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Abstract: The present study sought to investigate the formation of carbon monoxide (CO) during
aerobic biostabilization (AB) of the organic fraction of municipal solid waste (OFMSW) in forced
aerated piles. Understanding the factors influencing CO formation may be important not only for
safety, but also for environmental and technical reasons. The objective of the study was to
determine the effect of the technical parameters of the piles on the concentration of CO in the
process gas during AB of the OFMSW in a full-scale waste treatment system: rate of waste aeration
(from 3365 to 12,744 m>Mg™), waste mass loads in the pile (from 391 to 702 Mg), thermal
conditions, application of sidewalls as an element of pile bioreactor construction, concentration of
Oz and COz in the waste piles and the duration of the process from 6 to 9 weeks. The temperature
and concentration of Oz, COz, CO, CH: were measured in each pile at weekly intervals. All six
reactors provide stable thermal and aerobic conditions, but the presence of CO was observed,
ranging from a few to over 2000 ppm, which demonstrated that ensuring optimum conditions for
the process is not sufficient for CO to be eliminated. A moderate, non-linear rise in CO
concentration was observed along with a rise in the temperature inside the reactors. Concentrations
of CO were not highly correlated with those of O2 or CO2. An increase in waste mass loads
increased the CO concentration in waste piles, while application of sidewalls decreased CO
concentration. Increasing aeration rate had an influence on CO production, and the highest CO
concentrations were noted under air flow rate 5.3 m>Mg"-h-'.
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1. Introduction

Carbon monoxide (CO) emissions arising from the composting of green waste [1], organic
waste [2] and the organic fraction of municipal solid waste (OFMSW) [3,4], may be a hazard in the
work environment, with the risk of intoxication and even death [3]. Mostly, OFMSW is stabilized in
mechanical and biological treatment (MBT) plants [5]. Due to the increasing number of MBT plants
in Poland [6], and in Europe more generally (490 facilities [7]), research on the influence of
technological parameters on CO formation during the biological stabilization of OFMSW is both
important and novel.
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To date, studies on emissions from composting have been concerned mainly with carbon
dioxide (CO2), methane (CH4) and nitrous oxide (N20) [8], or have focused only on CHs [9] or CO:
emissions [10]. Therefore, the knowledge on CO formation during waste composting or aerobic
biostabilization (AB) of OFMSW is relatively poor, considering the importance of limiting workers’
exposure to CO.

There are several studies attempting to explain the origin of carbon monoxide from biological
processes. Some researchers pursue the hypothesis that carbon monoxide is of physico-chemical and
thermo-chemical origin [3,11] and that these two types of CO production pathways can co-exist in
material at the same time. However, other studies point out that moisture content or type of material
also have an impact on CO emissions [12]. Haarstad et al. [2] noted much larger concentrations of
carbon monoxide during aerobic than in anaerobic processes, and Hellebrand and Kalk [13] linked
CO release directly to the availability of oxygen.

Research by Hellebrand and Schade (2008) into CO emissions from sterilized and non-sterilized
waste does not confirm the role of microorganisms; instead, the authors claim that the process is
promoted by increased temperatures and requires oxygen. However, there are studies describing
the production of carbon monoxide by strains of bacteria found in piles of composted waste, such as
methanogenic bacteria [14] or sulphate-reducing bacteria [15]. Carbon monoxide dehydrogenase, an
enzyme present in methanogenic bacteria, may act as a mediator in the reduction of CO:z to CO, but
may also be a catalyst in a reverse reaction in which CO is oxidized to CO2 [16]. Research conducted
by Phillip et al. [3] confirms this link and points to a high correlation between CO and CO:x.
Therefore, directly or indirectly, CO formation may be related to respiration activity, as CO2 mostly
is a product of biological oxidation. However, aeration of the waste indirectly influences the
biological activity, moisture content, transport of vapour, natural ventilation, oxygenation of the pile
and temperature distribution [17], all of which finally affect CO formation. The specific influence of
these parameters on CO net production is not known.

In full-scale operations, adequate aeration is essential to ensure effective aerobic decomposition
of OM. Regulating the intensity of air supply affects heat losses and offers a means of controlling the
temperature inside the waste pile. Reactors with intensive aeration systems, used in the biological
stabilization of OFMSW, facilitate quick decomposition of organic matter, but may also lead to
emissions of undesirable gases [18]. Chadwick et al. [19] have demonstrated that gas emissions
depend on process conditions. Emissions of GHGs are affected by various composting parameters,
including mechanical agitation, moisture content and temperature [20], the input material, its
porosity and pH [21].

