only in two
cases was the quality of the compost similar to the blank sample (without the addition
of inoculum) [34]. However, as mentioned by these authors, the addition of biochar can
significantly improve compost quality. Biochar is a carbonaceous product of biowaste
pyrolysis, widely recommended for soil conditioning, waste stabilization, and phosphorus
sorption in wastewater treatment plants [35] as well as potato biowaste management [36].
In addition, satisfactory results in accelerating the processes of anaerobic fermentation
of maize silage were obtained by Maroušek et al., using the high-voltage discharges cou-
pled with water plasma expansion for phytomass disintegration. Authors achieved over
15% increase in cumulative methane production and overall acceleration of fermentation
process [37].

In Europe, a set of both anaerobic [38] and aerobic [39,40] tests were proposed to assess
the degree of biostabilization. Among them, respiration activity (AT4) [41,42] and anaerobic
gas generation potential (treatment fermentation test GB21 or incubation test GS21) [43] are
commonly used. The respiration activity test can take up to seven days to complete [44],
while decisions to complete the thermophilic phase, when the process is in two stages, must
be made in real time [45]. Due to the time-consuming nature of these measurements, it is
suggested that AT4 should be replaced by respiratory tests based on the dynamic respiration
index (DRI) [20,46,47] or RI (respiratory index), carried out at process temperature for 4
or 24 h [48]. This is all the more reason why there is a high, positive correlation between
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these indices and AT4 [45,49,50]. The value of linear determination factor r2 between RI
and AT4 was 0.997 [51]. Moreover, it is suggested to extend the scope of respiratory testing
or even replace it with organic matter fractionation during acid hydrolysis [52,53] and
measurements of chemical parameters such as volatile solids’ (VS) content and organic
carbon content in waste mass [54,55]. However, the latter parameter cannot be used as
an indication of the current availability of biodegradable compounds [56]. The author
suggests that it is necessary to supplement the abovementioned scope of research with
an analysis of changes in water extractable organic matter (WEOM) content. Among the
parameters determined in WEOM, dissolved organic carbon (DOC) content is a reasonable
indicator of biostabilization efficiency [57].

Monitoring of the emission of catch compounds is undoubtedly one of the important
issues in the process of controlling the biostabilization of municipal waste, taking place in
mechanical and biological waste treatment installations. The emission of these compounds,
their quantity, and composition are determined primarily by the transformations taking
place in the aerobic phases of the waste biodegradation process: mesophilic, thermophilic,
cooling and conversion, and maturation. The amount and composition of the emitted
odorous substances change because of the waste input stream reaching the parameters
of the next phase. These processes can have the effect of increasing the concentration of
odor emitted from the windrow. As a result, there is also an increase in odor nuisance
and health problems among people exposed to odorants. Due to the above, linking the
odor concentration to the degree of waste biostabilization is particularly important. The
odor concentration is a parameter determined in a short time in situ, without requiring
time-consuming tests.

The study aimed to link the odor emissions to the degree of biological stabilization of
waste by examining the relationship between odor concentration and selected parameters
of the biodegradation process, loss on ignition, and organic carbon in individual process
variants. These variants differed in the type of substances with which waste windrows were
inoculated. The partial objective was to select the best one from among them, considering
both waste parameters and odor impact (the value of odor concentration in individual
phases of the biostabilization process). The criteria for the selection were: the lowest odor
concentration values and highest values of decomposition rate.

