‘ energies

Article

Carbon Monoxide Recovery from Organic Waste: Assessing
Composting as a Sustainable Valorization Pathway

Remigiusz Cielecki and Karolina Sobieraj *

W) Check for updates

Academic Editor: Diego Luna

Received: 19 January 2026

Revised: 6 February 2026

Accepted: 19 February 2026
Published: 20 February 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

Department of Applied Bioeconomy, Wroctaw University of Environmental and Life Sciences, 37a Chelmoriskiego
Street, 51-630 Wroctaw, Poland; 123790@student.upwr.edu.pl
* Correspondence: karolina.sobieraj@upwr.edu.pl; Tel.: +48-601-530-343

Abstract

Carbon monoxide (CO) is a key component of syngas and an important intermediate
in the chemical, metallurgical, heavy, and food industries. Although mainly associated
with thermochemical processes, CO can also be generated during composting, offering an
environmentally friendly biological alternative. This study assessed the potential for CO
production during laboratory-scale composting of seven selected organic waste fractions:
coffee grounds, green tea leaves/grounds, wheat straw, grass cuttings, branches, food
waste, and a biowaste mixture with an optimal C/N ratio. Composting was carried out
under laboratory conditions at 45 °C for 14 days, with daily passive aeration and monitoring
of CO, CO,, and O, concentrations in the reactor headspace. CO production kinetics were
calculated for each substrate, and the CO mass yield was determined in each bioreactor.
The study confirmed the CO generation potential of the analyzed organic waste fractions.
The highest CO production was observed for grass cuttings (max. 2000 ppm, 1.21 mg),
biowaste mix (2000 ppm, 0.82 mg), and wheat straw (1180 ppm, 0.24 mg). Grass cuttings
exhibited the highest average reaction rate (3991.1 ppm-d~!) and the most rapid process
(2.920 d~1). Fungal colonization was visibly present in the most CO-productive reactors,
suggesting a role of fungal metabolism in CO formation.

Keywords: carbon monoxide (CO) production; substrate potential screening; organic waste
fractions; composting kinetics; lignocellulosic waste; grass cuttings; wheat straw; fungal
growth; aerobic composting; gas emissions

1. Introduction

Carbon monoxide (CO) is an odorless, colorless, and tasteless gas that forms as a
result of the incomplete combustion of carbon and organic substances [1]. It can also be
released from various human-related sources, including vehicle exhaust, fires, and the use
of gasoline-powered equipment [2]. CO is highly toxic, and its inhalation poses a serious
health risk due to the formation of carboxyhemoglobin (COHDb), which reduces the amount
of oxygen delivered to tissues [1].

Despite its well-known toxicity, CO is extensively utilized in the energy sector, where
it serves as a key component of synthesis gas (syngas) alongside hydrogen. Syngas is
an alternative fuel produced via the gasification of solid feedstocks such as biomass,
municipal solid waste, and coal. This process is conducted at elevated temperatures
(800-1000 °C), under relatively low pressures (1-20 bar), and in conditions of limited
oxygen availability [3]. As a fuel, it can be used for internal combustion engines, gas
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turbines, and cogeneration engines, which simultaneously generate electrical energy and
heat [4].

Syngas can be produced from renewable and sustainable carbon sources such as
biomass and wastewater [5]. However, this process is associated with several challenges.
Biomass gasification leads to the formation of raw syngas containing small but critical
amounts of undesirable impurities, including nitrogen-containing compounds (NHjz, hy-
drogen cyanide), sulfur-containing compounds (H;S, carbonyl sulfide), and trace metals
(Na, K) [6]. The removal of these contaminants is essential, as their presence limits the
effective utilization of biomass-derived syngas. Although a range of efficient purification
technologies is available, they are associated with two major drawbacks: a reduction in
overall process efficiency due to syngas cooling and high operational costs resulting from
the complexity of the cleaning processes [6].

In addition, biomass intended for gasification must be processed into fine particles, the
production of which is energy-intensive and costly [7]. Biomass moisture content is another
critical parameter influencing gasification performance. Moisture levels exceeding 40%
significantly reduce the thermal efficiency of the process [7]. This inefficiency stems from
the fact that the energy consumed in heating, evaporating, and superheating the moisture
present in biomass is not recovered, thereby constituting a thermal loss and increasing
overall process costs. Conversely, complete drying of biomass is economically unfavorable,
and the gasification process requires the addition of water to maintain the hydrogen balance
in the product gas [7].

While the production of syngas via the gasification of biomass and organic waste
is associated with the challenges discussed above, a sustainable and nature-based alter-
native pathway for CO generation has recently emerged. The release of CO has been
observed during the composting of various fractions of organic waste, including source-
separated organic household waste [8,9], kitchen waste of vegetable and fruit origin [9],
garden waste [8,10-14], agricultural residues [11,13], sewage sludge [14-16], and the or-
ganic fraction of municipal solid waste [17]. Given the predominantly aerobic nature of
the composting process, the relatively high concentrations of CO generated—exceeding
2000 ppm in some cases—were unexpected [12].

CO formation during composting has attracted increasing attention as an emerging
approach for CO recovery. When separated from the process gas, compost-derived CO
could serve both as a component of syngas and as a fuel, as well as be utilized across
multiple industrial sectors. These include the chemical industry, where CO is a key reactant
in the production of polymers, solvents, and other chemical compounds, as well as the
metallurgical and heavy industries, and the food sector [18-21].

