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Abstract: Spent mushroom substrate (SMS), often disregarded as waste despite its abundance in or-
ganic matter and mineral micronutrients, has emerged as a valuable resource for diverse applications.
While Europe and Asia have witnessed extensive research in this field over the past decade, Ukraine’s
exploration remains limited. This study conducts a thorough investigation into SMS recycling and
reutilization over a 4-year period. Employing experimental and comparative methods, this research
unveils compelling insights into the potential of SMS for reintroduction into the primary production
cycle and secondary activities. The main conclusions reveal the success of SMS valorization in the
production of additives, fertilizers, and alternative fuels. Furthermore, the application of SMS in
agroecosystems significantly enhances the soil biological activity. The integration of these methods
into production chains not only yields economic benefits for companies but also fosters environmental
stewardship, aligning with waste-free practices and the principles of bioeconomy and sustainability.

Keywords: sustainability; agroecosystem; spent mushroom substrate; recycling; additive; solid fuel

1. Introduction

Worldwide mushroom and truffle production has increased from 42.9 million tons in
2020 to 48.3 million tons in 2022 [1], driven by the growing demand for healthy food options.
Edible mushrooms are valued as a nutritious source of protein, fiber, vitamins, and miner-
als, making them an appealing alternative. Additionally, mushrooms contain abundant
bioactive compounds with anti-cancer, antioxidant, and anti-diabetic properties [2].

Mushroom cultivation involves not only the mushrooms themselves but also a sig-
nificant amount of spent mushroom substrate (SMS). For 1 kg of mushrooms cultivated,
approximately 5 kg of SMS is produced [3], which means that the generation rate of SMS
was about 242 million tons worldwide in 2022. Traditionally, SMS has been treated as
waste, leading to environmental problems [4], despite its richness in organic matter and
mineral micronutrients. Over the past decade, overcoming this challenge has become
increasingly important to the mushroom production industry, emerging a new line of
research aimed at identifying the most environmentally and economically sustainable
methods for its reuse [5–8].

Several efforts have been made to develop efficient and sustainable strategies for
the SMS valorization, including its application as an alternative fertilizer and soil amend-
ment agent [9,10], as a supplement to enrich nutrient levels in subsequent mushroom
cultivation cycles [11], as a soil bioremediation agent [12–14], and as a feedstock for
biofuel production [15–18].
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The physical properties and nutritional value of SMS have led to several studies where
it has been used as a fertilizer [19]. SMS has been successfully used as a component of
growing media for the germination and growth of horticultural plants, indicating that it can
be applied in professional horticulture and contribute to its disposal in an environmentally
friendly way, thereby reducing the need for peat [19]. In particular, SMS has been tested as
a bioadditive and organic fertilizer for lettuce and leek crops, generally resulting in high
harvest percentages compared to mineral fertilizers [20]. Crops with short growing cycles
are more suitable for mixed feeding, as organic substrates typically mineralize slowly, while
organic fertilization is more effective for crops with long cycles. In addition, the prolonged
use of spent substrate can contribute to an increase in soil organic matter content [20].

The potential of replacing peat with SMS in the composition of Chinese biobeds was
also evaluated, showing that SMSs from different mushrooms (Pleurotus eryngii, Flammulina
velutipes, and Lentinus edodes) are suitable for the preparation of the biomixture based on
the biological activity and pesticide degradation and can therefore be used as substitutes
for peat [21]. Additionally, the stabilization of SMS was investigated for application as
a plant growth-promoting organic amendment. When the maturity and quality of the
stabilized SMS were assessed in a horticultural growing trial, the results showed that
the product has great potential as an alternative to reduce the use of peat in horticulture,
thereby reducing the environmental impact on peatland ecosystems [22]. Experiments have
also been conducted on the growth medium for tomato and pepper seedlings based on
the addition of composted biogas residue with SMS, providing nutrition for plant growth
comparable to that of chemical fertilizers [23].

Furthermore, SMS has shown potential as a disease control agent for agriculture.
The use of different SMSs to inhibit Fusarium wilt of cucumber was evaluated [24]. The
greenhouse experiment revealed that the options using SMS from Flammulina velutipes,
Lentinus edodes, and Pleurotus ostreatus cultivations reduced the disease incidence by 53.3%,
25.7%, and 37.9%, respectively, compared to the unamended situation and simultaneously
promoted the plant growth [24]. This approach to the control of Fusarium wilt in cucumber
resulted from the manipulation of the soil microbial community in the rhizosphere with
SMS application, but further studies need to be conducted to confirm it as a cost-effective
amendment for practical applications.

With the energy crisis and the search for new energy resources, the evaluation of
the possibility of reusing SMS as a biofuel has become a current and relevant research
topic. From the comparison of two thermal treatments (combustion and pyrolysis) for
energy recovery using conventional fuel and SMS and coal tailings wastes, it was concluded
that fluidized-bed combustion was the most efficient (91.7%) compared to packed-bed
combustion or the use of unpelletized SMS [3]. In addition, minimal acid gas emissions
(NOx, SOx, and HCl) were produced, providing a sustainable management solution for
diverting SMS from landfill and assisting in the reclamation of contaminated land, which is
both practical and environmentally sound [3].

The use of SMS in biogas production has also been evaluated with promising results,
since the raw material is previously digested by fungal metabolism as a pre-treatment prior
to anaerobic digestion [25]. The residual digestive from the biogas process can also be
reused, and these productive processes could be integrated into a sustainable virtuous circle,
where the residues produced by one activity become the substrate for another one [25].
The performance of the batch thermophilic anaerobic digestion of SMS has also been
investigated, indicating that this technology can increase methane yields (177.69 mL/g),
reduce fermentation times, and improve the cellulose and hemicellulose degradation rates
(47.53 and 55.08%, respectively) [26].