2. Materials and Methods
2.1. Object Characteristics

Mixed municipal waste received at the plant was shredded in the unloading hall and
sieved into the oversize fraction (>80 mm) for energy recovery and the undersize fraction
(<80 mm) requiring further processing in biological processes. The <80 mm fraction was
used to form single windrows, 52 m long, 8 m wide, and 2.7 to 3.0 m high, containing about
500–550 Mg of waste with an assumed volume weight of 490 kg/m3. (Under operating
conditions, this weight is higher.) Windrows, oriented in a north–south axis, were covered
with semi-permeable membranes. The waste was aerated using air fed through a system of
sealed longitudinal channels laid in the ground (three channels per windrow), which also
had a drainage function for the leachate produced in the process of biostabilization. The
windrow aeration channel (N/S oriented) was 50 m long and had an inner width of 15 cm.
The aeration process was carried out using radial fans with a capacity of 51 m3/min, pres-
sure difference was 3800 Pa, and motor power was 3 kW, with an intensity of 1.5 m3/Mg/h.
The aeration time in the first 20 days was 240 min/day and for the remaining time of biosta-
bilization it was 280 min/day. The aeration intensity was 3060 m3/min. The individual
aeration cycles consisted of 600 s on, 90 s off break. The biostabilization process was carried
out until the respiration activity (AT4) coefficient was below 10 mg O2/g d.m.

Also, the loss of ignition parameter should be below 35% of dry matter, and the organic
carbon content should be below 20% of dry matter, which takes from six to nine weeks.
During the pouring process, the windrows were inoculated with organic waste stabilizer
(OWS) from 0.8 l/Mg to 1.2 l/Mg. In the present study, “standard”, “reference” windrow



Energies 2021, 14, 1835 4 of 15

is understood as windrow with organic waste stabilizer in the amount of 0.8 l/Mg. Such a
dose is commonly used in practice. A “reference” windrow was inoculated by OWS for
each “experimental” windrow, and those two windrows were deposited simultaneously,
based on the similar waste, and deposited and inoculated at about the same time. The
tonnage of “reference” windrows was about 500 Mg.

2.2. Characteristics of Substances Added to Waste to Reduce Odor Nuisance

During the analyses, the following preparations were used in the windrows:

• Organic waste stabilizer (OWS): According to the safety data sheet, the composition
of the preparation was formed: phototrophic bacteria, lactic acid bacteria mix, yeast,
cane molasses, water.

• Phyto-1: pure nettle extract, microelements, minerals, acetic acid, and sugar. Accord-
ing to the safety data sheet, it contained nettle extract, agricultural and vegetable oils
from food and animal feed production, acetic acid, molasses, microelements (mag-
nesium (0.03%), sulphur (0.01%), organic matter (5.5%)), total nitrogen (0.31%), total
phosphorus (P2O5) (0.02%), and potassium oxide (0.08%).

• Bio-1: preparation containing thermophilic bacteria, yeast, molasses, and water.
• Bio-2: universal microbiological agent based on living probiotic bacteria cultures,

which includes living cultures of lactic acid bacteria, radiophilic and phototropic bac-
teria, yeast, ethanol, natural acetic acid, sugar cane molasses, and clean, unchlorinated
water. Another variant was Bio-2 with added plasticizers (Bio-2 plast.).

• Chem-1: a preparation containing quaternary ammonium compounds.

The names of the last four preparations (Phyto-1, Bio-1, Bio-2, and Chem-1) were
changed for confidentiality reasons.

2.3. Methodology

The tests were carried out on windrows located on the open MBT installation site.
The time interval between individual series was from one to seven days. The full cy-
cle lasted for seven weeks, from the placement of the windrow and covering it with a
geomembrane to the completion of the biostabilization process. Bulk density was deter-
mined according to standard PN-EN 1097-3:2000, moisture was determined according to
CEN-TS 15414-1:2010, general organic substances were determined according to PN-EN
13137:2004, loss on ignition was determined according to PN-EN 15169:2011+Ap1:2012, and
morphological composition was determined according to PN-93/Z-15006, while AT4 was
measured according to ÖNORM S 2027 “Evaluation of waste from mechanical-biological
treatment—Part 4: Stability parameters—Respiration activity (AT4)”, the method of the
determination of oxygen consumption during incubation. Table 1 summarizes the test
results of physicochemical parameters and morphological composition of waste deposited
in the biostabilization square from 2015 to 2017.