Previous studies have demonstrated that CO formation during composting can oc-
cur under both mesophilic and thermophilic conditions [9]. However, the underlying
mechanisms differ substantially between these temperature regimes [22]. Although CO
concentrations observed during thermophilic composting are generally higher than those
detected under mesophilic conditions, they primarily originate from abiotic processes stim-
ulated by elevated temperatures (typically below 100 °C, around 70 °C) and the presence
of oxygen [23]. These processes include thermochemical oxidation reactions involving
complex organic matter, as well as microbial cell lysis and subsequent oxidation of dead
biomass [24,25]. In contrast, under mesophilic composting conditions, CO production
is predominantly biologically mediated [22]. Studies conducted over the past few years
have demonstrated that CO is released in compost through microbial activity, particularly
by bacteria, including species such as Bacillus licheniformis, Bacillus paralicheniformis, and
Geobacillus thermodenitrificans [16]. Overall, CO generation during waste composting can be
regarded as the result of a combination of temperature- and oxygen-dependent physico-
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chemical processes and biologically driven microbial activity [22]. Notably, the bacterial CO
production offers a more sustainable and environmentally favorable pathway, highlighting
its potential as an ecological alternative to abiotic CO formation.

Although CO production has been confirmed for a wide range of organic waste types
and their mixtures, it remains difficult to determine the specific CO-release potential of
individual waste fractions. This limitation arises from the considerable variability in com-
posting techniques employed (e.g., windrow composting, open or closed reactor systems),
as well as differences in process duration, operating temperature, aeration intensity, and
other operational parameters [26]. Nevertheless, the relationship between CO emission
and the type of composted waste is of critical importance for assessing the suitability
of specific waste fractions in composting processes aimed at intentional CO production.
Such knowledge is also essential for conducting preliminary techno-economic analyses,
enabling the evaluation of the utility, economic competitiveness, and overall feasibility of
composting as an alternative pathway for CO generation.

Therefore, identifying the most effective substrates for composting processes opti-
mized for high CO yields represents a crucial first step toward justifying the integration
of composting into expanded CO production strategies. Importantly, the recovery of
CO from organic waste composting aligns well with the principles of the bioeconomy
and circular economy. By valorizing organic waste streams as secondary resources and
closing material and energy loops, compost-based CO production supports sustainable
resource management. It also contributes to the development of low-carbon and circular
industrial systems.

Therefore, this study aimed to comparatively evaluate the potential for CO production
during laboratory-scale composting of seven commonly composted organic substrates:
spent coffee grounds, green tea residues (leaves/grounds), wheat straw, grass cuttings,
food (kitchen) waste, branches, and a mixed biowaste substrate with an optimized C/N
ratio. The experiments were conducted over a 14-day incubation period under mesophilic
conditions at 45 °C. This temperature range typically persists for the longest duration
during the composting process and therefore plays a dominant role in overall gas forma-
tion. Passive aeration was applied throughout the experiment. Daily measurements of
process gas concentrations (CO, Oy, and CO,) enabled the determination of CO production
kinetics for each substrate. In addition, a preliminary assessment of the potential CO yields
achievable in bioreactor systems was performed.

To the best of our knowledge, this is the first study to systematically screen a wide
range of organic waste fractions to identify their potential for CO generation during com-
posting. This novel approach addresses a significant research gap, as previous studies have
not explored which waste types are most suitable for CO-oriented composting processes.

2. Materials and Methods
2.1. Organic Waste Fractions

To analyze the potential for CO production during the composting process, six different
organic substrates were selected: spent coffee grounds, brewed green tea leaves/grounds,
wheat straw, grass, cherry tree (Prunus avium) branches, and model food waste (FW). The
FW mixture was prepared based on Valta et al. [27] and consisted of cooked potatoes, rice,
pasta, fresh onions, apples, bananas, tomatoes, lettuce, bread, cheese, and ham, all cut
into pieces no smaller than 2 cm. The selected substrates represent organic materials most
commonly composted in municipal and agricultural waste management systems, including
agricultural residues, kitchen waste, green waste, and the organic fraction of municipal
solid waste [28]. Additionally, to obtain a seventh substrate with an optimal C/N ratio, a

https://doi.org/10.3390/en19041082


https://doi.org/10.3390/en19041082

Energies 2026, 19, 1082

40f18

mixture of food waste, branches, straw, and grass was prepared at a mass ratio of 1:1:1:2,
hereafter referred to as “biowaste mix”.

2.2. Laboratory-Scale Composting Process

The composting process of the organic substrates was carried out under laboratory
conditions for 14 days. This timeframe was intentionally selected to encompass only the
initial phase of composting, based on previous studies indicating that CO generation
occurs predominantly during the first one to two weeks of the process, after which CO
concentrations decline and eventually approach zero [9]. The analyzed wastes were placed
in 900 mL glass bioreactors in triplicate. Each bioreactor was sealed with a metal lid
equipped with two ports fitted with silicone tubing: one permanently closed, and the
other controlled by a Mohr clamp, opened only during measurements of process gas
concentrations in the bioreactor headspace. After conducting the measurements using
the analyzer (DP-28, Nanosens, Wysogotowo, Poland), each bioreactor was opened to
allow passive aeration of the compost, which typically lasted 20 min. The bioreactors were
incubated in a climate chamber (ST3, POL-EKO, Wodzistaw Slaski, Poland) at a constant
temperature of 45 °C.

