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Abstract

:

The mushroom agroindustry generates a huge amount of waste from mushroom production (WMP). The composition of WMP is not standardized but differs mainly in terms of organic matter (OM) content and OM biodegradability. This makes WMP management, including anaerobic digestion (AD), a significant challenge. A potential solution could be co-digestion of WMP with municipal sewage sludge (SS), especially SS generated in small rural wastewater treatment plants (WWTPs). Therefore, this study investigated mesophilic methane production (MP) from WMP, SS, and mixtures of SS and WMP at ratios of 70:30, 50:50, and 30:70 (w/w OM). Even though the maximum cumulative MP from WMP was relatively low (approx. 60 NL/kg OM), co-digesting WMP with SS increased both MP and the methane content of the biogas: with 30%, 50%, and 70% shares of SS, MP increased almost 2, 2.5, and 3.3 times, and the methane content increased to 61%, 62%, and 64%, respectively. As the SS content was increased, the kinetic coefficients of MP and OM removal decreased (from 0.211 to 0.146 d−1 and from 0.215 to 0.152 d−1), whereas the initial rate of MP and of OM removal increased (from 12.5 to 36.8 NL/(kg OM·d) and from 0.51 kg OM/(m3·d) to 0.59 kg OM/(m3·d), respectively). The effectiveness of OM removal (EOMrem) was lowest with WMP only, at 46.6%. When the SS content of the mixtures was increased to 30%, 50%, and 70%, EOMrem also increased to 55.3%, 60.1%, and 64.9%, respectively. The relationship between maximal MP and the overall OM removed was such that both increased simultaneously. The higher values of EOMrem and, consequently, the lower final contents of OM with more effective MP indicate that the organics were degraded more efficiently. These results suggest that co-digestion may be a profitable solution for simultaneously utilizing both of these waste products, increasing the efficiency of biogas production to such an extent that it would be profitable to conduct AD on mushroom farms. This is a flexible approach that allows varying proportions of WMP and SS to be used, depending on the availability of both substrates and the energy needs of the mushroom farm. However, it should be borne in mind that a higher share of WMP results in lower gas productivity.
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1. Introduction


Currently, fossil fuels are the main resources used to meet energy needs, and as such, they are being depleted due to high consumption and their non-renewable nature [1,2]. This situation, coupled with concerns for the environment due to greenhouse gas emissions causing climate change, have sparked interest in alternative, renewable energy sources.



One such energy source is biogas, which is a promising alternative energy source because it is produced from renewable organic resources in a cost-effective and environmentally friendly manner. Biogas is produced via anaerobic digestion (AD), which can be carried out under different conditions. Temperature is one of the most important determinants of AD, as it influences the kinetics, thermodynamics, and growth of microbes [3]. Temperature ranges for which AD can be established include mesophilic temperatures (around 35–40 °C) and thermophilic temperatures (55–60 °C). Conventional AD is carried out at mesophilic temperatures, i.e., 35–37 °C, as the mesophilic process is more robust and less sensitive to changes due to the greater diversity and abundance of bacteria coexisting in the reactor [4]. In addition, the lower energy and maintenance costs are an advantage that contributes to the acceptance of the mesophilic state by most biogas plants. In contrast, thermophilic processes are prone to inhibition and instability [5]. In addition to temperature, the total solids content of the feedstock (wet or dry AD) also influences methane production. Dry AD is carried out in reactors with smaller volumes, and it requires more energy to heat but leaves less digestate. Due to the low moisture content of the digestate, it is easier to handle compared to wet AD but still produces a higher volumetric methane yield [6,7].



One of the benefits is that AD is used to treat various organic wastes, which serve as the substrates for the process. Moreover, processing these feedstocks via AD produces digestate, which is a useful organic fertilizer that can replace chemical fertilizers in sustainable agriculture. Various substrates are used for AD, such as the organic fraction of municipal solid waste (OFMSW), agricultural residues, forestry residues, organic industrial waste, and animal manure [8,9,10]. The choice of an appropriate substrate is an important factor affecting the AD process. One potential substrate is waste from mushroom production (WMP), also known as spent mushroom substrate. Unlike other agricultural feedstocks, WMP is abundantly available throughout the year; thus, it can be considered a feedstock for the production of second-generation biofuels [11]. Moreover, as each kilogram of fresh mushrooms that is produced generates about 5 kg of WMP, disposal of the huge amount of biowaste generated by the mushroom agroindustry presents a significant challenge [12,13]. To give an idea of the scale of this problem, the Food and Agriculture Organization of the United Nations (FAOSTAT) reported that total worldwide mushroom and truffle production reached 48,335,996 tons in 2022. Mushroom producers face numerous issues related to the storage and handling of WMP. Temporary storage leads to nuisance odors and leachate runoff into water bodies, resulting in pollution, as well as the release of greenhouse gases through spontaneous AD, which make the treatment and disposal of WMP a major environmental issue. Additionally, given the huge amount of WMP, the choice of suitable sites for its treatment and the high cost of transporting it to treatment plants also present major challenges to mushroom producers. As WMP is a low-density material, its high moisture content brings additional difficulties. If it is dried to reduce its quantity, this entails high costs due to intensive energy consumption and also reduces the nutrient content in WMP. However, this method of disposing of biodegradable waste is banned in EU countries under the 1999 EU Directive. Therefore, an efficient method of managing and handling WMP is necessary to reduce its carbon footprint and lower treatment costs. Recently, WMP was used, for example, for activated carbon production via pyrolysis [14]. It was found that value-added products, e.g., enzymes for bioremediation, can be recovered from WMP. Moreover, it can be used as animal feed [15]. WMP also can be used as a potential substrate to produce bioenergy because it often comprises organic substrates such as animal manure, straw or sawdust, gypsum, and mineral salts [16,17]. For example, Luo et al. [17] showed that WMP, depending on the species of mushroom cultivated (Flammulina velutipes, Pleurotus erygii var. tuoliensis, Pleurotus eryngi), contained rice bran, corncob, bran, beet residue, CaCO3, quicklime (WMP from Flammulina velutipes); cottonseed hull, corncob, bran, corn flour, lime, gypsum (WMP from Pleurotus erygii var. tuoliensis); bagasse, sawdust, bran, corncob corn flour, cottonseed hull, bean pulp, CaCO3, lime powder (WMP from Pleurotus eryngi). Moreover, the production of biogas using WMP in mushroom farms to create a closed-loop energy generation method is sustainable and can help offset energy costs. This would also benefit the environment by reducing greenhouse gas emissions. Thus, it would be advantageous for the mushroom-producing industry to utilize WMP more effectively, contributing to environmental preservation and the long-term growth of the industry [18].