The samples were taken under the vapor-permeable membrane. Sampling from under
the membrane was done by inserting an odorless silicone tube directly under the membrane
through holes located 40 m away from each other, on the north and south sides of the
windrow. Air was pumped through the tube to the olfactometer.

The samples were analyzed with the Scentroid SM-100 (IDES Canada Inc., Whitchurch-
Stouffville, ON, Canada) field olfactometer, a dilution instrument to present an odor, at
different concentration levels, in a controlled way to the assessor. An odorous air is
diluted via a valve system. SM-100 uses compressed air from a cylinder to dilute the
test air sample. This cylinder is a high-pressure (31 MPa) carbon fiber container filled
with compressed air. The device incorporates a dilution valve adjuster, which has a
high accuracy to provide a constant flow of diluted air, to select one of 15 positions that
correspond to the dilution ratio of clean air to the test air sample. The range of the device
is selected through replaceable plates; a minimum of 2-fold dilution and a maximum
of 30,000-fold dilution may be achieved. An active carbon filter additionally provides
cylinder air purity [58]. This olfactometer is characterized by much higher accuracy than the
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commonly used Nasal Ranger field olfactometer and a larger range of determination [59].
The test consists of several times inhaling clean air from the cylinder and then slowly
adjusting the dilution valve to increase the concentration of tested air until the odor
becomes detectable. The values obtained from the adjustment knob corresponded to
the odor concentrations of the polluted air. Before each test, a Sniffin’ Sticks test (SST)
according to standard ISO 13301:2002 was performed to assess the olfactory performance
of the tester. Four olfactometric measurements were taken at each point. Each time the
ZITE ratio values defined in PN-EN 13725—individual estimation of dilution up to the
sensing threshold—were calculated. The value of olfactory concentration was calculated as
a geometric mean from the set of results of individual measurements. Figure 1 contains the
scheme of covered windrows with sampling points.

Table 1. Physicochemical parameters and morphological composition of waste deposited on the biostabilization square in
2015–2017.

Parameter Unit Min. 1st Quartile Mean Median 3rd Quartile Max. Standard Deviation

Bulk density kg/m3 357.7 466.7 503.9 500.0 537.5 662.5 57.2
Moisture % 35.0 42.0 44.1 44.0 46.0 54.0 57.2

General org.
substance % d.m. 24.6 33.5 36.6 36.3 39.5 48.4 4.3

<10 mm

%

21.1 49.6 53.3 54.5 58.0 71.9 7.0
Food waste 6.0 10.6 13.1 12.5 15.3 30.5 3.7

Paper 5.5 10.5 12.3 12.0 13.9 23.9 2.6
Plastics 1.8 3.7 4.6 4.5 5.3 8.7 1.2
Textiles 0.0 0.1 0.4 0.3 0.5 2.0 0.4
Wood 0.0 0.4 0.8 0.6 1.0 3.1 0.5

Organic residue 0.0 1.0 2.7 1.7 3.0 15.3 2.7
Glass 1.5 5.2 6.5 6.2 7.5 14.8 1.9
Metal 0.0 1.1 1.7 1.5 2.0 9.7 1.1

Mineral residue 0.1 1.9 3.2 3.0 4.1 12.7 1.9
Others 0.0 0.5 1.5 1.1 2.1 8.5 1.3
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not conducted at the same time, in parallel, the same olfactometer can be used, but then
replaceable masks must be used. Their price is insignificant in relation to the cost of the
device. As mentioned, panelists will be required to undergo a comprehensive sniff test
prior to each survey to see if they are suitable to perform the measurements that day. In this
case, the SST test, also used in this study, can be used. The Screening SST-12 test (12 sticks)
costs approximately $400.