2.3. Measurement of Process Gas Concentrations (CO, CO;, O;)

Measurements of process gas concentrations in the bioreactor headspace were con-
ducted daily for 14 days, once per day at approximately 10 a.m., using a gas analyzer
(DP-28, Nanosens, Wysogotowo, Poland). The concentrations of CO (ppm), CO; (%), and
O, (%) were determined. The sampling frequency was selected to capture overall temporal
trends in gas formation during the composting process rather than short-term fluctuations,
which was consistent with the primary objective of comparing CO emission patterns among
different waste types. Each bioreactor was connected to the analyzer, and the peak CO
values were recorded manually in a prepared data sheet. After disconnecting the bioreactor
from the analyzer, a waiting period of approximately 2 min was allowed for the readings
to stabilize to atmospheric levels (CO ~0 ppm, CO, ~0%, O, ~20.2%). Measurements for
the subsequent bioreactors were then performed. All collected measurement data were
subsequently transferred to Excel for further processing.

2.4. Substrates and Composts Characterization

Samples of the substrates and of the materials obtained after 14 days of incubation
(hereafter referred to as compost) were dried in a laboratory dryer, model KBC-65W
(Wamed, Warsaw, Poland), for 24 h at 105 °C to determine their dry matter (d.m.) content
in accordance with the PN-EN 14346:2011 standard [29]. Subsequently, to determine the
organic dry matter (0.d.m.) content, the previously dried and homogenized samples
were ashed in a muffle furnace, model SNOL 8.2/1100 (Snol, Narktinai, Lithuania), at
550 °C, following the PN-EN 15935:2022-01 standard [30]. The elemental composition
(C, H, N, S) was assessed using a Perkin Elmer 2400 Series analyzer (Perkin Elmer, Waltham,
MA, USA) in accordance with the PN-EN ISO 16948:2015-07 standard [31]. Additionally, the
AT4 respiratory activity was measured using the OxiTop Control system (Xylem Analytics
Germany GmbH & Co. KG., Weilheim, Germany), following the methodology described
by Binner et al. [32].
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2.5. Analytical Procedures
2.5.1. Kinetics of CO Production

First-order linear regression and the Gompertz equation were used to calculate the
kinetics of CO production, according to Equations (1) and (2) [9,33]:

Cco = Ccomax-e ! (1)

where

Cco—CO concentration at time t, ppm;

Ccomax—maximum CO concentration, ppm;

k—decrease in CO concentration rate constant, clays’1 dn;
t—time, days (d).

CO(t) = A-exp(—exp (IZe(}\ —t)+ 1)) ()

where

T—time, days (d);

CO(t)—predicted CO concentration at time t, ppm;
A—maximum (asymptotic) CO production, ppm;
R—maximum rate of CO production, ppm-d~*;
A—the lag phase, days (d).

2.5.2. Calculation of Daily Emitted CO Mass

The calculation of daily emitted CO mass was carried out based on the methodol-
ogy described by Sobieraj [34]. More specifically, the CO concentration in the bioreactor
headspace, expressed in ppm, was transformed into normalized mass values using the

following equation:

Cppm-MW.-P
Cgas = PPTQiTr 3)
where

Cgas—CO concentration, mg-m~;

Cppm—CO concentration in parts per million, ppmv;
MW-—molecular weight of CO, MW = 28 g-mol’1 ;
P—atmospheric pressure, P = 101.32 kPa;
R—ideal gas law constant R = 8314 m3-Pa-K~!-mol~;
T,—temperature in bioreactor K = 318 K, K.
Using the literature-reported bulk densities of the 7 substrates [35-39], the headspace

volume within the bioreactor (defined as the space above the substrates) was computed
according to the following equation:

msyp @)
PsuB

Vheadspace = Vbioreactor —

where

Vheadspace—headspace volume in the bioreactor, m3;

Vbioreactor—the volume of the bioreactor, Vpjoreactor = 0-0009 m3;

mgyp—mass of substrate in the bioreactor, kg;

psup—bulk density of substrate, pgyp = 380 kg-m 2 for coffee grounds, psyp = 480 kg-m 2 for
tea leaves/grounds, psyp = 80 kg-m 2 for wheat straw, pgp = 150 kg-m 3 for grass cuttings,
psuB = 650 kg-m 2 for food waste, pgyp = 350 kg-m 3 for branches, psyp = 145 kg-m~3 for
biowaste mix [35-39].
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The daily mass of emitted CO in the bioreactor was determined using the following
formula:

mco = Cgas'vheadspace ®)
where
mco—the mass of daily emitted CO in the bioreactor, mg.

The detailed calculations are presented in an Excel spreadsheet available in
Supplementary Material Files S1 and S2.

2.6. Statistical Analyses

Data were analyzed using Statistica 13.3 (StatSoft Inc., TIBCO Software Inc., San
Ramon, CA, USA), including estimating the measurements’ mean and standard deviation.
A first-order reaction and Gompertz models were fitted to the CO production data using
a nonlinear estimation. The fitting was carried out using the User-Defined Regression
module with the Least Squares Method. The quality of the fit was evaluated based on the
coefficient of determination (R?). Additionally, kinetic parameters of the reaction were
estimated from the model equations. The model was applied separately to each organic
waste fraction to compare kinetic behavior.

3. Results
3.1. Substrate and Product Characteristics

Among all the analyzed substrates, the highest dry matter content was recorded in
branches (82.5%) and grass clippings (64.05%), whereas the lowest values were observed
in coffee grounds (20.55%) and food waste (24.90%) (Table 1). The organic dry matter
content across all substrates was relatively consistent, ranging from 88.23% d.m. to 96.26%
d.m.. The carbon content varied between 42.84% and 49.69%, with the highest value ob-
served in coffee grounds (49.69%). Coffee grounds also exhibited the highest hydrogen
content (8.07%). The nitrogen content was greatest in food waste (3.73%) and lowest in
wheat straw (0.58%). Sulfur content was similar among the samples, although coffee
grounds again showed the highest concentration (1.31%). The respiratory activity indicator
AT4 reached the highest values for wheat straw (39.2 mg O,-g d.m.~!) and coffee grounds
(343 mg Op-g dm.7!), while the lowest value was recorded for branches
(120 mg Oy-g d.m.™1).