Despite this, the effect of technical parameters on carbon monoxide production during the AB
of OFMSW is not well known, and the available knowledge of these phenomena and effect of the
process conditions comes mainly from experiments involving the composting of animal and plant
material. Additionally, the Best Available Techniques for Waste Treatment [22] gives no specific
recommendations on the technical parameters for minimising CO production. Therefore, we test the
concept that mitigation of CO production during AB of OFMSW may be achieved by modification of
aeration rate, waste mass loads, temperature control, and details of the reactor construction.

The present study was conducted to determine the effect of intensity of waste aeration, waste
mass load, and reactor construction on the formation of CO during OFMSW biostabilization under
full-scale conditions. These hypotheses were tested using the raw data previously published [23].

2. Materials and Methods

As the materials and methods were described in detail by Stegenta-Dabrowska et al. [23], here
we include only the most relevant information.
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2.1. Waste Biostabilization Technology

The study was conducted at a municipal waste treatment plant in Poland. Mixed municipal
waste was processed initially by mechanical separation due to screening producing a <80 mm
OFMSW fraction. The entire OFMSW was then loaded via a feeding mechanism and a charging
hopper onto trucks transporting the waste to biostabilization sites.

The OFMSW treatment in this facility consisted of AB in piles with forced aeration. To form the
piles, waste was placed over three linear aeration channels forming a trapezoidal pile (up to 3 m
high, ca 8 m wide, ca 50 m long) and was then covered with a semipermeable membrane held down
by means of sand-filled firehoses placed along their long edges. The membrane had three layers: a
lower, abrasion-resistant layer in contact with waste; a porous mid-layer (ePTFE), permeable to air
and vapour, but not volatile organic compounds, H25 or NHs; and an external protective layer
impermeable to liquid water and resistant to UV radiation.

After covering each pile, temperature sensors were inserted, linked by optical fibre cables to a
central control unit which also controlled the air blowers. After the pile had been prepared, forced
aeration was started to maintain aerobic conditions. Blowers supplied air via three channels running
almost the entire length (45 m) beneath each reactor, covered by a perforated cast iron plate and
blocked at the far end, ensuring penetration of air through the waste material. Aeration channels
also enabled leachate generated during AB to flow out through a water-filled siphon (water height
~60 cm), preventing the escape of air through the leachate collection system. Gaseous and dust
pollutants in the process air were retained by passing through the waste mass and semipermeable
membrane, and purified process gas then dispersed to atmosphere. At the end of the biostabilization
process (after 6 to 9 weeks), the membrane was taken off and the waste removed with a loader, thus
ending the waste pile work cycle.

2.2. Methodology

2.2.1. Monitoring the Treatment Piles

As this investigation was conducted at field scale, under the normal regimes for processing
OFMSW in which multiple operational parameters vary both in space and time, we adopted the
strategy of generating a multivariate set of observations for inductive (hypothesis-generating) data
analysis. Six waste piles with different configurations were monitored throughout the AB process in
an attempt to determine the effects of aeration rate, waste mass load, and reactor construction on
changes in the concentration of process gases, with special attention paid to carbon monoxide. The
experimental configuration was as follows:

e Piles Al and A2 represented the variant with lower waste mass load ranging from 391 to 465
Mg, and higher aeration rate between 6.6, and 10.7 m3>Mg"-h™;

e Piles B1, B2, C1, and C2 represented the variant with higher waste mass load from 611 to 702
Mg, and lower aeration rate between 4.4, and 6.5 m3>Mg1-h™;

e  Piles C1 and C2 differed from Al, A2, B1 and B2 by being confined by brick sidewalls running
the length of the pile, over which the membrane was stretched. In piles Al, A2, B1 and B2, the
semipermeable membrane covering the piles was attached to the ground by means of firehoses
filled with sand. In other respects, piles C1 and C2 were similar to Bl and B2, having similar
waste mass load from 626 to 672 Mg, and aeration rate between 4.6, and 6.1 m>Mg'-h™;

e  The duration of the full cycle of AB lasted nine weeks in piles (A1, A2 and B1) and six weeks in
the remaining piles (B2, C1 and C2).

The monitoring configuration, and technical parameters of all piles are detailed elsewhere [23].

2.2.2. Material and Course of Experiment

The OFMSW morphological composition had relatively low heterogeneity, confirmed by
coefficients of variation not exceeding 7.8% based on raw data from Stegenta-Dabrowska et al. [23],
due to being mechanically screened through a sieve. For each of the six waste piles, procedures for
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building, initial waste sampling, dismantling, and final sampling were similar. Temperatures and
gas concentrations inside the pile were measured at weekly intervals.