3. Results

To verify whether the choice of location of the air samples taken from under the
membrane could influence the results obtained, a comparison was made between the
results of the samples taken from the southern and northern side of the windrow. According
to the Mann–Whitney test results, at a significance level of p = 0.992, the null hypothesis of
the statistically significant difference between odor concentrations determined at both parts
of the windrow was rejected. Eight different variants of the biostabilization process were
studied. Table 2 contains a summary of the physicochemical and morphological parameters
of the waste deposited in the studied windrows, while Figure 2 shows the dependence of
odor concentration on the week of biostabilization in the variants under consideration.

Table 2. Summary of physicochemical and morphological parameters of waste deposited in the examined windrows—
evaluation of individual variants.

Parameter Unit Without
Addition

OWS
0.8 l/Mg

OWS
1.2 l/Mg OWS3 Phyto-1 Bio-1 Bio-2 Bio-2

Plast. Chem-1

Bulk density kg/m3 496 508 550 417 517 467 558 512 496
Moisture % 32.2 36.5 58.4 30.0 45.2 36.1 44.5 39.0 31.0

General org.
substance % d.m. 17.2 20.9 30.9 16.5 35.4 19.3 33.2 23.9 19.5

<10 mm

%

61.7 57.3 57.2 60.1 49.8 50.0 46.8 55.3 54.4
Food waste 10.4 9.2 9.6 7.4 11.0 11.7 12.7 13.0 17.3

Paper 10.2 14.7 14.4 7.8 11.2 17.2 12.8 13.1 11.0
Plastics 3.9 4.5 5.2 3.7 3.8 6.5 4.7 4.1 5.0
Textiles 0.1 0.5 0.4 0.3 0.6 0.2 0.9 0.2 0.2
Wood 1.0 0.7 0.6 0.6 2.7 0.5 3.1 1.1 0.4

Organic residue 1.9 1.3 0.8 10.7 1.6 3.0 2.6 1.1 1.0
Glass 7.4 6.5 7.0 5.4 8.7 5.1 7.1 5.7 5.4
Metal 0.7 1.0 2.2 0.9 1.7 1.5 1.6 2.3 1.7

Mineral residue 2.5 4.1 2.4 1.8 4.7 3.5 5.1 3.7 2.8
Others 0.2 0.2 0.2 1.3 4.2 0.8 2.6 0.4 0.8

The highest odor concentration values were recorded, in most cases, during the third
or fourth week of the process. For OWS3 0.8 L, odor concentration maximum occurred at
the second week, while for Chem 1, it occurred at the fifth week. During the first weeks of
waste stabilization with Chem-1, odor concentrations remained at 135–219 ou/m3. In the
fifth week, the concentration increased to 5000 ou/m3 and there was a rapid intensification
of the processes and emission of odorogenous compounds. This was because the inocula-
tion, which was a mixture of nitrogenous compounds, slowed down the biodegradation
processes of the waste in the test pile. For the windrows inoculated with Bio-2 and Bio-2
with plasticizers, the maximum odor concentration was observed at the fourth and third
weeks, respectively: It was 3750 ou/m3 and 5000 ou/m3. The addition of plasticizers
caused a significant intensification of odorogenous emissions already in the first weeks
of biostabilization. Additionally, the odor in this pile was very pungent: Acetone was
smelled in the pile for six weeks. Figure 3 shows the dependence of loss on ignition and
total organic carbon on the week of biostabilization.
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In most cases, the loss on ignition values ranged from 27.5% to 36.5%, while total or-
ganic carbon ranged from 14.6% to 21.6%. In the case of Bio-2 with plasticizers’ inoculation,
the values were slightly lower, ranging from 22.6% to 31.3% (loss on ignition) and 12.4%
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to 16.8% (total organic carbon). In most cases the trend was downward and significant
fluctuations, apart from the variability resulting from the biostabilization phase, could
have been due to the heterogeneity of sampling matrix.

Stegenta et al. (2016) demonstrated that the model that best describes oxygen con-
sumption from the biological decomposition of waste organic matter by microorganisms is
a first-order model, while the kinetics of decomposition of organic compounds is described
by the Formula (1) [60]:

C = C0 · e−kr·t (1)

where:

C is the content of organic compounds in the dry mass of the sample at time t, %;
C0 is the initial content of organic compounds in the dry mass of the sample, %;
kr is the constant of organic compound decomposition rate of the first-order model,
days−1; and
t is time, days.