After the 14-day composting process, the dry matter content increased for coffee
grounds (26.69%), food waste (29.85%), and branches (91.98%), while it decreased for
the remaining substrates. The most pronounced change was observed in grass, whose
dry matter content dropped from 64.05% before composting to 25.12% afterwards. Dry
matter content remained highest in the branches, stabilizing at 82.45%. The composting
process did not significantly affect the organic dry matter content across substrates, with
values ranging from 83.09% d.m. to 96.62% d.m. for grass and coffee grounds, respec-
tively. Carbon content in the composted materials increased slightly compared to the
values recorded before composting, ranging from 0.07 to 6.22 percentage points for straw
and food waste, whereas for grass cuttings, it decreased by 2.64 percentage points, reach-
ing 40.20%. Hydrogen content after composting remained similar to pre-process levels,
ranging from 6.33% to 8.80%, with the highest value observed in food waste. Nitrogen
content increased in all analyzed substrates, with rises between 0.27 and 1.94 percent-
age points for coffee grounds and grass. Minor changes were also observed for sulfur,
with increases ranging from 0.01 to 0.41 percentage points in materials such as grass and
straw. AT4 values remained highest for straw (38.8 mg O,-g d.m.~!) and coffee grounds
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(33.7 mg Op-g d.m.™!), while the lowest value continued to be 12 mg O,-g d.m.~! for
branches, for which no changes were recorded.

The appearance of fungal growth on the compost surface was observed in reactors 7-9
(wheat straw), 10-12 (grass), and 19-21 (biowaste mix), as documented in the photographic
evidence presented elsewhere [40].

Table 1. Characterization of different organic waste fractions used in the study.

Organic Dry
Material Dry Matoter Matter (0.d.m.), C, % H, % N, % S, % AT4, mgﬁ C/.N
(d.m.), % o 0;-gd.m."1 Ratio, -
% d.m.

gfciif:des 20.55 +13.50 96.26 + 0.09 49.69 £0.13 8.07 £0.03 2.55+0.18 1.31+0.04 343+21 19.49
Tea 37.59 +£10.53 95.99 £0.35 48.53 £1.77 7.73+£0.45 2.89 £ 0.66 1.194+0.13 20.8+0.1 16.80

leaves/grounds
Wheat straw 32.50+1.88 95.39 £ 0.06 4414 £1.36 6.68 +£0.28 0.58 +0.09 0.75+£0.48 39.2+0.5 76.10

Substrates Gr

cut’t?r?;s 64.05 +9.84 88.23 +0.47 42.84 £0.75 6.40 £0.42 2.11 £ 0.08 1.09 +0.05 232+0.2 20.30
Food waste 24.90 £0.19 94.51 +1.08 43.28 £0.43 7.19£0.10 3.73+£0.53 1.23 +0.05 27.1+£0.7 11.60
Branches 82.45+0.61 95.39 £ 0.06 44.85+2.43 7.20 £0.08 1.224+0.08 1.194+0.03 12.04+0.2 36.76
Biowaste mix 34.99 +£0.02 94.55 +0.32 46.57 £0.20 7.23+0.18 1.294+0.31 1.194+0.13 18.1+£2.0 36.10
g(r:c?liiis 26.69 £ 2.66 96.62 £0.19 49.79 £0.75 8.12+0.18 2.82+£0.22 1214+0.21 33.7+£57 17.65
Tea 20.30 £1.07 95.53 £ 0.36 49.07 £1.54 7.69 £0.14 3.73+£0.33 1.224+0.11 202+£0.8 13.15

leaves/grounds
Wheat straw 22.40 £1.68 95.08 £ 0.24 4421 +£1.63 6.60 +£0.25 1.07+0.13 1.16 +0.31 38.8+0.5 41.31

Products Grass

cuttings 2512 +4.45 83.09 +1.81 40.20 £3.88 6.33+£0.70 2.50+£0.35 1.10+0.14 202+0.8 16.08
Food waste 29.85 £ 6.72 94.86 +0.92 49.50 £5.91 8.80 £1.19 5.67 £1.36 1.54+0.23 24.6 £0.6 8.73
Branches 91.98 £1.04 94.16 +£1.44 46.76 £1.18 7.08 £0.36 1.514+0.31 1.274+0.17 120+£0.9 30.97
Biowaste mix  34.65 & 14.75 92.49 £1.00 44.10 £2.08 6.86 +0.39 1.88+0.24 1.26 +0.08 165+1.5 23.45

3.2. Process Gas Concentrations (CO, CO,, O5)

The highest average CO concentration was observed for grass cuttings, with peak
values reaching up to 2000 ppm (Figure 1). However, the values were highly irregular.
Most of the average daily CO concentrations for this substrate ranged between 500 and
1500 ppm. During the first few days, CO levels gradually increased (up to approximately
900 ppm), followed by a decrease (to around 600 ppm) with significant fluctuations. For
most of the measurement period, the biowaste mixture did not show notable CO production;
however, during the first week, a peak occurred, with maximum concentrations reaching
up to 2000 ppm. The average daily CO concentration for this substrate did not exceed
750 ppm. A similar trend was observed for wheat straw, which also showed elevated CO
levels in the first week. Average daily concentrations reached up to 500 ppm, while peak
values were approximately 1180 ppm. At the end of the first week, CO concentrations in the
straw reactors decreased significantly (to around 20 ppm). Average daily CO levels were
low for coffee grounds, green tea leaves/grounds, food waste, and branches (to around
30 ppm).