Currently, there have been few studies on the use of WMP as a substrate for methane production (MP), and the results of those studies have differed widely, ranging from very low productivity of almost 0 NL/kg OM [19] to relatively high productivity of 160 NL/kg OM [17,20]. These differences are due to, among other things, the fact that WMP is not standardized in terms of its composition. Instead, it is produced with different ingredients, which differ in terms of biodegradability. Thus, it is not possible to make general statements about the potential of this kind of substrate for biogas production. Instead, experimental tests must be carried out for each type of WMP. Thus, in the present study, real WMP from the mushroom industry was used to test its methane potential.



Additionally, co-digestion of WMP with other substrates is worth investigating because co-digestion offers great advantages over mono-digestion, especially in terms of higher nutritional content, better buffering capacity, greater process stability, and optimal C/N ratios [21]. Some studies have shown that co-digestion of WMP with various substrates, such as dairy manure [17], livestock manure [19], and wastepaper [20], may result in improved methane production compared to mono-digestion of WMP. For example, Luo et al. [17] showed that methane yield from mixtures of WMP and dairy manure was 6–61% higher than the yield from WMP or dairy manure alone, indicating a synergistic effect of co-digestion. Similarly, an increase in biogas production during co-digestion was shown by Gao et al. [19]. The authors digested yellow back fungus WMP with chicken, dairy, and pig manure. WMP combined with chicken manure yielded a slightly higher cumulative methane yield when compared with the combination of dairy manure and pig manure. For example, the cumulative methane yield of WMP with chicken manure was increased by 414% compared with that obtained using WMP or chicken manure, separately. Sethumadhavan et al. [20] showed that process efficiency depended on the degree of grinding of the co-substrate (wastepaper). They showed that when WMP was co-digested with wastepaper as powder, methane yield equaled 168 mL CH4/g VS. When WMP and wastepaper as briquettes were used, the highest methane yield was noted (250 mL CH4/g VS). According to the authors, size reduction in the briquetting process made the cellulose and other components of plant cell walls more accessible to the microorganisms.



Thus, the present study investigated methane production during co-digestion of WMP and sewage sludge (SS). This is because it is known that SS has a high biogas yield and it is successfully used as a substrate or co-substrate in AD [22,23]. This process is commonly used to treat SS but in large wastewater treatment plants (WWTPs). Unfortunately, the amount of SS generated in small rural WWTPs usually does not make AD economically justifiable. In this context, the co-digestion of WMP and SS seems to be worth investigating. Moreover, the co-digestion of WMP with SS has not been tested so far. The use of SS as a co-substrate for AD of WMP in mushroom farms could be a profitable way to simultaneously utilize both of these wastes, increasing the efficiency of biogas production to such an extent that it would be profitable to conduct AD in mushroom farms. The present study investigated not only the methane production during co-digestion of WMP and SS but also the kinetics and efficiency of AD in terms of both methane production and removal of organic matter (OM). The kinetic parameters of methane/biogas production are based on kinetic models [24] and are critical for anaerobic reactor design and evaluation [25]. However, the kinetics of OM degradation during anaerobic biodegradation in batch tests are rarely presented. The kinetics of biogas production, for example, provide information about the time at which biogas is produced most effectively. This also provides information on the biodegradability of substrates but only if the same substrate or group of substrates is used for anaerobic biodegradation but, for example, under different technological conditions.




2. Materials and Methods


2.1. Inoculum


The present study used an inoculum (I) in the form of anaerobically digested sewage sludge from the closed mesophilic (37 °C) chamber of the municipal wastewater treatment plant for a city of 200,000 inhabitants in the northeast of Poland. This plant was designed with a capacity of 60,000 m3/day. Table 1 provides the characteristics of the I.




2.2. Substrates


The first of the two substrates used in this study was sewage sludge (SS) from the secondary clarifier of a full-scale wastewater treatment plant (northeast Poland). This substrate was characterized by a high moisture content (94.47%) and a correspondingly low dry matter content (DM, 5.53%). Its organic matter (OM) content was ca. 76% of DM (Table 1).





 





Table 1. The characteristics of fresh substrates and inoculum.






Table 1. The characteristics of fresh substrates and inoculum.





	
Characteristics

	
Units

	
WMP

	
SS

	
Inoculum






	
Basic analyses

	

	

	

	




	
Moisture content

	
%

	
73.86 ± 1.75

	
94.47 ± 1.87

	
98.10 ± 0.96




	
Dry mass (DM)

	
%

	
26.14 ± 0.65

	
5.53 ± 0.35

	
1.90 ± 0.09




	
Mineral mass (MM)

	
% DM

	
35.21 ± 0.96

	
24.16 ± 0.87

	
30.47 ± 0.95




	
Organic matter (OM)

	
% DM

	
64.79 ± 1.37

	
75.84 ± 1.80

	
69.53 ± 1.42




	

	