2.2.3. Measurements of Waste Properties

Six samples of the OFMSW were taken at both the start and end of the process to characterise its
initial and final properties [23]. Sampling and testing procedures, in accordance with Polish
standards, included: moisture content (PN-EN 14346:2011), loss on ignition (LOI) (PN-EN
15169:2011), total organic carbon (PN-EN 15936:2013), and morphological composition
(PN-93/Z-15006). The total waste mass before and after process was calculated on industrial scales to
accuracy 0.1 Mg. The raw data are available elsewhere [23].

2.2.4. Measurements of Temperature and Gas Distribution in the Piles

Procedures for gas and temperature monitoring inside the waste piles are detailed elsewhere
[23]. Gas concentrations within the pile were determined using a tubular stainless-steel perforated
probe, lined with a silicone tube through which gas was withdrawn into an electrochemical analyser
Kigaz 300 (Kimo Instruments, Chevry-Cossigny, France). The probe unit was sealed to prevent
atmospheric air entering, hence gas captured at specific points within the waste pile is directed to the
analyser due to negative pressure generated by its internal pump [23]. Temperature at each gas
sample point was measured by a thermocouple located at the probe tip. During gas sampling, the
semipermeable membrane was removed from the pile.

Measurements were taken at distances of 2.5, 17.5, 32.5 and 47.5 m from the blower (Figure 1), at
three heights (H) which differed depending on the size of each pile [23]. Separate measurements
were taken on the right and left sides of the pile. In addition, on the left side (looking from the fan
position) at each distance point at mid-height, a “deep” measurement was taken to illustrate the
concentration of gases at depth within the pile. Locations of gas samples along the length and
cross-sections of the pile, (depending on the presence of sidewalls) are detailed in Figure 1 and
Stegenta-Dabrowska et al. [23]. On each sampling occasion, a total of 28 measurements were made
within each pile (7 across x 4 along), which represents the spatial variation within each pile. In the
dataset given by Stegenta-Dabrowska et al. [23], the original, unprocessed data are presented. Gas
concentrations are recorded as 10,000 or 15,000 ppm for CHs, and 1000 or 5000 ppm for CO, which
denote out-of-range values or instrument error. All such data were excluded from the dataset and
statistical analyses reported here. It should be noted that the accuracy of CO measurement changes
in the range: 0-200 ppm (+5 ppm); 201-2000 ppm (+5%); 2001-8000 ppm (+10%).
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emperature]
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Figure 1. Scheme of probing points in piles.
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2.3. Statistical Data Analysis

A Generalized Additive Model (GAM) was applied to the combined CO data for the waste
piles. GAMs are a class of statistical model in which (some of) the usual linear relationships between
the response and predictors are replaced by several nonlinear smooth functions to model and
capture the nonlinearities in the data

g(w) = by + f1(xq) + () +, ... + 5 (xp) (1)

where g(u) is the generalized function of CO; f(x1..p) are non-linear functions of predictor variables
(mass, aeration etc.).

A GAM was deemed to be the most appropriate model as data exploration showed persistent
non-linear relationships between CO and time which were unique to each pile. The purpose of the
model was to determine which other predictors influenced these relationships. The time-pile
interaction was modelled as a thin-plate regression spline, and the linear predictors aeration,
construction (side walls vs. no side walls) and starting mass (high vs. low) were added in all possible
combinations. The Akaike Information Criterion was calculated for each model, which were ranked
from lowest AIC (best) to highest AIC (worst). The dataset was split into two (piles A1, B1 and C1 in
one group, and piles A2, B2 and C2 in the other) and the process was repeated to test the robustness
of the conclusions.

Principal component analysis (PCA) was used to understand the variation and correlations
among the different parameters of the AB process and to screen for the most important factors
influencing CO formation. PCA (a linear dimensionality reduction algorithm) can aid the
interpretation of complex multi-factorial relationships by means of simple displays of the major
variation among the measured parameters. Initially, a PCA model for the combined data was
determined, followed by three separate models for pile pairs A1-A2, B1-B2, and C1-C2. Analyses
were made using Statistica 13 (TIBCO Software Inc., Palo Alto, CA, USA) and R statistical software
[24,25] with package mgcv [26].