In Ukraine, the cultivation of exotic mushroom is currently on the rise, but limited
research has been conducted on the use of SMS [27,28]. Therefore, it is necessary to study
this topic in more detail. The article presents the results of a 4-year study exploring potential
methods for recycling and reusing spent substrate, including its use as a component in new
substrate production cycle, as a soil additive, and as an alternative solid fuel.
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2. Materials and Methods
2.1. Preparation of Spent Shiitake Mushroom Substrate

Fresh spent shiitake mushroom substrate (SMS) received immediately after the com-
pletion of mushroom picking in blocks (20 cm × 10 cm × 15 cm) with an average weight
of 1.3 kg each. In order to be reused as a component in substrate production cycle, blocks
were crushed to small particles (2–10 cm) and stored on a flat concrete surface, under a roof,
in small heaps for 14 days (Figure 1). During the storage period, fermentation took place.
To make this process uniform, heaps were periodically turned over. It was also performed
to prevent the spreading of Trichoderma spp. (green mold) and Neurospora spp. (orange
mold), as well as the accumulation of volatile and flammable compounds that are formed
during fermentation. Average humidity and acidity levels were measured. The average
humidity was in the range 66.1–71.3% and acidity between 3.5 and 4.
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Figure 1. Preparation of spent substrate for reuse as a component in shiitake substrate production cycle.

For use as an additive to the soil for blueberry cultivation, fresh SMS was stored in
heaps 2.5–3 m high in the open air for 3–6 months (Figure 2). In everything else, the same
processes took place as described above.
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Figure 2. Preparation of spent shiitake substrate for use as an additive to the soil.

To determine suitability for use as an alternative solid fuel, fresh SMS was kept in
blocks stacked in several rows, not tightly, on a flat concrete surface, under a roof. In this
form, the natural drying process took place during the summer period (the average air
temperature was within 26 ◦C).

2.2. Reuse as a Component in Substrates’ Production Cycle

The experiment took place at a local shiitake farm “Nature Green Ukraine LLC”.
The original substrate recipe includes 70% aged beech sawdust, 10% cereals (such as

cord or barley), 5% oil seeds, and 5% wheat bran. The humidity is between 65 and 70% and
pH of 6–7. It was used as a control (CS).

In the tested recipes only sawdust was replaced. The following recipes were used:
EX1—40% aged beech sawdust, 30% aged SMS, 10% cereals (such as cord or barley),

5% oil seeds, 5% wheat bran. The humidity was between 65 and 70% and pH 6–7.
EX2—35% aged beech sawdust, 35% aged SMS, 10% cereals (such as cord or barley),

5% oil seeds, 5% wheat bran. Humidity in the range 65–70% and pH 6–7.
EX3—50% aged beech sawdust, 50% aged SMS. The humidity was between 65 and

70% and pH 6–7.
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Substrates were sterilized for 13 h (9 h under 95 ◦C followed by 4 h at 110 ◦C). Cooling
down took place in a sterile room. As soon as the inner temperature of substrates dropped
below 28 ◦C, they were inoculated with 1% of spawn.

Incubation took place in the same room with the following climate conditions: temper-
ature 21–25 ◦C, relative humidity 60–80%, CO2 concentration 2000–10,000 ppm (0.2–1%),
and exposure to light—twice a day for 1 h (50–100 lux).

Fruiting took place in the same room with the following climate conditions: tem-
perature 16–18 ◦C, relative humidity 80–95%, and CO2 concentration 1000–1700 ppm
(0.1–0.17%).

Substrates evaluation was carried out based on the yield data after 14th, 16th, and
18th weeks of incubation and organoleptic evaluations of the picked mushrooms (color,
texture, taste).

The yield is considered good if it is ≥20%, and the organoleptic evaluation of the
picked mushrooms is classified as bad, good, satisfactory, or excellent.

2.3. Additive to the Soil for Blueberry Cultivation

The experiment took place at a local blueberry farm “Green FE” where the following
blueberry varieties were grown, i.e., Duke, Bluecrop, and Elliott. The weather conditions of
the area where this farm is located are characterized by mainly dry weather with minimal
precipitation in the form of short-term rains and thunderstorms. The average daytime air
temperature during summer period was in the range of 21–28 ◦C, and the average night
temperature was 12–16 ◦C.

The obtained soil analysis showed that it is umbrisol. In the words of the owner of
the farm “Green FE”(the text quoted below), for blueberry cultivation, umbrisol is not the
best option, and for consistently good growth and yield, it needs additives to improve
its physical characteristics, maintain humidity, and provide an adequate environment for
bioactivity of the soil and enrich it with nutrients. Peat with the addition of agrochemicals is
mainly used for these needs. Therefore, the comparison of efficiency of SMS as an additive
was carried out in comparison with peat.

The chemical composition of additives, chemical composition of soil, number of mi-
croorganisms, content of total microbial biomass, and direction of microbiological processes
were determined. The experiments were performed with four-year repetitions.

The chemical compositions of spent shiitake mushroom substrate and peat are de-
scribed in Table 1. A comparison reveals that spent shiitake mushroom substrate ex-
hibits higher organic matter content of 48.44% compared to peat. Additionally, the sub-
strate demonstrates higher percentages of potassium, magnesium, and phosphorus rela-
tive to peat.

Table 1. Chemical composition of additives.