	
Water extract *

	
Supernatant




	
COD

	
mg/L

	
798.00 ± 5.84

	
129.00 ± 2.05

	
1083.00 ± 7.09




	

	
g/kg DM

	
305.28 ± 2.92

	
–

	
–




	
N-NH4

	
mg/L

	
7.84 ± 0.56

	
19.60 ± 0.48

	
484.40 ± 3.01




	

	
g/kg DM

	
3.00 ± 0.15

	
–

	
–




	
VFA

	
mg/L

	
44.57 ± 1.18

	
66.55 ± 1.39

	
582.86 ± 4.37




	

	
g/kg DM

	
17.05 ± 0.54

	
–

	
–




	
P-PO4

	
mg/L

	
4.48 ± 0.23

	
80.61 ± 1.81

	
220.40 ± 2.64




	
g/kg DM

	
1.71 ± 0.09

	
–

	
–




	
Alkalinity (TA)

	
mval/L

	
0.80 ± 0.05

	
8.10 ± 0.68

	
48.10 ± 1.13




	
pH

	
–

	
6.88 ± 0.47

	
6.65 ± 0.45

	
7.04 ± 0.51








* Water extract—1 g of dry WMP in 100 mL water.











The second substrate was waste from mushroom production (WMP) obtained from the mushroom production industry (northeast Poland). The substrate for mushroom cultivation was composed of chicken manure, wheat straw, lime, and water.



After drying and grinding to obtain homogenous material, WMP had DM and OM of 26.14% and 64.79%, respectively (Table 1).




2.3. Experimental Methane Analyzer AMPTS and Experimental Variants


For anaerobic measurements of MP from the substrate(s), the automatic methane potential test system (AMPTS II, Bioprocess control, Lund Sweden) was applied. The system has automatic agitation; a speed of 80 rpm for 1 min every hour was used. The system consists of 15 bioreactors (500 mL) which were filled with substrate(s) and I. Then, they were placed in a water batch (the integrated part of the AMPTS) at 37 °C for 30 days. During measurements, the biogas produced by the substrate(s) in each bioreactor flows through the CO2-absorbing unit with a solution of 3 M NaOH and thymolphthalein. Each bioreactor has a connection to a flow cell (a multi-flow cell unit in the integrated part of AMPTS (15 cells)). The methane flows through the unit to measure the volume. Finally, the data are recorded by the joined computer. The initial organic loading rate (OLR) was 10 kg OM/m3, and the inoculum dosage was 300 mL (Table 2).



For the measurement of MP, the following experimental variants were used: SS only, WMP only, and mixtures of SS and WMP at OM ratios of 70:30, 50:50, and 30:70 (w/w OM). A system of abbreviations was used, in which, for example, WMP means that WMP was the only substrate used and WMP70:SS30 means that 70% of the OM came from WMP and 30% came from SS. Table 2 displays the doses of substrates that were administered to the AMPTS bioreactors.



In order to determine physicochemical characteristics during MP, additional bioreactors (7 bioreactors for each variant) were prepared in the same way as the AMPTS bioreactors. The doses of I and substrates added to these additional bioreactors are also shown in Table 2.




2.4. Calculations and Statistical Analyses—Determination of the Kinetics of MP and the Removal of OM Content


A pseudo-first-order kinetic model was used to describe MP according to Equation (1):


    C   t ,   C H   4     =   C   0 ,   C H   4     · ( 1 −   e     k     C H   4     · t   )  



(1)




where:




	
Ct,CH4 (L/kg OM) is the cumulative MP at time t (days) of anaerobic measurement;



	
C0,CH4 (L/kg OM) is the maximal MP;



	
kCH4 (d−1) is the kinetic coefficient of MP.








The rate of MP (rCH4 in L/(kg OM·d)) is the product of kCH4 and C0,CH4.



The removal of OM followed first-order kinetics according to Equation (2):


    C   t , O M   =   C   0 , O M   ·   e   −   k   O M   · t   +   C   1 ,   O M    



(2)




where:




	
Ct,OM (kg OM/m3) is the OM content at measurement time t (days);



	
C0,OM (kg OM/m3) is the OM removed during MP;



	
C1,OM (kg OM/m3) is the final OM content;



	
    k   O M     (d−1) is the kinetic coefficient of the OM removal.








The rate of OM removal (    r   O M     in kg OM/(m3·d)) is the product of kOM and C0,OM.



Values of C0,CH4, C0,OM and kCH4, kOM were obtained by non-linear regression analysis with Statistica software, version 13.3 (StatSoft 13.3).



The effectiveness of the OM removal (EOMrem) during anaerobic biodegradation of substrates was calculated according to Formula (3):


    E   O M r e m   = 100 − 100 · (     M M   1   · ( 100 −   M M   2   )     M M   2   · ( 100 −   M M   1   )   )  



(3)




where:




	
MM1 (% DM) is the mineral mass content in substrates (WMP, SS, and their mixtures);



	
MM2 (% DM) is mineral mass content in the material during anaerobic biodegradation.








On the basis of the elementary composition of the substrates (Table 3), the theoretical methane potential (TMP) that could be obtained was calculated using Buswell’s equation [26] (assuming complete conversion of organics into methane):


    C   a     H   b     O   c     N   d   +     4 a − b − 2 c + 3 d   4       H   2   O     4 a + b − 2 c − 3 d   8     C   H   4   +     4 a − b + 2 c + 3 d   8     C   O   2   + d N   H   3    



(4)







The theoretical molar compositions of the methane that could be obtained from one mole of the tested feedstocks (based on Equation (4)) were as follows:


WMP C15.9H22.2O8.5N + 6.81 H2O → 8.20 CH4 + 7.66 CO2 + NH3










WMP70:SS30 C10.3H15.7O5.7N + 4.37 H2O → 5.35 CH4 + 4.97 CO2 + NH3










WMP50:SS50 C8.4H13.5O4.6N + 3.54 H2O → 4.38 CH4 + 4.05 CO2 + NH3










WMP30:SS70 C7.2H12.0O3.9N + 2.97 H2O → 3.72 CH4 + 3.43 CO2 + NH3










SS C5.9H10.5O3.2N + 2.41 H2O → 3.07 CH4 + 2.81 CO2 + NH3











To calculate the mass of methane (MCH4theor) that could theoretically be obtained during digestion of the substrates, assuming complete conversion of organics into biogas, Equation (5) was used:


      M   C   H   4       t h e o r   =     M   C   H   4         M   s u b s t r a t e s     ⋅   O   l o a d    



(5)




where:




	
MCH4theor (g CH4/d) is the mass of methane;



	
MCH4 (g/mol) is molar mass of methane;



	
Msubstrates (g/mol) is molar mass of the substrates or their mixtures;



	
Oload (g/d) is organics load fed into the AMPTS bioreactor.