The highest average daily CO, concentration was recorded on the second day of the
study (~3.67%) for food waste (Figure 2). In the following days, this value decreased until it
reached 0%. A rising trend in the average CO, concentration was observed for the biowaste
mixture, reaching over 3%. After the fourth day of composting, a decrease to 1% was noted,
except on the eighth and thirteenth days (~1.6% and 2%). The average daily CO, level
for grass cuttings showed irregular patterns. The highest values were recorded on the
first, third, fourth, and eleventh days (3%). Wheat straw was characterized by higher CO,
concentration during the first week of the study, when it reached 3%. In the second week, a
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decline was observed, with values approaching zero, except for the eleventh and twelfth
days, when the concentrations were 3% and ~2.7%, respectively.

3000
4 Coffee grounds . Grass I Biowaste mix
f; Green tea grounds -¢- Food waste
2500 | { Wheat straw E Branches
£ 2000
Q.
Q.
=3
il
S
£ 1500 |
[}
o
=4
Q
o
8 &
1000 } I &
-3 ‘ F. Y
500 | o ‘
><
& _,l_é ¢ o ﬂillﬂ”"ml

- 5 6 7 8 9 10 1" 12 13 14
Day

Figure 1. CO concentration during composting of different organic waste fractions (average +
standard deviation).
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Figure 2. CO; concentration during composting of different organic waste fractions (average +
standard deviation).

The average CO; concentrations remained constant for three substrates: coffee
grounds, green tea leaves/grounds, and branches. Throughout the laboratory study period,
the measured CO; level for these substrates was 0%.
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The average O, concentration for all substrates remained above 16% throughout the
entire measurement period, indicating that the material was well oxygenated (Figure 3).
Two substrates, in particular, were characterized by especially high oxygen levels: coffee
grounds and branches (reaching up to 21%). In the first days of measurements, the O,
concentration for green tea leaves/grounds remained at a high level. On the fifth day, a
decrease in the average daily O, content was observed, reaching about 18.63%. In the final
days of the measurements, these values increased slightly (to approximately 19%). The
average daily O, concentrations for food waste also exceeded 20%. The values remained
at a similar level throughout the measurement period, except on the second day, when a
drastic drop was observed (to approximately 17.5%). The values for straw increased over
the 14-day measurement period; however, the average daily O, concentrations for this
substrate were irregular (ranging from about 17.5% to 19.3%).

22
21+ o #
=
. o = o n o
g B - " ‘ % s - -
| o—r o l o 3
20+ , + - ‘ ! ‘
. o o
' /1 ‘ i} |
< 19} | { ‘ it| f li‘ ... % 4
5 T L i 4 di b 1
< 18 ¢ | (1 | A '“ . ‘? goo— ¢ ‘
[J] A AT
9 1Y S
3 X
o 17¢t ¢
16 +
Coffee grounds Grass :{ Biowaste mix
15+ - Green tea grounds + Food waste
4~ Wheat straw i Branches
14 L— : ~ ' : - ‘ . A , - ‘ - ‘
1 2 3 4 5 6 V4 8 9 10 1 12 13 14
Day
Figure 3. Oxygen concentration during composting of different organic waste fractions

(average =+ standard deviation).

In the case of the biowaste mixture, the average daily O, concentration ranged from
17% to 19%. Daily fluctuations in concentrations were observed during the measurements.
In the first days of the study, an increase was recorded (up to 18.5%), which stabilized
during the middle phase of the experiment, showing only slight variations later on (a single
drop to 18%).

Irregular O, concentration values were also recorded for grass cuttings. In the first
days, a rapid increase was observed (exceeding 18%), while during the remaining period
of the study, the level rose slightly (up to a maximum of 19%), with several distinct drops
toward the end of the measurements (18.2% and 17.8%).

3.3. CO Production Kinetics

In most cases, the decrease in CO concentration during composting followed a first-
order reaction, whereas for one compost, the Gompertz model was applied (1st repetition
for grass cuttings, Table 2). The fit of the applied models varied: in some cases, the
coefficient of determination (R?) exceeded 0.8, indicating a very good fit, while in others,
the models explained only slightly more than half of the data variability (R? > 0.58).
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Table 2. Kinetic parameters of CO production during composting of different organic waste fractions.

Material

R? Reaction Order CcOmax, PpPM K, d-1 a=k-Cco maxs

ppm-d—!
091 1st order

Coffee grounds 0.64 1st order 66.36 & 25.92 0.195 £ 0.065 119+ 1.6
0.86 1st order
0.62 1st order

leaves;egiounds 0.86 1st order 13.08 £ 12.94 0.168 £ 0.093 24+3.0
0.83 1st order
0.67 1st order

Wheat straw 0.77 1st order 626.09 £ 1028.39 0.173 £0.115 185.8 + 316.3
0.67 1st order
0.51 Gompertz Model
Grass cuttings 091 1st order 863.12 4 503.77 2.920 £+ 4.472 3991.1 4+ 6517.6
0.71 1st order
0.95 1st order
Food waste 0.82 1st order 119.89 + 74.37 0.587 £ 0.555 92.8 +119.4

0.79 1st order
0.67 1st order

Branches 0.58 1st order 7.71 £ 0.84 0.090 £ 0.024 0.7 +0.1
0.80 1st order
0.73 1st order

Biowaste mix 0.54 1st order 97.39 £ 75.35 0.127 £0.012 119 £8.2
0.78 1st order

The maximum CO concentration varied depending on the substrate type. The highest
values were recorded for grass cuttings (863.12 ppm), accompanied by a large standard
deviation (£503.77 ppm), indicating both a high potential for CO production and consid-
erable variability between repetitions. Wheat straw also showed a high CO production
potential (626.09 ppm), although the variability was even greater, with an exceptionally
high standard deviation (£1028.39 ppm). In contrast, the lowest mean maximum CO
concentrations were observed for tea leaves/grounds (13.08 ppm) and branches (7.71 ppm).