Indicators SMS Peat

relative humidity, % 58.04 59.32

acidity, pH 3.70 4.50

organic matter in the calculation of carbon, % 48.44 44.95

mass fraction of total nitrogen, % 1.04 1.99

ratio C:N 44.7:1 45.2:1

total potassium, % 0.43 0.07

total phosphorous, % 0.37 0.31

calcium content, % 0.42 0.50

magnesium content, % 0.17 0.10

Soil samples were collected during the spring–summer period before blueberry fruit-
ing began. Sampling occurred annually for four years after the application of spent mush-
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room substrate. Samples were taken from the top 0–20 cm layer of soil during stable system
conditions. After collection, all samples were air-dried, sieved to remove particles larger
than 3 mm, and meticulously cleared of visible plant and mesofauna residues. For accuracy,
each sample was taken with a four-fold repetition (Figure 3).
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The chemical composition was determined using standard methods:

- DSTU 7882:2015 “Peat and its processing products for agriculture. Methods of deter-
mining metabolic and active acidity” [29] for determination of the level of acidity;

- DSTU EN 12048:2005 “Solid fertilizers and liming materials. Determination of mois-
ture content by gravimetric method. Drying at a temperature of (105 ± 2) ◦C”
(EN 12048:1996, IDT) [30] to determine moisture content;

- DSTU 7942:2015 “Soil quality. Determination of ash content of peat and peat soil” [31]
to quantify the level of ash;

- DSTU 8454:2015. “Organic fertilizers. Methods of determination of organic mat-
ter” [32] to obtain the content of organic matter in terms of carbon;

- DSTU 7911:2015 “Organic and organo-mineral fertilizers. Methods of determining the
total mass fraction of nitrogen and the mass fraction of ammonium nitrogen” [33] for
determination of the mass fraction of total and ammonium nitrogen;

- DSTU 7949:2015 “Organic fertilizers. Method for determining the mass fraction of
total potassium” [34] for determination of total potassium;

- DSTU EN 15956:2015 “Fertilizers. Method for extracting phosphorus soluble in min-
eral acids” (EN 15956:2011, IDT) [35] to obtain total phosphorus;

- DSTU 7670:2014 method. “Raw materials and food products. Preparation of sam-
ples. Mineralization to determine the content of toxic elements” [36] for calcium,
magnesium, and sodium content quantification.

For the microbiological analyses, soil samples were selected from each variant in
four-fold replication and prepared as an average sample. Batches of 10 g each were put on a
sterile mortar, and then, the microorganisms were separated from the soil particles using the
method of D. Zviahyntsev [37]. The quantitative compound of the microorganisms of the
main ecological-trophic and taxonomic groups in soil was determined using the methods of
inoculating the soil suspension into standard growth medias, which are generally accepted
in soil microbiology [37]: streptomyces and bacteria that use mineral nitrogen in starch
and ammonia agar (SAA); pedotrophs on soil agar (SA); oligotrophs on purified agar
(PA); micromycetes on Czapek-Dox agar; and bacteria that use organic nitrogen in meat
infusion agar (MIA). After the inoculation into the media, the bacteria were incubated
at the temperature of 28 ◦C during 5–14 days. The colonies that grew in these media
were calculated assuming that one colony is formed from one vital cell. The results of the
assessments of the number of microorganisms grown on the nutrient media were expressed
in Colony Forming Units (CFUs) per 1 g of dry soil. For this purpose, the moisture of
the soil samples was determined for the experiments using the thermostat-gravimetric
analysis, and the obtained number of colonies was recalculated taking into consideration
the coefficient of moisture and solution of the soil suspension. The inoculations were
repeated three times, and the obtained data were analyzed using mathematical statistics,
calculating the confidence interval in the number of microorganisms.
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The direction of microbiological processes in the soil was determined by the appropri-
ate coefficients [38]:

- Coefficient of mineralization (Cmin) calculated by the ratio of the number of mi-
croorganisms immobilizing the mineral forms of nitrogen (NSAA) to the number of
organotrophs (NMIA) as follows:

Cmin =
NSAA

NMIA
; (1)

- Coefficient of oligotrophity (Col) calculated by the ratio of the number of microorgan-
isms, which are able to absorb nutrients from very rarefied solutions (NPA), to the total
number of eutrophic microorganisms (NSAA + NMIA) as follows:

Col =
NPA

NSAA + NMIA
; (2)

- Coefficient of pedotrophity (Cped) calculated as the ratio of the number of pedotrophic
microorganisms (NSA) to the number of microorganisms using organic nitrogen (organ-
otrophs) as follows:

Cped =
NSA

NMIA
. (3)

2.4. Alternative Solid Fuel

Firewood, sawdust, woodchips, or wood pellets are the types of solid fuels that are
widely used by the average rural resident during the heating season, which lasts from mid-
autumn to mid-spring. The same statement is true for most agro-industrial complexes, the
production of which does not depend on the season (greenhouses, poultry houses, mush-
room houses, etc.). Since the spent substrate consists of 70% of sawdust with the addition of
5% of oil seeds, it was decided to test it as a solid fuel using the following indicators: total
humidity, ash, sulfur, carbon content, release of volatile substances, and heat of combustion.
The obtained data on heat of combustion were compared with data for fuel properties of
firewood, sawdust, wooden pallets, and wood chips from literature sources [39].