To calculate TMP (Equation (5)), the density of CH4 was considered to be 0.717 g/L (at 0 °C, 101 kPa).




2.5. Analytical Methods


The fresh substrates and inoculum were characterized in terms of their contents of moisture, DM, and OM. The elemental composition of the substrates (in DM) was analyzed using the Flash 2000 Organic Elemental Analyzer (Thermo Scientific, Milan, Italy) according to the manufacturer’s instructions.



First, a water extract from WMP was prepared; then, the supernatants of (i) the water extract, (ii) SS, and (iii) the I were characterized in terms of pH (Titroline 6000, SI Analytics, Mainz, Germany) and total alkalinity (TA) (titration to pH 4.5 using a Titroline 6000, SI Analytics, Germany), as well as their concentrations of chemical oxygen demand (COD) (cuvette tests, Hach Lange), ammonium (N-NH4) (distillation method with titration, Büchi, Switzerland), volatile fatty acids (VFAs) (distillation method with titration, Büchi, Switzerland), and orthophosphate (P-PO4) (spectrophotometric method with use of ammonium molybdate). Every few days, the contents of the additional bioreactors were characterized in terms of their content of DM (after drying at 105 °C) and OM (loss on ignition at 550 °C); additionally, the supernatants were characterized in terms of pH, TA, and their concentrations of COD, N-NH4, VFA, and P-PO4.



These analyses were performed according to standard methods for the examination of water and wastewater [27].





3. Results and Discussion


3.1. Conditions during the Anaerobic Digestion of SS Only, WMP Only, and Their Mixtures


3.1.1. Changes in pH, Alkalinity, and in the Concentration of P-PO4 and N-NH4 during AD


In AD, the pH and TA values are key determinants of the stability of MP [28]. These characteristics influence the performance and growth of the various microorganisms involved in the different stages of the fermentation process. A pH value in an anaerobic medium that ranges from 7.0 to 8.0 indicates that the processes of anaerobic conversion are balanced, i.e., hydrolysis, acidogenesis, and methanogenesis [29]. In the present study, to conduct the measurement of MP continuously without any disruptions, additional bioreactors were used for measurements of physicochemical parameters. This means that the characteristics were measured in the supernatant of the I and substrate(s).



The use of I, which constitutes fermented sludge, or any other fermented material from the AD chamber, is necessary in the experiments as batch tests (e.g., in AMPTS). The I containing microorganisms, which initiate MP, should be used in excess in comparison to the substrate, whose MP is determined. This means that the conditions during anaerobic degradation of the substrate are strongly affected by the I (for example, pH or TA and other physicochemical parameters), which is the appropriate approach. In the present study the pH, the TA, and the concentrations of VFA, N-NH4, and P-PO4 after the addition of investigated substrates were similar to those in the I only.



The changes in pH and TA in the supernatants from SS, WMP, and their mixtures are shown in Figure 1. The results were compared with those from I only. In general, the pH and TA of all variants increased slightly during MP from a pH value of about 7.0 to about 7.8 and from 40.0 to 95.0 mval/L of TA. This indicates that the conditions of MP were stable. As mentioned in Table 1 (Section 2), the initial pH and TA in the supernatant of I had the highest values compared to fresh SS and WMP. In the case of TA, the addition of substrates into I did not cause significant differences in this parameter either at the beginning of the measurements or during the process. The pH values in the supernatant of raw SS and in the water extract of raw WMP were 6.65 and 6.88, respectively. Thus, the addition of SS caused the pH to decrease, and the higher the content of SS the larger the difference between the pH values in I and the mixture. The changes in pH in the supernatant of WMP during the experiment were similar to those in I, with the pH increasing from 7.2 to ca. 7.7 after 30 days of measurements. The lowest pH was noted when SS was the only substrate. In this case, the pH in the supernatant of SS at the beginning and end of the measuring period was 6.9 and 7.6, respectively.



The initial orthophosphate concentration in the supernatants from all experimental variants was ca. 220 P-PO4 mg/L, as was the value noted in the supernatant from I. The concentration of P-PO4 in the supernatant of I increased slightly to 230 mg/L by day 10 and then decreased to around 150 mg/L on the final day of measurements. Due to the low P-PO4 concentration in the water extract from fresh WMP (4.5 mg/L), the addition of WMP into I caused the concentration to decrease to ca. 100 mg/L after the first 3 days of measurements. Then, the P-PO4 concentration in the supernatant of WMP ranged from 100 to 120 mg/L, and at the end of measurements, it was the lowest of all the variants (70 mg/L).



The P-PO4 concentration in the supernatant of raw SS was 30 mg/L. Therefore, adding SS to WMP increased the P-PO4 concentrations. The P-PO4 concentrations in the supernatants of WMP70:SS30 and WMP50:SS50 were similar to those in I only. In the case of the WMP30:SS70 and SS, the orthophosphate concentrations in the supernatants were higher than in I only. In the supernatant of WMP30:SS70, the concentration peaked on the first day (296 mg/L) and then remained at 250–270 mg/L.



In the supernatant of SS, the P-PO4 concentration increased sharply in the first 3 days to almost 300 mg/L and reached a final value of 350 mg/L.