Grass cuttings exhibited the highest reaction rate constant (2.920 d '), suggesting
a very rapid CO release process. Food waste followed with the second-highest rate
(0.587 d~1). Lower constants were observed for coffee grounds (0.195 d '), wheat straw
(0.173 d~1), and tea leaves/grounds (0.168 d ~!). The lowest values were recorded for the
biowaste mixture (0.127 d~1) and branches (0.090 d~1).

Analysis of the average reaction rate demonstrated that the highest coefficient was
also associated with grass cuttings (3991.1 ppm-d —!). Relatively high values were noted
for wheat straw (185.8 ppm-d—!) and food waste (92.8 ppm-d—!). The lowest values were
attributed to branches (0.9 ppm-d 1), tea leaves/grounds (2.4 ppm-d '), coffee grounds,
and the biowaste mixture (11.9 ppm-d ).

The graphs illustrating the kinetics of CO production during composting of various
organic waste fractions are provided in Supplementary Material File S3.
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3.4. CO Mass in Bioreactors

The daily CO mass observed in the reactors ranged from 0 mg to 1.21 mg, depending
on the substrate used. The highest emissions were recorded in reactors containing grass
cuttings, with a maximum CO mass of 1.21 mg. The average daily CO masses for the three
replicates with this substrate were 0.70 mg, 0.02 mg, and 0.64 mg, respectively, indicating
both high production potential and notable variability. In contrast, all other substrates—
including coffee grounds, green tea leaves/grounds, wheat straw, food waste, branches, and
the biowaste mixture—generated CO masses below 0.1 mg. Notably, branches exhibited
virtually no CO emission potential, as daily CO production in the corresponding reactors
did not exceed 0.01 mg (Figure 4).

1.25
1.00
0.75

0.50

CO mass, mg

0.25

] L
0.00

Coffee grounds Tea leaves Wheat straw Grass Food waste  Branches Biowaste mix

Substrate

Figure 4. CO mass yield in bioreactors with different organic substrates (average + standard deviation).

The CO production index, normalized to the wet substrate mass, ranged from 0 to
2.39 x 1072 mg CO-g~ !, depending on the type of substrate used in the bioreactor. The
highest value was observed for grass cuttings, reaching 2.39 x 1072 mg CO-g~!. A com-
paratively elevated value was also recorded for the wheat straw (0.42 x 1072 mg CO-g~1).
In contrast, the index for all remaining substrates did not exceed 0.2 x 1072 mg CO-g~!
(Figure 5).

0.025
0.020
0.015

0.010

0.005

.

Coffee grounds Tea leaves Wheat straw Grass cuttings Food waste Branches Biowaste mix

CO mass yield per wet substrate mass, mg CO-g™*

0.000
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Figure 5. Specific CO production (mg CO-g~') for different composting substrates.
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4. Discussion

In most studies on composting and aerobic biomass degradation, CO is classified as an
unintended gaseous product, typically linked to anaerobic processes, compost overheating,
oxygen diffusion limitations, or process imbalances [12]. In contrast, the present work
reframes CO as a potentially useful biogenic gas with relevance for industrial applications.
From this perspective, the separate incubation of selected organic waste fractions served
as a screening approach aimed at identifying their capacity for CO generation under
controlled conditions, rather than at reproducing realistic composting scenarios. This
approach enables a material-oriented interpretation of CO production and provides a basis
for evaluating biomass fractions as potential feedstocks for CO generation.

The efficiency of the composting process, the quality of the final product, and the
profile of gaseous emissions are jointly influenced by numerous factors. These include
substrate structure, moisture content, the relative abundance of readily and slowly degrad-
able organic compounds, the C/N ratio, and nutrient balance [41]. The physicochemical
characteristics of the applied substrates directly shape the activity and succession of micro-
bial communities that drive composting, including bacteria, fungi, and protozoa [41,42].
Consequently, substrate properties regulate not only the rate of organic matter decom-
position but also the quantity and temporal dynamics of CO formation during organic
waste incubation.

Among the seven analyzed substrates, grass cuttings, biowaste mix, and wheat straw
exhibited the highest potential for CO production, reaching peak concentrations of up to
approximately 2000 ppm for grass cuttings and biowaste mix, and 1180 ppm for wheat
straw. Although all three substrates are commonly applied in composting systems, they
differ substantially in their physicochemical properties. This observation highlights the
multiplicity of interacting factors governing the intensity of CO release during composting,
varying depending on the specific feedstock.