Combustion and analysis of SMS were carried out using standard methods:

- DSTU EN 14774-1 “Solid biofuel. Determination of moisture content. Method of
drying in a drying cabinet” [40] for determination of sample moisture content, drying
of samples to a constant weight at a temperature of 105 ◦C;

- Ash content was determined by a combined method. First, dried samples were
burned according to the EN 15403 method “Solid recovered fuels—Determination
of ash content” at a temperature of 550 ◦C [41], and then, the ash was additionally
calcined under the conditions corresponding to the ISO 1171 method “Solid mineral
fuels—Determination of ash” at a temperature of 815◦ WITH [42];

- Carbon and sulfur content determinations were carried out on a Leco CS 230 analyzer
according to its instructions, which correspond to the methods of DSTU EN 15104:2013
“Solid biofuel. Methods for determining the content of total carbon, hydrogen and
nitrogen” [43] and DSTU EN 15289:2013 “Solid biofuel. Methods for determining the
total content of sulfur and chlorine” [44];

- DSTU EN 15148:2012 “Solid biofuel. Method for determining the content of volatile
substances” by mass loss during the rapid heating of the sample to 900 ◦C without air
access for 7 min [45] for volatile substance determination;

- Determination of the caloric parameters of the sample was performed on the IKA
C2000 calorimeter according to its instructions, which meet the requirements of
DSTU ISO 1928 [46].
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2.5. Statistical Analyses

The statistical software Statistica 10.0 was used to analyze the data from the bioassays.
The results were expressed as mean values (±standard deviation (SD) and smallest signifi-
cant difference (SSD05)) of experiments conducted four times. The level of significance was
set at p < 0.05.

3. Results and Discussion
3.1. Reuse as a Component in New Substrates’ Production Cycle

Substrate results based on the yield data after 14th, 16th, and 18th weeks of incuba-
tion are presented in Table 2. Our study outcomes demonstrated that, among the three
experimental substrate recipes tested with SMS, the most favorable yield was observed
with EX1 as it presents values greater than 20 for incubation periods longer than 14 weeks.
This blend consisted of 40% aged beech sawdust, 30% aged SMS, and 10% cereals (such as
oats or barley), resulting in an average yield of 25.80% greater than the one obtained with
the original substrate recipe for shiitake mushroom cultivation. These results underscore
the effectiveness of this specific combination in optimizing crop output.

Table 2. Yield of substrates after 14th, 16th, and 18th week of incubation.

Substrate Yield after 14th
Week (%)

Yield after 16th
Week (%)

Yield after 18th
Week (%)

Average
Yield (%)

CS 20.83 21.91 22.50 21.75

EX 1 24.80 26.41 26.2 25.80

EX 2 16.73 20.63 23.91 20.42

EX 3 10.71 17.98 18.20 15.63

The recipe with equal proportion (35%) of aged beech and aged SMS (EX2) showed
a stable average yield of 20.42%, but with an unsatisfactory performance during the first
14 weeks. When the substrate is made up of half of aged beech and half of aged SMS (EX3)
and without any cereal additives, it does present stable yield values.

The organoleptic evaluation of picked mushrooms from all types of substrates
(Figure 4) was excellent: brown color with white spots, fleshy closed cap, and average size
of 45–50 mm.
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From the results obtained, we conclude that SMS can be reused in substrate production
for shiitake mushroom production. For a stable average yield of ≥20%, cereal grain
components must be added, with the amount of SMS not exceeding 35%.

3.2. Additive to the Soil for Blueberry Cultivation

The evaluation of the chemical composition of the soil subsequent to the application
of both types of additives (see chemical composition in Table 1), crucial for the growth and
fruiting of blueberries, was conducted and is depicted in Table 3, revealing noteworthy
findings. Specifically, in agroecosystems where SMS was applied, the soil exhibited a higher
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organic matter content of 49.00% compared to 34.31% for peat. This disparity is expected to
positively impact the soil microbiome, fostering conducive conditions for blueberry growth
and fruiting [47–49]. Furthermore, Lipiec et al. [50] confirmed that the application of spent
mushroom substrate, particularly over the long term, augmented the organic matter content
within the soil. The application of SMS contributed to the increase in soil organic carbon
content and microbial biomass. Usually, microbial biomass responds more promptly to
management practices compared to the total organic carbon content in the soil [51–53].

Table 3. Chemical composition of soil samples after adding SMS and peat.

Indicators Soil Added with SMS Soil Added with Peat

acidity, pH 5.16 5.60

hydrolytic acidity, mmol-eq/100 g 44.46 34.65

electrical conductivity mS m−1 56.83 34.73

relative humidity, % 49.39 51.90

organic matter, % 49.00 34.31

nitrate nitrogen, mg/100 g 103.7 31.19

ammonium nitrogen, mg/100 g 2.47 5.20

mobile compounds of potassium, mg/100 g 78.73 73.17

mobile compounds of phosphorous, mg/100 g 75.75 74.75

water-soluble calcium, mg kg−1 435.00 264.50

water-soluble magnesium, mg kg−1 118.50 69.92

Note: data are statistically significant (p < 0.05).

It is known that microbial biomass is an important indicator in assessing the ecological
status of ecosystems, as well as a sensitive indicator for the influence of applied agricultural
technologies and fertilizers [54–56]. The microbiological analysis of soil from the selected
agroecosystems, where blueberries were cultivated with the addition of SMS and peat,
yielded notable results as can be observed in Table 4. Specifically, the utilization of SMS
resulted in a significant increase in the overall microbial biomass, averaging 157.1 ± 1.82 µg.
In contrast, when peat was used, the microbial biomass averaged 143.18 ± 1.71 µg. These
findings underscore the beneficial impact of SMS on soil microbial activity compared to
peat application. In the realm of microbial communities, delving into the species compo-
sition and the presence of ecological functional groups is crucial. Each microbe plays a
distinct role within the community structure, ultimately influencing soil health and plant
productivity. The intricate dynamics of microbial communities form complex networks,
where various interactions occur among microbes. These interactions encompass resource
competition, metabolic dependencies, spatial organization, including the production of
biofilms, signaling mechanisms, and horizontal gene transfer [57–59]. Understanding
these multifaceted interactions offers profound insights into the functioning and resilience
of ecosystems. The investigation of different ecological and functional groups in soil
from the agroecosystems studied demonstrated that the application of SMS led to an
increase in the functional diversity of the soil microbiome (Table 4). Specifically, there
was a notable and significant increase in the number of representatives across practically
all functional groups. A more than threefold increase in bacteria utilizing mineral nitro-
gen in soil (15.6 ± 1.1 × 103 CFU g−1) compared to bacteria that use mineral nitrogen
in agroecosystems with peat (4.3 ± 0.28 × 103 CFU g−1) can have a positive effect on
soil fertility. Also, a significantly increased number of bacteria that use organic nitrogen
(11.61 ± 2.12 × 103 CFU g−1) was observed. Such an increase suggests a potentially height-
ened capacity for nitrogen cycling and enhanced nutrient availability, thereby benefiting
plant growth and productivity. The increased microbial activity in nitrogen utilization
may indicate improved soil fertility and overall ecosystem functioning. Previous research
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has demonstrated that biodiversity, particularly microbial diversity and activity, has the
potential to enhance soil ecosystem multifunctionality [60–65].