Because the ammonium concentration in the supernatant of I was many times higher than in the supernatant of SS and water extract from WMP, the N-NH4 concentrations strongly depended on concentration in I. The N-NH4 concentration in the supernatant of I sharply increased in 3 days from 484.4 mg/L to 616.0 mg/L, and then only a slight increase was noted up to 669.2 mg/L. Generally, the changes in N-NH4 concentration in the supernatants from all experimental variants were divided into two stages. The N-NH4 concentration gradually increased in the first 10 days, however, with the higher content of SS in the mixture, a more rapid increase was observed. In the case of WMP70:SS30 and SS the N-NH4 concentration after 10 days was 632.8 mg/L and 641.2 mg/L, respectively. Then, the N-NH4 concentration remained stable.




3.1.2. Change in Concentration of COD, VFA, and the DM Content during AD


Figure 2 presents the changes in concentrations of COD, VFA, and the DM content during AD. The initial COD concentration in the supernatants of I and of WMP was similar at ca. 1100 mg/L. The addition of SS into the mixture with WMP caused this initial concentration to decrease, and its value was lowest in the supernatant of SS (approximately 878 mg COD/L). After 1 day, the COD concentration peaked in the supernatants of all variants, and it was highest in the supernatant of WMP, with a value of 2056 mg/L, followed by WMP70:SS30 (1730 mg COD/L) and WMP30:SS70 (1185 mg COD/L). After this, the COD concentration gradually decreased in all variants. After 30 days of MP, the COD concentration was highest in the supernatant of WMP (1433 mg COD/L) and lowest in the supernatant of SS (790 mg COD/L).



As shown in Table 1 (Section 2), the VFA concentrations in the supernatants of I, raw SS, and the water extract of raw WMP were 582.9, 66.6, and 44.6 mg VFA/L, respectively. The VFA concentration in the supernatant of I displayed some fluctuations, reaching a maximum of 737 mg VFA/L.



At the beginning of measurements, the VFA concentration in the supernatant of WMP was the lowest of all the variants and similar to that in the supernatant of I. During 30-day MP, the VFA concentration of WMP was higher than that of I, and it gradually increased up to 945 mg VFA/L on the last day. In the supernatants of the mixtures of SS and WMP and that of SS only, the VFA concentrations were also higher than that of I. However, the higher the content of SS was in a mixture with WMP, the lower the VFA concentration was in the supernatant.



The content of DM in all variants also decreased gradually during the measurements. Among the variants, WMP had the highest DM content at the beginning and on the last day, at 3.39% and 2.79%, respectively. Adding SS to WMP reduced the DM content, which was lowest in SS at 2.68% and 2.11% at the beginning and on the last day of measurements, respectively (Figure 2).





3.2. Methane Production and Changes in OM Content in the Substrates Subjected to Anerobic Digestion


3.2.1. Methane Production from WMP and SS


The results of MP in mL obtained by the AMPTS were used to determine MP in relation to the OM content of the investigated substrates. Figure 3 shows the changes in MP during 30 days of AD. The maximum cumulative MP of WMP was the lowest of all the experimental variants (approx. 60 NL/kg OM), and the methane content of the biogas was also the lowest (51%). In this variant, cumulative MP increased until day 15 and then remained stable for the rest of the digestion period. However, it took only 7 days to reach over 90% of total MP. As the SS dose was increased in the mixtures with WMP, it took longer to reach over 90% of total MP (9, 11, and 13 days with WMP70:SS30, WMP50:SS50, and WMP30:SS70, respectively) and maximum cumulative MP (16, 18, and 20 days, respectively). Moreover, MP and the content of methane in biogas increased as the proportion of SS was increased. With 30% SS, the methane content was 61%; with 50% SS, it was 62%; and with 70% SS, it was 64%. The maximum cumulative MP was highest with SS (253.2 NL/kg OM after 23 days). In this variant, it took 15 days to reach 90% of total MP, and the methane content in biogas was highest (67%).



Based on an analysis of elemental or organic composition, the theoretical methane production (TMP) of a material can be calculated, and then its biodegradability can be estimated, which is useful for designing an AD process and assessing its performance. The TMP is calculated based on the elemental composition of the substrates and their mixtures and is shown in Figure 3. The characteristics of the substrate (its elemental composition) strongly affect the TMP. In this study, the TMP of WMP was highest at 506 NL/kg OM; TMP values gradually decreased as the content of SS was increased, and the TMP of SS was lowest at 470 NL/kg OM. Thus, the MP achieved with the AMPTS constituted 12% (with WMP) and 54% (with SS) of TMP. This can be explained by the fact that the TMP value assumes complete conversion of organic matter into methane, without accounting for the actual biodegradability of the OM in anaerobic conditions. Instead, the hydraulic retention time (HRT) of the AD reactor is adjusted to the digestion conditions and the substrate to maximize biogas production. In practice, the HRT is usually 20–30 days, and during this time, OM is converted into biogas. At a technical scale, digesters are commonly operated with continuous feeding, which means that new portions of substrate with OM are constantly supplied. This means that OM decreases to a level that depends on the substrate being digested and the AD conditions. This specific OM level is adjusted to balance effective biogas production and OM content in the effluent from the AD reactor. But OM is never completely converted at a technological scale. In the present study, which was carried out with batch experiments, the substrate as supplied to the reactor at the beginning of the measurements. When MP plateaued, this meant that the biodegradable OM had already been converted into biogas. In this study, even though WMP had the lowest initial content of OM, after 30 days of measurements, its OM content was highest of all the substrates. Thus, OM removal was lowest during biodegradation of WMP (2.35 kg OM/m3 removed, with an initial content of 10 kg OM/m3). MP with WMP was the lowest of all the tested variants, and thus it had the largest difference between MP and TMP (60 NL/kg OM vs. 506 NL/kg OM). Raising the proportion of SS in the mixture increased both (i) MP and (ii) the effectiveness of OM removal. With larger amounts of SS, the final OM content was lower, which indicates that OM from SS was more susceptible to biodegradation. Moreover, the resulting difference between MP and TMP was smaller. Finally, with only SS, the MP and TMP values were 253 NL/kg OM and 470 NL/kg OM, respectively.