According to the first-order model, the values of constants of the rate of decomposition
of organic compounds (kr) and the rate of decomposition of organic carbon content (kOWO)
were determined. On their basis, the time of half-life of organic compounds and organic
carbon was determined as in Formula (2):

ti0.5 = ln2/ki (2)

Correlation coefficients between loss on ignition and organic carbon content and be-
tween odor concentration and the abovementioned parameters of windrow biostabilization
degree were also determined.

Table 3 contains the values of the constants of organic compounds’ decomposition
rate (according to the loss on ignition) and the constants of organic carbon decomposition
rate (according to the total organic carbon content) test variants: no preparation addition
and different types of preparations. Moreover, it also contains the values of the half-life
of the abovementioned parameters and the values of Spearman’s correlation coefficients
between them and odor concentration.

Table 3. Parameters of the kinetics of the decomposition of organic compounds and organic carbon with correlation
coefficients between the concentration of organic substances, organic carbon, and odor.

Variant

Parameters of Reaction’s Kinetics
Correlation CoefficientsOrg. Compounds

Decomposition.
Organic Carbon
Decomposition

kr, d−1 tr0.5, d−1 kOWO, d−1 tOWO0.5,
d−1

Org.
Subst.—Org.

Carbon

Org.
Subst.—

Cod

Org.
Carbon—

Cod.

Without addition of substance 0.004 173 0.004 180 0.91 −0.65 −0.41
OWS 0.8 l/Mg 0.005 131 0.005 139 0.92 0.40 0.52
OWS 1.2 l/Mg 0.001 485 0.004 167 0.80 −0.86 −0.61

OWS3 0.005 128 0.006 110 0.96 −0.57 −0.42
Phyto-1 0.006 108 0.007 97 0.99 0.69 0.68
Bio-1. 0.004 180 0.001 607 0.65 −0.97 −0.78
Bio-2 0.001 693 0.001 607 0.99 −0.10 −0.12

Bio-2 plast. 0.004 187 0.003 270 0.96 0.55 0.73
Chem-1 −0.0004 - −0.0009 - 0.61 0.87 0.73

4. Discussion

The use of the developed methodology for the assessment of individual technological
variants of the biostabilization process allowed me to choose the most effective method,
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considering both the degree of biological stabilization of waste and the minimization of
odor nuisance.

The decrease of odor concentration values, after reaching the maximum, may indicate
the end of the thermophilic phase and the transition to the psychrophilic phase called the
cooling phase (low-temperature biostabilization). During this phase, the degradation of
compounds that are difficult to decompose is followed by further mineralization of organic
matter. The emission of odorous volatile compounds during biostabilization is significantly
influenced by the process temperature, one of the indicators of the biodegradation degree.
The vapor pressure of saturation of biomass compounds depends exponentially on the
temperature value. According to Kucic, ammonium concentration grows between the
second and third weeks, increasing odor concentration [61]. This explains the increase in
this parameter in those weeks in the present study. In the thermophilic phase, there is easier
evaporation, an increase of odorous compounds in concentration in the emitted gases, and
an increase in the rate of the degradation processes. This can lead to an oxygen deficit,
activation of facultatively anaerobic microorganisms, and a change in the direction of
transformations. Easily volatile compounds are then formed, aldehydes and other carbonyl
compounds, causing increased odor nuisance.