3. Results and Discussion

3.1. Process Effectiveness

The composition of material used in AB influences the changing properties of the waste during
the process. In this study, the initial moisture concentration in all piles was ca 40%
Stegenta-Dabrowska et al. [23], which is below the optimum range of 50 to 60% according to Liang et
al. [27]. Removal of moisture (61% and 71%) was much greater in piles with lower initial mass (Al
and A2) (Table 1). High moisture removal efficiency could result from the high aeration rate, ca
12,700 m*Mg! Stegenta-Dabrowska et al. [23], which is close to the recommended rate for waste
biodrying [28]. Similar results were achieved by Ermolaev et al. [29] who shortened the length of the
composting pile by half, which significantly increased the effectiveness of water removal with the
same technical parameters. The use of sidewalls, a decrease in aeration rate [23], and shortening of
the process duration in reactors C1 and C2 significantly reduced the moisture removal rate to ca 26%
(Table 1). A similar rate of moisture removal was noted for piles Bl and B2, characterized by the
highest initial waste mass. The aeration rates in piles B1, B2, C1, and C2 were more suitable for
biostabilization than for biodrying. However, removal efficiencies were higher in the present study
compared to the process carried out by Mulbry and Ahn [30], in which a decrease of ca 10% was
achieved.

The initial organic matter concentration expressed as loss on ignition (LOI) was between 30 and
38% d.m., while initial total organic carbon (TOC) changed from 17.6 to 22.0% [23], which is just over
half of that observed by Evangelou et al. [31] and Komilis et al. [32] in large-scale MBT facilities. The
longer processing period in piles A1, A2, (9 weeks) greatly increased the removal of organic matter
(LOI and TOC) in comparison with piles B2 and C2 (6 weeks) (Table 1). However, pile B1, where the
process duration was also 9 weeks, showed a reduced organic matter removal rate, probably related
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to its higher waste load (Table 1). The presence of sidewalls in pile C2 decreased both LOI and TOC
removal (Table 1).

Processing time also influenced the decrease in waste mass (33.6 to 35.8% in 9-week piles, and
25.9 to 27.4% in 6-week piles (Table 1). These results are similar to the average values achieved in
similar facilities using municipal waste AB technology in Poland [33]. The lowest removal
efficiencies of mass, moisture and organic matter occurred in piles C1 and C2, constructed with
sidewalls. (Table 1). In these piles, the fine fraction concentration of the MSW (granulometric size <
20 mm), was exceptionally high (73.7 to 77.0%) [23], compared to other piles (66.3 and 68.4%) and to
the average organic fraction of MSW in Poland [33]. This may be due to the side walls inhibiting the
efficient penetration of air throughout the waste pile.

Table 1. Effectiveness of waste treatment (rate of removal of moisture, loss on ignition, total organic
carbon, waste mass, during aerobic biostabilization). MCP: membrane-covered pile; SW: with side

walls.
Parameter
. . Loss on Total. Waste Tote‘ll Waste Reactor Duration
Pile  Moisture Ignition Organic Mass Aeration  Mass Design  of Cycle
Carbon Intensity  Load
% % % % m3-Mg! Mg - days
Al 61.1 26.1 27.3 35.2 12,744 465.38 MCP 69
A2 71.4 31.0 34.5 33.6 12,681 391.02 MCP 66
B1 22.8 18.0 8.2 35.8 5205 702.38 MCP 64
B2 30.8 12.0 9.6 27.4 5690 611.36 MCP 43
C1 26.0 - - 244 5461 626.14 SW 42
C2 26.7 4.2 3.9 25.9 3365 671.84 SW 42

3.2. Thermal Conditions of the Process

The process was characterized by relatively small variation in temperature within and between
the piles, after an initial rise (Figures 2 and 3). During pile construction, ambient temperatures (ca 20
°C) were similar in all cases (Figure 2). The lowest initial temperatures occurred in piles with the
lower input waste mass (A1 23 °C; A2 26 °C) (Figure 3), followed by a lag-phase of about two weeks
and a sharp rise to over 60 °C. Similar temperature changes were observed in a reactor without
forced aeration during tests conducted by Jiang et al. [34]. However, other studies carried out on a
much bigger scale [30] showed that static piles may self-heat without the lag-phase. An experiment
conducted in similar conditions [29] showed that, despite continuous operation, blowers sometimes
fail to maintain the desired temperature. In the case of piles Al and A2, aeration rate may have been
too great during the initial low-temperature phase, dissipating the heat generated by organic matter
decomposition and delaying the internal warming. The effect of a temperature decrease in MSW due
to increased aeration was also observed by Shen et al. [35].

The remaining piles were characterised by a much higher initial temperature (B1 38.2 °C; to C2
48.1 °C) and a rapid temperature rise by day 9 to 60 °C, similar to the study by Adani et al. [36].
Temperatures in piles C1 and C2 followed the three typical degradation phases (mesophilic;
thermophilic; cooling), whereas in Al, A2, B1 and B2 the cooling phases were not observed within
the process timescale. This pattern of temperature change is typical in biostabilzation of MSW [36],
as well as in composting green waste [37], kitchen waste [38] and duck manure with
vermicomposting [39].