3.2.2. Changes in OM Content during Anaerobic Digestion of WMP and SS


During the 30-day experiment, the contents of DM (Figure 3) and OM were analyzed in the mixtures of substrate(s) and I and in I only. Based on these measurements, the changes in OM content in the substrate(s) were calculated. OM content for the substrate was expressed as % DM and then recalculated as kg OM/m3 (taking into account that the initial OLR was 10 kg OM/m3 (Section 2)).



The decreases in OM content (% DM) during AD are shown in Figure 3. The initial OM content in raw WMP was 64.8% DM, whereas in raw SS, it was 75.8% DM. When the content of SS increased in the mixture with WMP, the content of OM also increased; thus, the initial OM contents were 68.1% DM, 70.3% DM, and 72.5% DM in WMP70:SS30, WMP50:SS50, WMP30:SS70, respectively. Additionally, when the content of SS in the mixture with WMP was increased, the overall removal of OM content from the substrates also increased; i.e., even though the initial OM content was increased in the mixtures with SS, the final OM content was lower. The overall removal of OM content was lowest with WMP, at 15.21% DM, and highest with SS, at 29.60% DM.



As mentioned, the initial OLR was 10 kg OM/m3. Based on the OM content in terms of % DM, the decrease in OM content was calculated as kg OM/m3. The final OM content was highest in WMP at 7.7 kg OM/m3. In the mixtures of WMP and SS, the final OM content was reduced as the SS content was increased (7.2 kg OM/m3, 6.9 kg OM/m3, and 6.6 kg OM/m3 in WMP70:SS30, WMP50:SS50, and WMP30:SS70, respectively). In the variant with SS only, the final OM content was lowest at 6.1 kg OM/m3 (Figure 3).



Based on the changes in the contents of OM and MM in the substrates, the effectiveness of OM removal (EOMrem) was calculated (Figure 3). The EOMrem was lowest with WMP, at 46.6%. When the content of SS in the mixtures was increased, the EOMrem also increased to 55.3% with WMP70:SS30, 60.1% with WMP50:SS50, and 64.9% with WMP30:SS70. The EOMrem was highest, at more than 72%, with SS. The highest value of EOMrem and, consequently, the lowest final content of OM with more effective methane production indicate that the organics were degraded most efficiently in this variant.



In general, organic matter removal during fermentation indicates that biodegradable organic substances have been converted into biogas, so only compounds with low biodegradability remain. Thus, the OM in digestate becomes more stable than that in the feedstock. However, the assumption that a lower final content of OM always means more stable digestate is only true if the same substrate or group of substrates (with the same proportions) are used in anaerobic biodegradation in different technological variants. Thus, it was possible for Bernat et al. [30] to determine the effect of hydrothermal and enzymatic pre-treatment of separately collected real biowaste (B) on methane production and the efficiency of organics removal. The highest effectiveness of OM removal was obtained in biowaste after enzymatic pre-treatment. Consequently, in this biowaste, the lowest final OM content was found, which means that the organics were used most efficiently, and a more stable final product was obtained. The stability of digestate is extremely important from the point of view of its further utilization, e.g., in agriculture. During anaerobic digestion, retention times are optimized to maintain high methane production rates [31]. As a result, OM degradation may be low and the effluents may still contain easily degradable organic fermentation intermediates [32,33] which is undesirable when digestate is applied to soils.



It is known that MP is influenced by the composition of the substrates, including their contents of carbohydrates, proteins, lipids, and lignocellulosic substances. A substrate with a higher lipid content provides a higher methane yield [34]. According to Bhajani and Pal [35], the methane contents of biogas produced with carbohydrates, proteins, and lipids were 50%, 60%, and 72%, respectively. As was mentioned, the biodegradability of WMP can differ due to differences in the composition of the mushroom substrate. For example, Luo et al. [17] found large shares of lignocellulosic substances in three kinds of WMP of different compositions (various proportions of corncob, rice bran, and saw dust). Those authors reported that the contents of cellulose, hemicellulose, and lignin were 16.7–23.1%, 25.7–28.5%, and 7.9–11.6%, respectively. Thus, the three kinds of WMP consisted of more than 50% lignocellulosic substances. In contrast, the content of lignocellulosic materials in excess sewage sludge is much lower, and Bernat et al. [22] found that it did not exceed 20%, with ca. 3% lignin content. Whereas lignin, which is more resistant to biodegradation, predominates in WMP, proteins and lipids, which are easier to degrade, predominate in SS. Thus, the substrates that were used for co-digestion in the present study (WMP and SS) have markedly different characteristics: the SS had an initial OM content of 75.84% DM, whereas the WMP had a lower initial OM content of 64.79% DM. The WMP was composed mainly of wheat straw and chicken manure, which made it a lignocellulose-rich substrate and less degradable than the SS under anaerobic conditions. However, the WMP would most likely produce more stable digestate.



The MP results reported in this paper indicate that there is a possibility of joint management of WMP and SS generated in rural areas. Even though the maximum cumulative MP from WMP was relatively low (approx. 60 NL/kg OM), both MP and the content of methane in the biogas increased when it was co-digested with SS: with 30%, 50%, and 70% shares of SS, MP increased almost 2, 2.5, and 3.3 times, and the methane content increased to 61%, 62%, and 64%, respectively. These results show that AD can be considered as a method for WMP management when using SS as a co-substrate. This would allow for environmentally friendly management of biowaste generated by the mushroom agroindustry, while eliminating nuisances (e.g., the release of greenhouse gases from spontaneous anaerobic digestion) and reducing costs for WMP entrepreneurs (e.g., the cost of transportation to treatment plants and the costs of disposal). If SS is available, the shares of WMP and SS in the AD feedstock can be adjusted so that the biogas yield is as high as possible. However, if a large amount of WMP needs to be managed, a small share of SS could be applied. In this case, MP and methane content would be lower, but they could still be sufficient for the farm’s own needs.