In general, grass cuttings, despite their richness in essential nutrients such as nitrogen
and phosphorus required for plant growth, are not considered an optimal standalone
feedstock for composting. Their fine and compact structure frequently promotes material
compaction and the formation of anaerobic zones, which may result in the production of
phytotoxic compost [43] and, consequently, contribute to elevated CO emissions. However,
in the present experiment, bioreactors containing grass cuttings maintained a high level of
O, availability, as daily passive aeration ensured O, concentrations remained above 17%
throughout the entire incubation period. This unexpected behavior could be associated
with the moisture content of the substrate. The grass cuttings used in this study exhibited a
moisture content of approximately 36%, which, according to findings reported by Nakasaki
et al. [44], may facilitate not only efficient substrate aeration but also relatively low CO,
concentrations within the bioreactors (here on average <3%). In contrast, the authors
reported that higher moisture levels in grass cuttings (approximately 70%) promoted the
development of anaerobic microenvironments during composting. The material became
less rigid, thereby constricting the three-dimensional pore structure required for air dif-
fusion and ultimately leading to increased CO; emissions. Accordingly, despite reports
describing grass cuttings as a problematic single substrate in composting systems, the con-
ditions applied in the present study show a different perspective. Grass cuttings exhibited
a pronounced capacity for CO formation, indicating their suitability as a feedstock for CO
production under controlled incubation conditions.

Grass cuttings alone were not the only substrate exhibiting potential utility in a
composting process oriented toward CO production. Based on the CO concentration
profiles observed in the present study, the second-highest CO production potential was
recorded for the biowaste mix, in which grass cuttings constituted the dominant mass
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fraction. This suggests that, among the components of the mixture (food waste, branches,
straw, and grass), grass cuttings may have played a key role in enhancing CO release.
However, the elevated CO production observed for the biowaste mix was pronounced
only during the first seven days of the composting process and subsequently declined to
very low levels, indicating a more transient and less sustained CO production potential
compared to grass cuttings composted as a single substrate.

In contrast to grass cuttings and their mix with other organic waste fractions, the third
substrate exhibiting a high potential for CO production—wheat straw—despite similarities
in overall organic matter and nutrient content [45], differs substantially in its structural
and biochemical composition. This suggests that the availability of readily degradable
organic compounds alone does not represent the dominant driver of increased CO genera-
tion. Wheat straw is dominated by recalcitrant organic carbon fractions, including lignin,
cellulose, and hemicellulose, whose inherent structural complexity and physicochemical
stability account for the high persistence of lignocellulosic material during composting
processes [46,47]. Accordingly, the high CO production potential observed for wheat straw
suggests that factors other than organic matter degradability may govern CO formation.
This is further corroborated by the low CO concentrations recorded for another structurally
compact and recalcitrant substrate, branches, which exhibited the lowest values among all
analyzed organic waste types.

A common feature shared by all three substrates that exhibited the highest CO con-
centrations in the bioreactors in this study was the visible colonization by fungi. Fungal
growth was particularly prominent in the outer layers of the compost, where it appeared as
white or gray, fuzzy mycelial formations on the surface. According to Ashraf et al. [48], this
morphological trait is characteristic of strictly aerobic compost molds, which corresponds
to the aerobic nature of the composting process. The presence of fungi in the incubated
bioreactors observed in this study is not surprising, as previous studies have estimated
the fungal-to-prokaryotic biomass ratio in compost to be approximately 2:1 [48]. Based
on research conducted by other authors, fungal genera such as Aspergillus, Trichoderma,
Mucor, Penicillium, and Alternaria have been reported in composts derived from a range
of substrates—whether composted individually or in combination—including sugarcane
waste, tree bark, grass, leaves, spent tea, and fruit and vegetable residues [48]. Notably, in
the study by other researchers, Aspergillus spp. were the most frequently isolated fungi,
accounting for 43% of all microbial species identified across various composts they exam-
ined. Interestingly, Aspergillus flavus, also reported by other researchers, had already been
identified as a CO-producing microorganism as early as 1963 [49].

Although the methodology used in the present study did not include microbial com-
munity characterization within the bioreactors, the consistently higher CO levels in reactors
where fungal growth was observed suggest a potential role of fungal metabolism in the
generation of small aromatic intermediates. In the present study; it is hypothesized that,
under certain conditions, these metabolites may undergo further transformation [50,51],
leading to the release of CO as a by-product. This hypothesis is further supported by
literature indicating that the introduction or emergence of fungi as decomposers of lignin
and cellulose has proven particularly effective in composting processes involving substrates
with suboptimal C/N ratios [52,53]. This includes composting experiments with wheat
straw [54], which aligns with the findings of the present study, where wheat straw was
composted both individually and as a component of a biowaste mix in the fungal-colonized
reactors, especially since the incubation temperature of 45 °C falls within the optimal range
for fungal-mediated lignin degradation [55]. However, this hypothesis requires further
verification in future studies.
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To further contextualize the present results on CO production, a comparison of ki-
netics was made with a recently published study investigating CO production during
composting of mixed biowaste composed of leaves, fruits and vegetables, tree and shrub
prunings, grass, and withered flowers [9]. In the present study, a biowaste mix of differ-
ent composition—consisting of branches, grass, wheat straw, and food waste—was also
examined alongside individual substrates. Despite these compositional differences, both
studies yielded comparable CO production characteristics for the mixed substrates. In
the cited study, the mixed biowaste reached a maximum average CO concentration of
103.1 ppm, a reaction rate constant of 0.185 d !, and an average CO production rate of
18.5 ppm-d~!, whereas in the present study, the corresponding values for the biowaste
mix were 97.39 ppm, 0.127 d~!, and 11.9 ppm-d !, respectively. By contrast, composting
of individual substrates in the present work resulted in highly divergent CO production
dynamics, with grass cuttings exhibiting extremely high values (maximum average CO
concentration of 863.1 ppm, reaction rate constant of 2.920 d~!, and average CO produc-
tion rate of 3991.1 ppm-d —!) and branches showing consistently minimal CO generation
(7.7 ppm, 0.090 d~1, and 0.7 ppm-d !, respectively). From a technological perspective,
these findings suggest that mixed biowaste streams tend to buffer substrate-specific effects
and lead to more stable CO production. In contrast, single, homogeneous substrates enable
substantially higher but also more variable and dynamic CO generation, a distinction that
is critical for the design of systems aimed at controlled CO recovery.