The use of sidewalls (e.g., in pile C2) proved to be disadvantageous to maintaining the
temperature, causing disruptions in the thermal conditions inside the reactor, which manifested in a
lowering of the temperature and acceleration of the cooling phase in comparison with pile B2 with
the same waste retention time. In addition, the temperature measured on the last day of the process
in C1 was the lowest, ca. 38 °C, while in the remaining piles it was above 48 °C (Figure 3). In all piles,
temperatures were mostly below the optimum of 59 °C [40] (Figure A1). The longest period with the
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optimum temperature was maintained in pile Al (from the end of the 3rd to 6th week). In pile A2,
that point was reached only at the end of the 3rd week. In pile Bl the optimum temperature was
achieved in 6th, 8th, and 9th week, while in B2 only in 5th week. In piles C1 and C2, temperatures
were optimal only during 2nd to 3rd, and 3rd to 4th weeks, respectively (Figure 3). Temperatures
never reached 70 °C, above which biological processes would be inhibited [40].

Differences in aeration activity had an impact on temperature. Increasing the aeration rate led
to greater heat production due to enhanced oxidation, but on the other hand, it also increased heat
transport from the pile [41]. Reduced organic matter degradation due to lower air supply had a
greater influence on pile heat balance than convective heat transport from process air. When total
aeration was below 5000 m3>-Mg~! lower temperatures were observed, probably due to slowing down
the rate of organic matter degradation. In addition, constructing the reactor with sidewalls (C1, C2)
could influence temperature, despite similar aeration. Reducing the waste mass placed in the reactor
led to a substantial decrease in the average temperature by ca 15 °C in comparison with the process
over the same period but with a higher mass of waste. On the other hand, decreasing the process
duration to six weeks in pile B2 did not cause any disruptions in the thermal conditions. The most
favourable thermal conditions (slightly above optimal temperature [40]) were achieved when the
process lasted nine weeks and with a larger input mass (pile B1).
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Figure 2. Ambient temperature changes during measurement of aerobic biostabilization of OFMSW
in aerated piles (A1, A2, B1, B2, C1, and C2).
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Figure 3. Temperature changes during aerobic biostabilization of OFMSW in aerated piles (A1, A2,
B1, B2, C1, and C2) (average + standard deviation).

3.3. Changes in Gas Concentrations During Waste Aerobic Biostabilization

Changes over time in gas concentrations are illustrated graphically and discussed in the
following sections. As in the case of temperature measurements above, each point represents the
overall average condition within each pile, integrated across the width and along the whole length,
as indicated by the sampling scheme in Figure 1.

3.3.1. O2 Concentrations in Waste Piles

In all piles, aerobic conditions prevailed during the treatment, indicating that the applied
aeration rates ensured adequate ventilation within the processing waste mass. Pile B1 showed the
lowest initial oxygen concentration, which reflects the most intense phase of biodegradation at the
start of the process [34] when oxygen deficits may occur. Slight changes in the average percentage
concentration of oxygen during the process usually did not exceed 1%. The greatest average change
was observed in pile B1, from 12.3% at the beginning of the week to 19.3% towards the end of the
process. In all piles, the process ended with an average O: concentration above 18% (Figure 4).
However, the wide standard deviation bars indicate great variability in the spatial distribution of
oxygen within all piles (Figure A1).

The aeration values observed in the study by Stegenta-Dabrowska et al. [23] were below the
recommended [33] value of >10 m3Mg--h-, but this did not appear to have a negative effect on the
concentration of oxygen in the piles. This could be due to the relatively low concentration of organic
matter [23].
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Figure 4. Oxygen concentration in aerated waste piles (A1, A2, B1, B2, C1, and C2) changes during
aerobic biostabilization of OFMSW (average + standard deviation).

3.3.2. CO2 Concentration in Waste Piles

As with Oz concentration, the high variability of the CO: concentration indicated great spatial
heterogeneity of this gas (Figure 5; Figure Al). Average concentrations observed were between 0.4
and 5.5%, with a majority around 2%. The results correspond to those obtained by Clemens and
Cubhls [42] from various types of piles composting municipal waste, and by Stegenta et. al. [43] from
green waste composting. The similar results were also obtained in home composting conditions [44].
There was no observable effect of sidewalls, aeration, or waste mass load on carbon dioxide
concentration, which remained low throughout the entire biostabilization process in all piles,
corresponding with high Oz concentration, and again confirming that aeration of the piles was
consistently high.
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Figure 5. Carbon dioxide concentration in aerated waste piles (A1, A2, B1, B2, C1, and C2) changes
during aerobic biostabilization of OFMSW (average + standard deviation).