Microbial inoculation on the wastes results in a significant reduction in the opera-
tion time (due to microbial action) of the degradation process [62], which was shown in
the present study, according to the changes of odor concentration values. A very signif-
icant difference was observed between the odor concentration values obtained during
biostabilization of the windrows without the addition of inoculum and with the addi-
tion of a mixture of phototrophic bacteria, lactic acid bacteria, and yeast (OWS). In the
first three weeks, the odor concentration was at a similar level. In the fourth week, it
started to decrease in the OWS-inoculated windrow, while it increased rapidly in the
non-inoculated one. The maximum concentration in the uninoculated windrow was as
high as 15,000 ou/m3 and began to decline in the fifth week, reaching 4300 ou/m3 in the
sixth week. In this OWS-inoculated windrow, the odor concentration was only 750 ou/m3

at the end of the fourth week and 269 ou/m3 at the end of the sixth week. It confirmed the
findings that enhanced enzymatic activity accounted for the accelerated composting by
these effective microbes [63] and effectively reduced the odorous emissions, mainly volatile
organic compounds (VOCs) [62,64,65].

According to Haug (2018), the value of the reaction rate constant of the composting
process ranged from 0.002 d−1 to 0.15 d−1 [66]. In this evaluation of individual process
variants, the values of the constant rate of decomposition of organic compounds ranged
from −0.0004 d−1 to 0.006 d−1, while the values of the constant rate of decomposition of
organic carbon content ranged from −0.0009 d−1 to 0.007 d−1. In three of the variants
under consideration, the values of the organic compounds’ degradation rate constant were
lower than the range given by Haug (2018): OWS grafting 1.2 l/Mg (kr = 0.001 d−1), Bio-2
grafting (kr = 0.001 d−1), and Chem-1 grafting (kr = −0.0009 d−1). The values of the organic
carbon content distribution rate constant were lower than the abovementioned range in
three variants: Bio-1 grafting (kr = 0.001 d−1), Bio-2 grafting (kr = 0.001 d−1), and Chem-1
grafting (kr = −0.0009 d−1).

The emission of odorous compounds depends on the kinetics of oxygen consumption
by microorganisms and the decomposition of organic compounds in individual phases of
biostabilization. Stegenta et al. carried out a study to check the extent to which the two
mathematical models fit into the oxygen consumption curve for waste samples at different
stages of the biostabilization process and to propose a model with higher usability [60].
The studies were carried out on a technical scale, under the operating conditions of the
biostabilization plant, where OWS bacterial biopreparation was used. The tests were
carried out in two variants: with the use of waste batches vaccinated with biopreparation
and non-vaccinated waste. The biostabilization process was conducted for seven weeks.
The initial organic matter content in the reactors was about 75%. During the next weeks of
the biostabilization process, a gradual decrease in the content of the biodegradable fraction
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was observed. In the reactor not vaccinated with the biopreparation, the final content of
the biodegradable fraction was at the level of 60%, while in the vaccinated reactor it was
65%. In these studies, the effect of vaccinating the waste with biopreparation on increasing
the respiratory activity of microorganisms was observed as well as kinetic parameters
describing oxygen consumption during the first three weeks of the process. Observed in
the fifth week in the unvaccinated waste and the fourth week in the waste vaccinated with
biopreparation was a renewed increase in the rate of oxygen consumption that could result
from an increase in the availability of organic matter from materials that are difficult to
decompose, such as cellulose, which was not available in the first phase of the process. In
the later stages of the process, the need for oxygen was gradually reduced. This is due to
a decrease in the content of available organic matter and a higher proportion of mineral
fraction and, consequently, lower activity of microorganisms [60,67].

In the present study, the correlation between organic matter content and organic
carbon concentration was, in most cases, strong (in seven out of nine cases the value of
the correlation coefficient ranged from 0.80 to 0.99), while in two cases—Bio-1 and Chem-
1—the value of the correlation coefficient was 0.61 and 0.65, respectively. The value of the
correlation coefficient between the abovementioned parameters and odor concentration
was variable, ranging from −0.97 (Bio-1) to 0.87 (Chem-1). The highest values of decom-
position rate constants were obtained for Phyto-1 (kr = 0.006 d−1, kOWO = 0.007 d−1). The
corresponding values of half-life of decomposition were tr0.5 = 108 d and tOWO0.5 = 97 d.
Therefore, considering the basic parameters showing the degree of biostabilization, it seems
that the Phyto-1 preparation had the most beneficial effect on the process of waste aerobic
biostabilization. However, the olfactometric examination of the windrow vaccinated with
this preparation indicated a potential significant odor nuisance for at least four weeks.
Already in the first week, an odor concentration under the membrane of 1201 ou/m3