The C/N ratio may be regarded as one of the primary factors controlling microbial
activity [56] and, consequently, CO production during composting. In the present study,
clear differences in CO production kinetics among the investigated substrates were closely
related to their initial C/N ratios. Branches exhibited a high C/N value (37), indicating
nitrogen limitation, which resulted in slow organic matter degradation and low CO pro-
duction rates. In contrast, grass clippings showed a C/N ratio of 20, falling within the
range favorable for rapid microbial growth, which was reflected in enhanced CO produc-
tion. Substrates reported in the referenced literature were characterized by C/N values
of approximately 24, corresponding to moderate process intensity and intermediate CO
production kinetics [9]. For coffee grounds, literature data indicate a progressive decrease
in the C/N ratio during composting, often to values below 25 [57], which promotes high
microbial activity and metabolic intensity. In the present study, the C/N ratio of coffee
grounds decreased from 19.48 to 17.66 after 14 days of composting, indicating conditions
conducive to further intensification of carbon mineralization and a potential increase in CO
production with prolonged process duration [57].

Changes in the C/N ratio were directly linked to transformations in the elemental
composition of the substrates, primarily driven by carbon mineralization and the relative
enrichment of nitrogen in the dry matter [58]. Literature data on grass clippings composting
report decreases in carbon, hydrogen, and nitrogen contents, accompanied by a reduction in
the C/N ratio from 11.83 to 10.11, reflecting advanced biochemical transformations during
the process [59]. In the case of food waste, the reported initial elemental composition (47.9%
carbon and 3.0% nitrogen; C/N ~ 16) showed only minor changes after a short, three-day
composting period, indicating an early stage of degradation [59]. In contrast, the 14-day
composting process applied in the present study resulted in more pronounced changes in
elemental composition and a decrease in the C/N ratio to approximately 9, indicating a
more advanced stage of organic matter mineralization. These results demonstrate that both
substrate selection and process duration are key parameters for enhancing composting
intensity and maximizing CO production potential.

Several limitations must be considered when interpreting the findings of this study.
It should be acknowledged that the applied gas sampling frequency during composting
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may have resulted in an underestimation of short-lived CO emission peaks occurring
between measurement points. Higher-frequency or continuous monitoring could pro-
vide a more detailed resolution of transient CO dynamics and improve kinetic interpre-
tation by capturing rapid CO formation events. Such an approach will be considered in
future studies.

Another important limitation pertains to the scale of the conducted study. A key
challenge in translating laboratory-scale composting results to industrial-scale applications
lies in the level of process control. Laboratory conditions allow for precise regulation of
key parameters such as temperature, oxygen availability, and moisture content. In contrast,
maintaining these parameters at desired levels in full-scale systems is considerably more
difficult due to environmental variability and system complexity. Furthermore, there is
currently a lack of gas capture methods specifically designed to address CO emissions
during composting. Existing technologies do not adequately consider the unique properties
of CO, including its physicochemical behavior and production kinetics. Therefore, there
is a need for the development of novel gas capture solutions tailored specifically to CO
dynamics in composting environments. Moreover, although enclosed composting systems
are classified as Best Available Techniques (BAT) for emission control, they also introduce
increased occupational safety risks related to CO accumulation. This underscores the
importance of implementing advanced monitoring systems and robust safety protocols to
ensure worker safety in enclosed composting operations.

5. Conclusions

This study confirms that different fractions of organic waste exhibit a measurable
potential for CO generation during laboratory-scale composting, with differences observed
among substrates. Grass cuttings, the biowaste mixture, and wheat straw emerged as the
most promising substrates, with maximum CO concentrations reaching up to 2000 ppm for
both grass cuttings and the biowaste mix, and approximately 1180 ppm for wheat straw.
The highest CO mass yield was observed in reactors with grass cuttings, reaching up to
1.21 mg. In contrast, branches and tea leaves/grounds showed negligible CO production,
with concentrations below 10-15 ppm and daily CO masses generally below 0.01 mg.

The results suggest that CO generation during composting is not solely linked
to the degradation of readily biodegradable organic matter or to anaerobic conditions.
High CO concentrations were observed under well-aerated conditions with high O, and
low CO; levels, and even substrates with an apparently optimal C/N ratio (biowaste
mix) generated measurable amounts of CO. Visible fungal colonization in reactors with
the highest CO emissions indicates that fungal activity may play an important role in
CO formation, particularly during the degradation of lignocellulosic materials such as
wheat straw.

Overall, the findings represent a first step toward assessing composting as a potential
process for biogenic CO generation and provide a basis for preliminary techno-economic
evaluation of such systems. Future research should focus on optimizing mixtures of
the most promising substrates, particularly grass cuttings and wheat straw. It is also
recommended to extend the composting period beyond the initial 14 days to better capture
the full CO production potential. Additionally, the role of fungi in CO generation should
be systematically examined, including microbial identification and analysis of metabolic
pathways. These efforts should be combined with a parallel assessment of compost quality.

Supplementary Materials: The following supporting information can be downloaded at: https:

//www.mdpi.com/article/10.3390/en19041082/s1, Supplementary Material File S1: An Excel spread-
sheet showing kinetics calculation of CO production; Supplementary Material File S2: An Excel
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spreadsheet with 7 sheets showing calculations of daily emitted CO mass; Supplementary Material
File S3: Images 1-21 showing CO production kinetics for each reactor.
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