3.3.3. CHa1 Concentration in Waste Piles

Methane concentrations in the waste piles were characterized by high variability during the
entire process (Figure 6; Figure A1), again indicating spatial heterogeneity within the piles. Similarly
high differences in methane emissions during municipal waste composting, ranging from 0.12 to 9
kg CHaper ton of waste were recorded by Colon et al. [45]. Such high variability resulted from the
effect of the input material, type of composting system and process efficiency.

The concentration of CHa increased up to ca. 5000 ppm during the first week (in piles Al, B2,
and C1) from the first measurement, after which it decreased over time. Similarly, in an experiment
conducted by Fukumoto et al. [46] high methane emissions were observed immediately after the
composting process started and the amount of methane decreased progressively. Pile turning led to
a renewed increase in the amount of methane. Tests conducted by He et al. [47] during aeration of
food waste also revealed the highest CH4 concentration at the beginning of the process. However,
the addition of cattle manure (organic matter load) increased methane emissions not only at the
beginning but also throughout the entire experiment. Similar tests were carried out on pig manure
[48]. It was demonstrated that the addition of straw, enhancing the porosity of the composted
material, could lower gas emissions during composting. Methane was produced mostly in the centre
of the pile, during the thermophilic stage.

The highest concentration of CHs in piles B1 and B2 was observed also in the same piles in a
case of higher COzand lower O:2 concentrations. Shortening the duration of the treatment did not
have a major impact on methane concentration. The sidewalls in reactors C1 and C2 were much
more effective in lowering methane concentration. In contrast, the decreased mass of stabilized
waste in reactors Al and A2 maximized CHa concentration.

Thompson et al. [49] linked CH4 and CO2 emissions to insufficient pile aeration. According to
Zeman et al. [50], on the other hand, optimization of the aeration process may reduce but not stop
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methane generation, as was also confirmed by the present study. Even with a high degree of aeration
of the waste pile, some local anaerobic zones may arise due to the creation of air preferential flow
channels. The high variability of measured temperature, Oz, COz, and CHs may indicate the presence
of local anaerobic zones, even when overall levels of oxygen appear to be high.
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Figure 6. Methane concentration in aerated waste piles (A1, A2, B1, B2, C1, and C2) changes during
aerobic biostabilization of OFMSW (average + standard deviation).

3.3.4. CO Concentration in Waste Piles

Emissions of CO gas have been observed during the composting of municipal waste [3,23]. CO
metabolism during organic matter decomposition is linked to pathways for energy generation and
cellular carbon synthesis in, for example, carboxydotrophic bacteria and other microbes, which use
CO as their sole source of carbon and energy. In anaerobic environments, CO is produced by
acetogens and methanogens, which catalyse the reduction of CO2 to CO with carbon monoxide
dehydrogenase (CODH) [51].

In this study, CO concentrations were spatially variable within every pile, and the gas was
present throughout the entire process despite optimum thermal and aerobic conditions (Figure 7).
The highest average value, exceeding 800 ppm, was noted in the case of pile B2 during the second
week of the process (Figure 7).

Lower CO concentrations were recorded in piles A1 and A2 where a smaller quantity of waste
was used and in piles C1 and C2, having sidewalls, combined with reduced aeration.

The highest carbon monoxide concentrations were in piles B1 and B2, with higher waste mass
loads, and lower aeration rate, nearly twice the levels in Al and A2, despite the shorter run time.
Such high average CO concentrations result from high concentrations observed in the initial 34
weeks, although the biostabilization process ended with results similar to those observed in other
piles A1, A2, C1 and C2.
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The highest concentrations of CO were observed between the second and fifth week of the test.
Similar increases in CO emissions were observed by Boldrin et al. [52] during their study on green
waste composting and by Andersen et al. [53]. Pile B2 was characterized by the highest CO
concentration and highest average temperature. Aeration used in this case was relatively intensive
which, as demonstrated by a study conducted by Hellebrand [1], has a huge impact on CO
concentrations. Thus, the main CO concentrations in this study coincide with the highest
temperatures in the piles, consistent with findings of Phillip et al. [3]. Hence, the authors
hypothesize that CO generation has, at least partly, thermo-chemical origins.

1000 ——m—————————————+—+— [T T T T T T
800 |
600 |
400 t
200 |

0

1000
800 |
600 |
400 t
200

CO, ppm

1000
800 |
600 |
400 t

e L etk |

1 6 111621263136414651566166 1 6 11 16 21 26 31 36 41 46 51 56 61 66

Time, days

Figure 7. Carbon monoxide concentration in aerated waste piles (A1, A2, B1, B2, C1, and C2) changes
during aerobic biostabilization of OFMSW (average + standard deviation).