was recorded (in the ‘reference’ windrow 721 ou/m3), while from weeks 2 to 4 the odor
concentration was 4300 ou/m3 and in the ‘reference’ windrow it was between 600 ou/m3

and 3750 ou/m3. Significant reduction of the odor concentration emitted from the windrow
vaccinated with Phyto-1 preparation occurred only after week 4: On the 37th day of the
process, the odor concentration value of 515 ou/m3 (“reference” windrow—600 ou/m3)
was recorded.

On the other hand, the lowest odor concentration values emitted from the windrow
were recorded in the case of waste vaccinated with Chem-1 preparation. During the whole
process, lasting 43 days, results ranging from 13 ou/m3 (odor concentration on the last day
of biostabilization) to 260 ou/m3 (36th day of biostabilization) were recorded. However, the
results of tests on the concentration of organic compounds and organic carbon, as well as
on the kinetics of the decomposition reaction, allowed concluding that the biostabilization
process did not occur correctly in this case. Constant decomposition of the abovementioned
compounds was negative.

A similar situation was observed in the case of Bio-1. Although the results of olfactometric
tests were much lower than in the case of the “reference” windrow, odor concentration from
35 ou/m3 to 350 ou/m3 (the “reference” windrow was characterized by values from 35 ou/m3

to 3000 ou/m3), the organic carbon decomposition constant was only 0.001 d−1 and the half-
life of decomposition was 607 d. The low speed of decomposition processes resulted in low
emissions and, thus, in low nuisance. It should be stressed, however, that this concerns the
overall kinetics of the process and not instantaneous measurements.

5. Summary and Conclusions

The paper attempted to relate the odor concentration to the degree of biological stabi-
lization of waste inoculated with different types of inoculum. This issue has application
values that may result in the implementation of new control systems for waste stabilization
bioreactors as well as the evaluation of applied technological solutions, including the
inoculation of windrows. Existing control systems use feedback between temperature
measurements and fan settings, while to determine the degree of stabilization, a sam-
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ple must be taken and analyzed off-line during several days. An important factor is to
keep the environmental impact low, which classical methods of assessing the degree of
biostabilization do not take into account. The proposed method provides an opportunity
to optimize the process concerning the objective function related to the low degree of
odor nuisance of the technologies used, including the selection of environmentally safe
inoculum of the windrows. In addition, because of the simplicity and short measurement
time, especially compared to the lengthy chemical determinations used nowadays, technol-
ogists can respond more quickly to any anomalies that occur during the biostabilization
process. As a result, it is possible to initiate actions to prevent the spread of odorants in
the air and, consequently, avoid their impact on the health of workers and residents of
surrounding habitats.

The olfactometric tests showed the necessity of using the preparation to reduce the
value of odor concentration. However, to choose the most effective preparation, it is
necessary to consider not only the chemical parameters showing the degree of biostabi-
lization but also the concentration of odor emitted from the windrows in the subsequent
stages of this process. Only such a comprehensive analysis can lead to the selection of the
optimal variant.

To sum up, the odor concentration is an important indicator of the maturity of waste
subjected to biostabilization. In turn, olfactometric testing (with particular emphasis on in
situ testing) is an appropriate, adequate technique for the monitoring of compost windrows
and windrows of biostabilized waste and for verifying the degree of biostabilization of
the final product, a technique which, in addition to the standard methods commonly used
(AT4 determination, organic carbon content, organic matter content, etc.) can be useful in
determining the degree of waste biostabilization.
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