Table 4. Number of soil microorganisms and the content of total microbial biomass.

Indicators Soil Added with SMS Soil Added with Peat

Micromycetes (×10−3 CFU g−1) 8.19 ± 1.69 1.99 ± 0.17

Bacteria which use organic nitrogen (×10−3 CFU g−1) 11.61 ± 2.12 1.34 ± 0.22

Bacteria which use mineral nitrogen (×10−3 CFU g−1) 15.6 ± 1.1 4.3 ± 0.28

Oligotrophs (×10−3 CFU g−1) 1.32 ± 0.13 0.54 ± 0.06

Streptomyces (×10−3 CFU g−1) 7.82 ± 0.23 2.68 ± 0.14

Pedotrophs (×10−3 CFU g−1) 11.53 ± 0.89 1.88 ± 0.14

Total microbial biomass (µg) 157.1 ± 1.82 143.18 ± 1.71

As can be seen from the results, the number of microorganisms was much higher
in soil samples with SMSs. Research conducted by Joniec et al. [51] demonstrated that
the application of spent mushroom substrate (SMS) led to improvements in various mi-
crobiological, enzymatic, and biochemical parameters. These enhancements translated
into higher overall soil fertility and quality. Therefore, the application of spent mushroom
substrate could indeed enhance soil quality indicators, a finding corroborated by our own
results as well. It can be assumed that spent substrate creates favorable conditions for
the development of the soil microbiome. Based on the number of soil microorganisms,
coefficients of mineralization, oligotrophity, and pedotrophity were calculated (Table 5).

Table 5. Direction of soil microbiological processes.

Samples Coefficient of
Mineralization (Cmin)

Coefficient of
Oligotrophity (Col)

Coefficient of
Pedotrophity (Cped)

Soil added with SMS 1.46 0.27 0.99

Soil added with peat 3.60 0.43 1.40
Note: data are statistically significant (p < 0.05).

The application of the spent mushroom substrate into the soil contributed to the
activation of the mineralization–immobilization process. The coefficient of mineraliza-
tion (Cmin) increased by 2.46 times compared to the soil of the agroecosystem where
peat was applied. Additionally, the use of SMS led to a decrease in oligotrophy and
pedotrophy coefficients, indicating an improvement in the biological activity of the soil
microbiome [38,55,66] and the ecological status of soil.

3.3. Alternative Solid Fuel

In well-managed mushroom industries, following the harvest of mushroom fruit
bodies, approximately 70% of the substrate remains as waste, referred to as spent mushroom
substrate (SMS). Currently, SMS could be utilized also as fuel [67]. The data obtained during
burning of SMS are presented in Table 6, and for comparison. data for firewood and other
usual solid fuels are also indicated. Some other parameters for SMS were measured: release
of volatile compounds (ROV) was 86.1%, the ash content obtained was 2.44%, sulfur was
0.11%, and total carbon content was 48.5%.

The heat of combustion of SMS is of the order of magnitude of the other solid fuels
commonly used. However, it can be observed that the best for use as fuel is spent substrate
with a humidity ≤ 20% presenting comparable heat of combustion of wood pallets. Such
a level of humidity for SMS can only be achieved with artificial drying (at an average
temperature of 105 ◦C) or naturally but for longer period (2–3 years).
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Table 6. Heat combustion of SMS and some commonly used solid fuels.

Samples Relative Humidity %
Heat of Combustion

kcal kg−1 MJ kg−1 kW h kg−1

SMS
(naturally dried) 34 2568 10.76 2.99

SMS
(artificially dried) 18 4042 16.94 4.71

Firewood
(one year under the canopy) 30 2875 12.05 3.35

Firewood (dried) 20 3381 14.17 3.94

Wood pallets ≤10 4100 17.17 4.7

Sawdust 20–30 2000 8.37 2.3

Woodchips 20–30 2610 10.93 3

Note: data are statistically significant (p < 0.05).

Based on the results obtained, it can be concluded that the spent shiitake substrate
is a potential alternative to the commonly used solid fuel; however, further studies must
be conducted to optimize its utilization. For example, an alternative approach involves
combining the spent shiitake substrate with other types of solid fuels, such as firewood
or pallets. With this combination, it is expected not only to enhance the overall efficiency
of combustion but also to present a commendable alternative from both economic and
ecological perspectives. Each kilogram of mushroom produced generates approximately
5 kg of wet mass spent mushroom substrate (SMS), with an average water content of
around 65%. This indicates a significant potential, totaling almost 8 million tons of dry
mass SMS, suitable for biofuel production after shiitake cultivation [67,68].

Therefore, considering the need for pre-drying and potential synergies with other
solid fuels, the spent shiitake substrate demonstrates promise as a valuable and sustainable
energy source.

4. Conclusions

The potential to valorize spent mushroom substrate by its reintroduction into the
primary production cycle and secondary activities, including the production of additives,
fertilizers, and alternative fuels, was studied.