To date, studies on MP from WMP have been limited. In one such study, Gao et al. [14] investigated MP (mesophilic conditions: 35 °C) from WMP alone (the authors called it spent mushroom substrate, SMS) and WMP co-digested with manure. The WMP was obtained from a yellow-back fungus planting and consisted of wood chips, corncobs, and other ingredients (such as corn flour and lime) and had DM and OM contents of 48.5% and 66.4% DM, respectively. The authors found that WMP alone produced almost no methane, likely due to its high lignin content and unfavorable C/N ratio. This suggested co-digestion with manure from different types of livestock (pig manure (PM), chicken manure (CM), and dairy manure (DM)). The authors then found that the use of mixtures of WMP/CM and WMP/PM increased MP by 140–400% and by 17–62.2%, respectively. They reported that CM was the most suitable manure for mixed fermentation with this kind of WMP, as MP was highest (111 L/kg VS) with a WMP to CM ratio of 1:9. The authors suggested that the use of CM improved the C/N ratio of the mixture for MP.



Sethumadhavan and Selvan [20] conducted research on increasing MP from WMP (after cultivating Pleurotus florida on rice straw) using a different co-substrate, wastepaper (WP). Powdered WP and WP in the form of briquettes were used, and both had 20.56% DM and a VS content of more than 90% DM. The experiment was carried out at 37 ± 1.0 °C for 50–60 days with an organic loading rate of 2 g VS. The authors reported that MP with the WMP that they used was 2.5 times higher than the value in the present study (148 mL/g VS). Surprisingly, MP was lower with WP (87 mL/g VS) than with WMP. However, MP with a mixture of WMP and WP in powder form was 168 mL/g VS and even higher with a mixture of WMP and WP in briquette form (250 mL/g VS).




3.2.3. Kinetics of MP and OM Removal (% DM) from the Substrates Subjected to AD


A first-order kinetics model accounted for nearly all of the variation in MP and OM removal during AD of the substrates and their mixtures (R2 > 0.97). The maximal MP, the overall OM removal content, and the kinetic parameters of MP and of OM removal (obtained from the kinetics model, the kinetic coefficient, and the initial rate) depended on the particular blend of substrates that were degraded. A summary of the kinetics model equations and the parameters of MP and OM removal kinetics (in kg OM/m3) are provided in Table 4.



There was a relationship between the parameters of MP kinetics (Figure 4). With WMP alone, the coefficient of MP kinetics (kCH4) was the highest of all the tested variants, at 0.211 d−1, and the initial rate of MP (rCH4) was the lowest, at 12.5 NL/(kg OM·d). With SS alone, in contrast, kCH4 was the lowest (0.146 d−1) and rCH4 was the highest (36.8 NL/(kg OM·d)). As the SS content in the mixtures was increased, rCH4 also increased, from 22.7 NL/(kg OM·d) with WMP70:SS30 to 33.8 NL/(kg OM·d) with WMP30:SS70. In contrast, kCH4 decreased from 0.201 d−1 with WMP70:SS30 to 0.174 d−1 with WMP30:SS70. A similar relationship between the parameters of OM removal kinetics was observed (Figure 4). The rate of OM removal increased from 0.51 kg OM/(m3·d) with WMP alone up to 0.59 kg OM/(m3·d) with SS alone, whereas the coefficient of OM removal decreased from 0.215 d−1 to 0.152 d−1. However, maximal MP and overall OM removal both increased simultaneously, i.e., greater production of biogas/methane corresponded to greater overall removal of OM content during degradation. This was mostly due to increases in the degradability of OM in the substrate for AD [36].



The kinetic coefficient of methane production depends on the kind of substrate. For example, Bernat et al. [30] showed that, during biowaste digestion, kCH4 was higher than that in this study and changed from 0.56 to 0.32 d−1. Additionally, the differences in kCH4 values resulted from biowaste pre-treatment. Hydrothermal pre-treatment biowaste give higher kCH4 than biowaste without pre-treatment and biowaste and enzymatic additive (0.56 ± 0.02 vs. 0.32 ± 0.02 and 0.34 ± 0.02 d−1). Furthermore, the initial methane production rate (rCH4) was highest for biowaste after hydrothermal pre-treatment (141.8 ± 1.2 NL/(kg OM·d)). The dependence of kCH4 values on the substrates (different vegetable crop residues) was also demonstrated by Li et al. [37]. The authors digested snap bean crop residues (SBRs), capsicum crop residues (CARs), cucumber crop residues (CURs), eggplant crop residues (EGRs), and tomato crop residues (TORs) and showed the highest kCH4 (0.167 d−1) for SBRs and the lowest for TORs (0.094 d−1).