3.4. The Influence of Technical Parameters of OFMSW Aerobic Biostabilization

3.4.1. Generalized Additive Model

CO data were modelled using Generalized Additive Models (GAMs). All combinations of the
linear terms aeration, construction and mass were added to a starting model where the smoothed
time—pile interaction was the only predictor, and the models ranked by AIC (Table 2). A consistent
pattern emerged when comparing the results from the whole dataset with those when it was split
into two subsets. The best three models were always aeration and construction, construction and
mass, and aeration and construction and mass, although the order varied. Aeration and mass always
performed worse than either of its constituent terms alone. Construction alone always performed
the worst, sometimes even worse than the starting model. This indicates that construction was an
important feature, but only when aeration and/or mass was taken into account. That aeration and
mass were interchangeable in this respect indicates some relationship between them. Figure 8 shows
the predictions from the model, which included aeration and construction, as this was the most
parsimonious across the whole dataset. Different piles showed different timings for peak emergence
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of CO (A1, B2, C1 early; A2, Bl, C2 later) (Figure 8). A2 showed extreme high variability of CO
towards the end (after 45 days) (Figure 8).

Table 2. GAM models ranked by Akaike Information Criterion (AIC) from most to least

parsimonious.
Rank Whole Dataset Piles A1, B1 and C1 Piles A2, B2 and C2
. . . Aeration + construction +
1 Aeration + construction Construction + mass
mass
2 Construction + mass Aeration + construction Aeration + construction
Aeration + construction + Aeration + construction + .
3 Construction + mass
mass mass
4 Aeration Mass Aeration
5 Mass Aeration Mass
6 Aeration + mass Aeration + mass Aeration + mass
7 Construction Construction Smoothed-term only
8 Smoothed-term only Smoothed-term only Construction
Al A2 B1
(A) ) (B) . ‘ (C) &
g g %7 g %1
2 2 3
° T T T T T T T T °1 T T T T T T T ° T T T T T T T
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 ] 10 20 30 40 50 80
Day Day Day
B2 (4] c2
(D) & (E) " (F) &
<3 e g S 3 e
e

40

Figure 8. GAM predictions of CO over time from pile Al (A), A2 (B), B1 (C), B2 (D), C1 (E), C2 (F).
Aeration and construction (+ sidewalls) are linear predictors, while pile-time is a non-linear
interaction. The response variable transformation is cube root of x + 1. Dotted lines indicate standard
error of the mean. Overall R? (adj) = 0.46.

No single pile showed a best/worst situation for minimizing CO release. Some were more
variable than others (with some high values), but averages were around 5-10 ppm in all cases. This
is shown more clearly in Figure 9, where C1/C2 had the lowest CO mean values and B1/B2 the

highest (along with the highest waste
smaller surface areas in the case of C pi

mass load). They both had lower aeration rates, due to the
les (sidewalls).
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Figure 9. Effect of pile construction on CO production during the experiment, based on starting mass
(A) and the presence of sidewalls (B). Different colours represent different piles. CO is plotted on a
log10 scale for ease of viewing. Notches on the boxplots represent 95% confidence intervals.

3.4.2. Relationships Between CO, Gases and Other Variables in the Biostabilization Process

In the present study, a very high, negative correlation between carbon monoxide concentration
and oxygen (Figure 10) was found, suggesting that oxygen availability influences carbon monoxide
concentration more strongly than temperature. Research conducted by Hellebrand and Kalk [13] has
linked carbon monoxide emissions directly to the availability of oxygen in the pile. High
concentrations of CO may also be influenced by high activity of microorganisms in the tested
material. Authors studying CO emissions from organic materials agree that the effect of microbial
activity on CO concentration is significant [3,13-15]. The high temperatures > 60 °C prevailing in
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most piles provided optimal conditions for colonization with CO-metabolizing microorganisms [54],
which could be linked to a decrease in CO production.

The relationship between temperature and carbon monoxide (Figure 10) suggests the lack of a
simple correlation, especially for piles stabilized during the shorter period (B2, C1 and C2). This may
indicate that other biotic factors, not considered in this study, were important. Microbial production
of CO during composting has been proven in previous studies [14,15,55]. As a major precursor of CO
production, CO2 can arise from the decarboxylation of pyruvate, generated from sugars by the
Embden-Meyerhof pathway. It can also be formed from the carboxyl group of benzoic acid and its
derivatives [56,57]. The biodegradable fraction in the present study comprised 45.0 to 53.6% of the
waste [23], providing an enormous source of carbohydrates for CO production. The highest
concentration of organic matter was observed in B2 pile which, in combination with less aeration,
resulted in the most favourable conditions for CO production.