The study was conducted to evaluate the potential to reuse SMS for shiitake mushroom
production and showed positive results. To obtain a stable average yield, an amount of
SMS not exceeding 35%, with cereal grain components and aged beech sawdust, must be
used. The organoleptic evaluation of picked mushrooms produced with this was excellent.

The chemical composition of SMS was determined and compared with peat when
its potential use of fertilizer was assessed in blueberries cultivation. The SMS is not
inferior to peat, presenting higher organic matter and contents of potassium, magnesium,
and phosphorus. Based on the results of the microbiological study, it was also possible
to conclude that the SMS has a positive effect on the soil microbiome. Moreover, the
production of blueberries increased when SMS was used instead of peat, showing that it
can be used as an additive to the soil for blueberry cultivation. Further studies are also
needed to find out the behavior of SMS on other agricultural crops.

In each concern, the use of SMS as an alternative solid fuel, based on the results ob-
tained from the comparative heat combustion analysis, presents a great potential. However,
it is crucial to note that its effective use requires prior drying, either through artificial or
natural means, albeit for an extended period. Without proper drying, the substrate may
not be suitable as a standalone fuel source.

The main conclusions about the proposed methods of SMS valorization point to
economic and environmental benefits for companies, in line with zero waste and green
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principles. The use of SMS as a raw material for agroindustry and energy production
follows the circular economy model and the industrial symbiosis approach.
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2. El-Ramady, H.; Abdalla, N.; Badgar, K.; Llanaj, X.; Törős, G.; Hajdú, P.; Eid, Y.; Prokisch, J. Edible Mushrooms for Sustainable and

Healthy Human Food: Nutritional and Medicinal Attributes. Sustainability 2022, 14, 4941. [CrossRef]
3. Finney, K.N.; Ryu, C.; Sharifi, V.N.; Swithenbank, J. The Reuse of Spent Mushroom Compost and Coal Tailings for Energy

Recovery: Comparison of Thermal Treatment Technologies. Bioresour. Technol. 2009, 100, 310–315. [CrossRef]
4. Kaushal, L.A.; Prashar, A. Agricultural Crop Residue Burning and Its Environmental Impacts and Potential Causes–Case of

Northwest India. J. Environ. Plan. Manag. 2020, 64, 464–484. [CrossRef]
5. Leong, Y.K.; Ma, T.W.; Chang, J.S.; Yang, F.C. Recent Advances and Future Directions on the Valorization of Spent Mushroom

Substrate (SMS): A Review. Bioresour. Technol. 2022, 344, 126157. [CrossRef]
6. Kousar, A.; Khan, H.A.; Farid, S.; Zhao, Q.; Zeb, I. Recent Advances on Environmentally Sustainable Valorization of Spent

Mushroom Substrate: A Review. Biofuels. Bioprod. Biorefining 2024, 18, 639–651. [CrossRef]
7. Mohd Hanafi, F.H.; Rezania, S.; Mat Taib, S.; Md Din, M.F.; Yamauchi, M.; Sakamoto, M.; Hara, H.; Park, J.; Ebrahimi, S.S.

Environmentally Sustainable Applications of Agro-Based Spent Mushroom Substrate (SMS): An Overview. J. Mater. Cycles Waste
Manag. 2018, 20, 1383–1396. [CrossRef]

8. Martín, C.; Zervakis, G.I.; Xiong, S.; Koutrotsios, G.; Strætkvern, K.O. Spent Substrate from Mushroom Cultivation: Exploitation
Potential toward Various Applications and Value-Added Products. Bioengineered 2023, 14, 2252138. [CrossRef]

9. Huang, Z.; Guan, H.; Zheng, H.; Wang, M.; Xu, P.; Dong, S.; Yang, Y.; Xiao, J. Novel Liquid Organic Fertilizer: A Potential Way to
Effectively Recycle Spent Mushroom Substrate. J. Clean Prod. 2022, 376, 134368. [CrossRef]

10. Alves, L.D.S.; Caitano, C.E.C.; Ferrari, S.; Vieira Júnior, W.G.; Heinrichs, R.; de Almeida Moreira, B.R.; Pardo-Giménez, A.; Zied,
D.C. Application of Spent Sun Mushroom Substrate in Substitution of Synthetic Fertilizers at Maize Topdressing. Agronomy 2022,
12, 2884. [CrossRef]

11. Zhang, W.R.; Liu, S.R.; Zhao, Z.X.; Kuang, Y.B.; Dong, X.F.; Ruan, J.F. Effects of Extracts of Spent Mushroom Substrates on Growth
of Edible Fungi. Int. J. Agric. Biol. 2018, 20, 2133–2139. [CrossRef]

12. Antón-Herrero, R.; García-Delgado, C.; Baena, N.; Mayans, B.; Delgado-Moreno, L.; Eymar, E. Assessment of Different Spent
Mushroom Substrates to Bioremediate Soils Contaminated with Petroleum Hydrocarbons. Appl. Sci. 2022, 12, 7720. [CrossRef]

13. Wei, Y.; Jin, Z.; Zhang, M.; Li, Y.; Huang, S.; Liu, X.; Jin, Y.; Wang, H.; Qu, J. Impact of Spent Mushroom Substrate on Cd
Immobilization and Soil Property. Environ. Sci. Pollut. Res. 2020, 27, 3007–3022. [CrossRef] [PubMed]

14. Eliescu, A.; Georgescu, A.A.; Nicolescu, C.M.; Bumbac, M.; Cioateră, N.; Mures, eanu, M.; Buruleanu, L.C. Biosorption of Pb(II)
from Aqueous Solution Using Mushroom (Pleurotus ostreatus) Biomass and Spent Mushroom Substrate. Anal. Lett. 2020, 53,
2292–2319. [CrossRef]