4. Conclusions


Because WMP often comprises organic substrates, it could potentially be used as a substrate for producing bioenergy. Efficient AD for managing and handling WMP may be necessary to reduce its carbon footprint and lower treatment costs. In addition, the production of biogas using WMP in mushroom farms to create a closed-loop energy generation method is sustainable and would help offset energy costs. Thus, the present study investigated co-digestion of WMP with municipal sewage sludge (SS). The maximum cumulative MP from WMP was relatively low (approx. 60 NL/kg OM), and the EOMrem was lowest, at 46.6%. Co-digesting WMP with 30%, 50%, and 70% shares of SS increased MP as much as 2, 2.5, and 3.3 times and raised the methane content in biogas as high as 61%, 62%, and 64%, respectively. The EOMrem also increased to 55.3%, 60.1%, and 64.9%, respectively. Also, the initial rate of MP and of OM removal increased (from 12.5 to 36.8 NL/(kg OM·d) and from 0.51 kg OM/(m3·d) to 0.59 kg OM/(m3·d), respectively), whereas the kinetic coefficients of MP and OM removal decreased (from 0.211 to 0.146 d−1 and from 0.215 to 0.152 d−1, respectively). Thus, co-digestion may enable profitable utilization of both waste products on mushroom farms. Moreover, the flexibility of this approach means that varying shares of WMP and SS can be used, depending on their availability, although it should be remembered that higher shares of WMP reduce gas productivity.
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Figure 1. pH, TA, N-NH4, and P-PO4 concentrations in supernatants in 5 experimental variants (substrate(s) and I) during the measurements of MP. 
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Figure 2. The VFA and COD concentrations in supernatants and DM content of 5 experimental variants (substrate(s) and I) during the measurements of MP. 
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Figure 3. MP from substrate and their mixtures and decrease in OM content during biodegradation of WMP, SS, and their mixtures; black lines present the kinetic models for MP and decrease in OM content. 
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Figure 4. Relationships between the kinetics parameters of MP (rCH4, kCH4) and OM removal in kg OM/m3 (rOMrem, kOMrem) from the substrates subjected to anaerobic digestion. 
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Table 2. Doses of substrates (w/w OM) in AMPTS and additional bioreactors.
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Variant

	
AMPTS Bioreactors

	
Additional Bioreactors




	
WMP (g)

	
SS (g)

	
WMP (g)

	
SS (g)






	
WMP

	
4.63

	
–

	
3.09

	
–




	
WMP70:SS30

	
3.24

	
24.67

	
2.16

	
16.45




	
WMP50:SS50

	
2.32

	
41.12

	
1.54

	
27.41




	
WMP30:SS70

	
1.39

	
57.57

	
0.93

	
38.38




	
SS

	
–

	
82.24

	
–

	
54.82




	
I

	
300 mL

	
200 mL











 





Table 3. Characteristics of elementary compositions of substrates.
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	Elemental Composition:
	WMP
	WMP70:SS30
	WMP50:SS50
	WMP30:SS70
	SS





	Carbon, %
	33.99 ± 0.87
	34.75 ± 0.88
	35.26 ± 0.92
	35.77 ± 0.98
	36.54 ± 1.02



	Hydrogen, %
	3.96 ± 0.11
	4.40 ± 0.13
	4.69 ± 0.15
	4.98 ± 0.19
	5.42 ± 0.22



	Oxygen, %
	27.05 ± 0.65
	27.22 ± 0.65
	27.33 ± 0.67
	27.44 ± 0.66
	27.61 ± 0.59



	Nitrogen, %
	2.50 ± 0.10
	3.93 ± 0.12
	4.88 ± 0.15
	5.84 ± 0.25
	7.27 ± 0.31



	TMP (NL/kg OM)
	506.14
	494.45
	487.05
	479.85
	469.50



	Chemical composition
	C15.9H22.2O8.5N
	C10.3H15.7O5.7N
	C8.4H13.5O4.6N
	C7.2H12.0O3.9N
	C5.9H10.5O3.2N










 





Table 4. Parameters of kinetics of MP and OM removal (kg OM/m3) from the substrates subjected to AD.
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Variant

	
Kinetics Parameters




	
CH4 Production

	
Decrease in OM Content






	
WMP

	
  y = 59.65 ⋅ ( 1 −   e   − 0.211 ⋅ t   )  

    k     C H   4     = 0.211 ± 0.05   d−1

    r     C H   4     = 12.5 ± 0.35   L/(kg OM·d)

	
  y = 2.35 ⋅   e   − 0.215 ⋅ t   + 7.75  

    k   O M   = 0.215 ± 0.05   d−1

    r   O M   = 0.51 ± 0.07   kg OM/(m3·d)




	
WMP70:SS30

	
  y = 113.25 ⋅ ( 1 −   e   − 0.201 ⋅ t   )  

    k     C H   4     = 0.201 ± 0.05   d−1

    r     C H   4     = 22.7 ± 0.58   L/(kg OM·d)

	
  y = 2.83 ⋅   e   − 0.186 ⋅ t   + 7.01  

    k   O M   = 0.186 ± 0.03   d−1

    r   O M   = 0.53 ± 0.07   kg OM/(m3·d)




	
WMP50:SS50

	
  y = 150.53 ⋅ ( 1 −   e   − 0.187 ⋅ t   )  

    k     C H   4     = 0.187 ± 0.03   d−1

    r     C H   4     = 27.9 ± 0.58   L/(kg OM·d)

	
  y = 3.10 ⋅   e   − 0.173 ⋅ t   + 6.65  

    k   O M   = 0.173 ± 0.03   d−1

    r   O M   = 0.54 ± 0.08   kg OM/(m3·d)




	
WMP30:SS70

	
  y = 194.47 ⋅ ( 1 −   e   − 0.174 ∗ t   )  

    k     C H   4     = 0.174 ± 0.03   d−1

    r     C H   4     = 33.76 ± 0.63   L/(kg OM·d)

	
  y = 3.38 ⋅   e   − 0.160 ⋅ t   + 6.55  

    k   O M   = 0.160 ± 0.04   d−1

    r   O M   = 0.56 ± 0.08   kg OM/(m3·d)




	
SS

	
  y = 254.17 ⋅ ( 1 −   e   − 0.146 ⋅ t   )  

    k     C H   4     = 0.146 ± 0.03   d−1

    r     C H   4     = 36.79 ± 0.66   L/(kg OM·d)

	
  y = 3.90 ⋅   e   − 0.152 ⋅ t   + 6.06  

    k   O M   = 0.152 ± 0.02   d−1

    r   O M   = 0.59 ± 0.09   kg OM/(m3·d)
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