The differences in aeration are demonstrated in Figure 11, where the red points (piles A) are
distinct in several cases. It may be observed that in the piles with sidewalls (C1 and C2) the
relationship between O: concentration and CO: differs from that in piles Al, A2, B1, and B2, where
the decrease in the CO: concentration with the increase in Oz concentration is steeper. Additionally,
the highest CO concentrations, reaching even 2000 ppm, were noted only in a very narrow range of
air flow between 5.2 and 5.4 m*Mg"-h! (Figure 11) in the case of piles B1 and B2.
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Figure 10. Pairwise relationships between CO and CO: (A), CO and temperature (B), CO and
aeration rate (C), CO and O2 (D), CO2 and temperature (E), CO2 and aeration rate (F), COz and Oz (G),
CO: and temperature (H), and Oz and aeration rate (I) over the course of the experiment. Different
colors represent different piles.

Principal components analysis (PCA) was used to evaluate the relationship between individual
factors (temperature, aeration, Oz, CHs, CO2 and CO). PCA showed some separation between pile
groups. CO2 and O: loaded orthogonally to CO, further indicating that CO2 and O: were poorly
correlated with CO emissions (Figure 11A). This held true even when aeration rate was not included
in the PCA (Figure 11B).
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Figure 11. Principal components analysis of waste pile properties when aeration rate was included
(A) or excluded (B). Different colours represent different piles.

The separate PCAs for each pile type (A, B and C) (Figure 12) showed both similarities and
differences in the orientation of the variables. The most striking difference was that in B and C,
vector arrows representing CO and aeration were in opposition, while in the A piles they were not.
This may be caused by higher variability of CO concentration in piles B and C (Figure 7). It may also
indicate that, in the case of the A piles, the aeration rate was too high to have an influence on CO
formation, as evidenced by the consistently high level of O: throughout the biostabilization process
(Figure 4). The influence of aeration rate on CO formation was only distinguishable for flow rates
below 6 m3Mg-1-h! (Figure 10). In the separate PCAs for each pile type (A, B and C) (Figure 12),
individual sample points showed some separation on PC2 between piles within each type, although
there was overlap between the sets of points in all cases, indicating greater differences within
individual piles rather than between the pairs.
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Figure 12. Principal components analysis of waste pile properties for pile groups A (A), B (B) and C
(©). Different colours represent different piles.

These results show that the three pairs of piles behave differently from each other, which
explains why an earlier attempt to fit an overall general linear model (GLM; data not shown) was
unsuccessful. In particular, the B piles were consistent outliers, with very high CO production. B1/B2
piles would be expected to group with either A (which also had no walls) or C (which were also high
mass) piles. This suggests that a major, but unknown, source of variation influenced CO production.
However, the data evaluation showed that aeration rate and sidewalls do influence CO production
in the full technical scale OFMSW aerobic biostabilization. The highest CO production was noted in
piles with the highest waste mass loads (B, and C). However, in the case of pile C, the presence of
sidewalls caused cooling of the waste mass due to airflow concentrated in a smaller area. Finally, the
lower temperatures in piles C resulted in lower thermochemical CO production. In the case of the A
piles, the very high aeration rate, as recommended for waste biodrying, resulted in very low CO
accumulation.

4. Conclusions

e All examined piles were well aerated and had stable thermal conditions (02 > 15%,
Temperature > 50 °C), yet the presence of CO and CO: and CHs was observed, which suggests
that ensuring apparently optimum conditions for the process does not eliminate CO;

¢ Increase in waste mass load promotes conditions for CO accumulation;

e The use of side walls influenced pile cooling. A decrease in the temperature reduced the
possibility of thermo-chemical CO generation;

e  Oxygen concentration (R2= 0.55) and temperature (R?2= 0.44) had moderate effects on the CO
concentration in the waste piles;
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e  Aeration rate influenced CO concentration in the waste piles when its value did not exceed 6
mS.Mgfl.hfl;
e  The most preferable aeration rate for CO formation was about 5.3 m3-Mg--h-1.

Analysis of the CO concentrations for the six piles using GAM, showed that a combination of
factors (construction with either aeration or pile mass) gave the most efficient predictions of CO,
whereas no single factor could do so. The model predicted timings for peak levels of CO to be early
for piles Al, B2, C1 but later for A2, B1, C2, reflecting the complex interaction between these
technical parameters in the waste treatment system.

As the observations were made at the full technical scale and results do not fully explain the
influence of technological parameters on CO formation, further controlled experiments under
laboratory scale are required.
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temperature (D,H) across the duration of the experiment. Different colours represent different piles. Notches on the boxplots represent 95% confidence intervals.
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