15. Leong, Y.K.; Varjani, S.; Lee, D.J.; Chang, J.S. Valorization of Spent Mushroom Substrate for Low-Carbon Biofuel Production:
Recent Advances and Developments. Bioresour. Technol. 2022, 363, 128012. [CrossRef]

16. Koido, K.; Ogura, T.; Matsumoto, R.; Endo, K.; Sato, M. Spent Mushroom Substrate Performance for Pyrolysis, Steam Co-
Gasification, and Ash Melting. Biomass Bioenergy 2021, 145, 105954. [CrossRef]

17. Zhao, Z.; Ibrahim, M.M.; Wang, X.; Xing, S.; Heiling, M.; Hood-Nowotny, R.; Tong, C.; Mao, Y. Properties of Biochar Derived from
Spent Mushroom Substrates. Bioresources 2019, 14, 5254–5277. [CrossRef]

18. Sethumadhavan, P.; Arul Mozhi Selvan, V. Effect of Spent Mushroom Substrate and Waste Paper Briquette on Methane Production
from Anaerobic Digestion. J. Environ. Biol. 2018, 39, 269–276. [CrossRef]

19. Medina, E.; Paredes, C.; Pérez-Murcia, M.D.; Bustamante, M.A.; Moral, R. Spent Mushroom Substrates as Component of Growing
Media for Germination and Growth of Horticultural Plants. Bioresour. Technol. 2009, 100, 4227–4232. [CrossRef] [PubMed]

http://www.fao.org/faostat/en/#data
http://www.fao.org/faostat/en/#data
https://doi.org/10.3390/su14094941
https://doi.org/10.1016/j.biortech.2008.05.054
https://doi.org/10.1080/09640568.2020.1767044
https://doi.org/10.1016/j.biortech.2021.126157
https://doi.org/10.1002/bbb.2559
https://doi.org/10.1007/s10163-018-0739-0
https://doi.org/10.1080/21655979.2023.2252138
https://doi.org/10.1016/j.jclepro.2022.134368
https://doi.org/10.3390/agronomy12112884
https://doi.org/10.17957/IJAB/15.0744
https://doi.org/10.3390/app12157720
https://doi.org/10.1007/s11356-019-07138-y
https://www.ncbi.nlm.nih.gov/pubmed/31838676
https://doi.org/10.1080/00032719.2020.1740722
https://doi.org/10.1016/j.biortech.2022.128012
https://doi.org/10.1016/j.biombioe.2020.105954
https://doi.org/10.15376/biores.14.3.5254-5277
https://doi.org/10.22438/jeb/39/2/MRN-456
https://doi.org/10.1016/j.biortech.2009.03.055
https://www.ncbi.nlm.nih.gov/pubmed/19409775


Recycling 2024, 9, 44 12 of 13

20. Gobbi, V.; Nicoletto, C.; Zanin, G.; Sambo, P. Specific Humus Systems from Mushrooms Culture. Appl. Soil Ecol. 2018, 123,
709–713. [CrossRef]

21. Gao, W.; Liang, J.; Pizzul, L.; Feng, X.M.; Zhang, K.; Castillo, M.d.P. Evaluation of Spent Mushroom Substrate as Substitute of Peat
InChinese Biobeds. Int. Biodeterior Biodegrad. 2015, 98, 107–112. [CrossRef]

22. Paula, F.S.; Tatti, E.; Abram, F.; Wilson, J.; O’Flaherty, V. Stabilisation of Spent Mushroom Substrate for Application as a Plant
Growth-Promoting Organic Amendment. J. Environ. Manag. 2017, 196, 476–486. [CrossRef] [PubMed]

23. Meng, X.; Dai, J.; Zhang, Y.; Wang, X.; Zhu, W.; Yuan, X.; Yuan, H.; Cui, Z. Composted Biogas Residue and Spent Mushroom
Substrate as a Growth Medium for Tomato and Pepper Seedlings. J. Environ. Manag. 2018, 216, 62–69. [CrossRef]

24. Wang, H.W.; Xu, M.; Cai, X.Y.; Feng, T.; Xu, W.L. Application of Spent Mushroom Substrate Suppresses Fusarium Wilt in
Cucumber and Alters the Composition of the Microbial Community of the Cucumber Rhizosphere. Eur. J. Soil Biol. 2020,
101, 103245. [CrossRef]

25. Pérez-Chávez, A.M.; Mayer, L.; Albertó, E. Mushroom Cultivation and Biogas Production: A Sustainable Reuse of Organic
Resources. Energy Sustain. Dev. 2019, 50, 50–60. [CrossRef]

26. Xiao, Z.; Lin, M.; Fan, J.; Chen, Y.; Zhao, C.; Liu, B. Anaerobic Digestion of Spent Mushroom Substrate under Thermophilic
Conditions: Performance and Microbial Community Analysis. Appl. Microbiol. Biotechnol. 2018, 102, 499–507. [CrossRef]

27. Ravlikovsky, A.; Symochko, L. Agroecological Aspects of Cultivation Shiitake Mushroom in Ukraine. In Proceedings of the
International Council on Technologies of Environmental Protection (ICTEP), Starý Smokovec, Slovakia, 23–25 October 2019.
[CrossRef]

28. Ravlikovsky, A.; Symochko, L. Potential Use of spent mushroom substrate of Lentinula Edodes as a biofertilizer. Int. J. Ecosyst.
Ecol. Sci. 2020, 10, 527–534. [CrossRef]

29. DSTU 7882:2015; Peat and Its Processing Products for Agriculture. Methods of Determining Metabolic and Active Acidity. SE
“UkrNDNC”: Kyiv, Ukraine, 2015.

30. DSTU EN 12048:2005 (EN 12048:1996, IDT); Solid Fertilizers and Liming Materials. Determination of Moisture Content by
Gravimetric Method. Drying at a Temperature of (105 ± 2) ◦C. SE “UkrNDNC”: Kyiv, Ukraine, 2005.

31. DSTU 7942:2015; Soil Quality. Determination of Ash Content of Peat and Peat Soil. SE “UkrNDNC”: Kyiv, Ukraine, 2015.
32. DSTU 8454:2015; Organic Fertilizers. Methods of Determination of Organic Matter. SE “UkrNDNC”: Kyiv, Ukraine, 2015.
33. DSTU 7911:2015; Organic and Organo-Mineral Fertilizers. Methods of Determining the Total Mass Fraction of Nitrogen and the

Mass Fraction of Ammonium Nitrogen. SE “UkrNDNC”: Kyiv, Ukraine, 2015.
34. DSTU 7949:2015; Organic Fertilizers. Method for Determining the Mass Fraction of Total Potassium. SE “UkrNDNC”: Kyiv,

Ukraine, 2015.
35. DSTU EN 15956:2015; Fertilizers. Method for Extracting Phosphorus Soluble in Mineral Acids. SE “UkrNDNC”: Kyiv,

Ukraine, 2015.
36. DSTU 7670:2014; Raw Materials and Food Products. Preparation of Samples. Mineralization to Determine the Content of Toxic

Elements. SE “UkrNDNC”: Kyiv, Ukraine, 2014.
37. Alef, K.; Nannipieri, P. Methods in Applied Soil Microbiology and Biochemistry; Elsevier Ltd.: Amsterdam, The Netherlands, 1995;

ISBN 9780125138406.
38. Demyanyuk, O.; Symochko, L.; Shatsman, D. Structure and dynamics of soil microbial communities of natural and transformed

ecosystems. Environ. Res. Eng. Manag. 2020, 76, 97–105. [CrossRef]
39. Comparative Characteristics of Some Types of Fuel. Available online: https://bioopt.com.ua/ua/a240346-sravnitelnaya-

harakteristika-nekotoryh.html (accessed on 20 January 2024).
40. DSTU EN 14774-1:2013; Solid Biofuels. Determination of Moisture Content. Drying Oven Method. Part 1. General Moisture.

Standard Method (EN 14774-1:2009, IDT). SE “UkrNDNC”: Kyiv, Ukraine, 2013.
41. EN 15403:2011; Solid Recovered Fuels—Determination of Ash Content. SE “UkrNDNC”: Kyiv, Ukraine, 2011.
42. ISO 1171:2010; Solid Mineral Fuels—Determination of Ash. ISO: Geneva, Switzerland, 2010.
43. DSTU EN 15104:2013; Solid Biofuels. Methods for Determination of Total Carbon, Hydrogen and Nitrogen Content

(EN 15104:2011, IDT). SE “UkrNDNC”: Kyiv, Ukraine, 2013.
44. DSTU EN 15289:2013; Solid Biofuel. Methods for Determining Total Sulfur and Chlorine Content (EN 15289:2011, IDT).

SE “UkrNDNC”: Kyiv, Ukraine, 2013.
45. DSTU EN 15148:2012; Solid Biofuel. Method for Determining the Content of Volatile Substances (EN 15148:2009, IDT).

SE “UkrNDNC”: Kyiv, Ukraine, 2012.
46. DSTU ISO 1928:2006; Solid Mineral Fuels. Determination of the Highest Heat of Combustion by the Calorimetric Bomb Combus-

tion Method and Calculation of the Lowest Heat of Combustion (ISO 1928:1995, IDT). SE “UkrNDNC”: Kyiv, Ukraine, 2006.
47. Symochko, L.; Pereira, P. Agricultural Soil Management Impacts on Soil Microbial Communities. In Frontier Studies in Soil Science;

Núñez-Delgado, A., Ed.; Springer: Cham, Switzerland, 2024. [CrossRef]
48. Litvinova, O.; Tonkha, O.; Havryliuk, O.; Litvinov, D.; Symochko, L.; Dehodiuk, S.; Zhyla, R. Fertilizers and pesticides impact on

surface-active substances accumulation in the dark gray podzolic soils. J. Ecol. Eng. 2023, 24, 119–127. [CrossRef]
49. Symochko, L.; Demyanyuk, O.; Crisan, V.; Dinca, L. Microbial transformation of soil organic matter under varying agricultural

management systems. Front. Microbiol. 2023, 14, 1287701. [CrossRef] [PubMed]

https://doi.org/10.1016/j.apsoil.2017.10.023
https://doi.org/10.1016/j.ibiod.2014.12.008
https://doi.org/10.1016/j.jenvman.2017.03.038
https://www.ncbi.nlm.nih.gov/pubmed/28343049
https://doi.org/10.1016/j.jenvman.2017.09.056
https://doi.org/10.1016/j.ejsobi.2020.103245
https://doi.org/10.1016/j.esd.2019.03.002
https://doi.org/10.1007/s00253-017-8578-9
https://doi.org/10.1109/ICTEP48662.2019.8968979
https://doi.org/10.31407/ijees10.314
https://doi.org/10.5755/j01.erem.76.4.23508
https://bioopt.com.ua/ua/a240346-sravnitelnaya-harakteristika-nekotoryh.html
https://bioopt.com.ua/ua/a240346-sravnitelnaya-harakteristika-nekotoryh.html
https://doi.org/10.1007/978-3-031-50503-4_6
https://doi.org/10.12911/22998993/163480
https://doi.org/10.3389/fmicb.2023.1287701
https://www.ncbi.nlm.nih.gov/pubmed/38274742


Recycling 2024, 9, 44 13 of 13
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