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Introduction: Compost heat recovery systems (CHRS) represent an emerging technology to recover residual woody biomass from agroforestry and forestry activities and use the heat that is naturally produced during aerobic biodegradation (composting). However, a low oxygen concentration in the gas phase and self-drying and compaction of the compost body often limit efficient oxidation by microbial communities. Woodchip-derived biochar has often been proposed as a bulking agent and improver of water retention and of oxygen accessibility in the composting process, but the literature reporting its effects in the CHRS is scarce.
Methods: Here, biochar (average particle size of 10 mm) was added at 10% (on weight basis) to chipped pruning residues into two bench-scale-controlled reactors (0.2 m3), operated in parallel for 57 days.
Results and Discussion: The addition of 10% (w/w) biochar to the composting body increased biodegradation yields by approximately 50% and improved oxidation rates over readily biodegradable organic fractions (addition of cheese whey). Temperatures were on average 1.34°C higher, and heat extraction flux was also improved in the presence of biochar (0.3 kW/m3) versus in its absence (0.1 kW/m3). The organic matter mass balance resulted in approximately 50% higher biodegradation yield and improved oxidation rates over readily biodegradable organic fractions. Microbial analysis highlighted a higher concentration of thermophilic species and a lower concentration of well-known pathogenic and antibiotic-resistant genera in the presence of biochar.
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1 INTRODUCTION
Although energy recovery from organic waste is one of the pillars of circular economy, waste-to-energy approaches not only protect human health and the environment but can also contribute significantly to the efficient substitution of fossil fuel resources (Zhou and Zhang, 2022). Residual biomass from agriculture and forestry activities can be converted into usable forms of energy (thermal energy, electricity, or biofuels) (Di Fraia et al., 2020) through various biorefinery processes. Compost heat recovery systems (CHRSs) can generate heat for buildings and households by recovering the heat naturally produced during aerobic composting of organic matter (Malesani et al., 2021). Composting is the aerobic biodegradation of organic materials, where heat is released during microbial respiration (Zhao et al., 2017).
In regular composting facilities, the heat generated from composting is typically dispersed into the environment as the preliminary goal of composting is the safe treatment of organic residues and the production of soil amendment. However, with the rapid increase in the worldwide energy demand, the generated heat is gaining increasing interest as it can be a sustainable alternative to fossil fuels, thereby reducing global warming (Fan et al., 2021). According to Smith and Aber (2017), CHRSs can replace significant amounts of fossil fuels commonly used for domestic heating, thereby proving their commercial viability.
However, CHRSs still face some limitations, especially in real-scale implementation. The thermal power generated per unit of the volume of an organic substance remains relatively low, primarily due to inefficiencies in the three key steps of the process: a) limited rate of microbial hydrolysis of the organic matter; b) limited oxygen mass transfer through the biomass body; and c) inefficient heat exchange between the biomass and the heat transfer system. These mechanisms are influenced by key variables such as bulk density and biomass porosity, relative moisture content, and the air–water–solid volume ratios. Limitations to capillary air flow through the bulk biomass body result in limiting both oxygen supply to microbial communities and efficient heat transfer. Simultaneously, moisture water retention within the biomass macroaggregates plays a role in facilitating microbial hydrolysis and cation transfer in water solutes, along with the microbial oxidation of organic compounds.
In the present study, biochar was chosen as the bulking agent and improver of the composting processes. Biochars are carbon-rich materials produced by biomass pyrolysis (Lehmann and Joseph, 2015). Biochars have several chemical, physical, and electrochemical properties, such as high macro- and micro-porosity, high ion-exchange capacity, water sorption and holding capacity, thermal conductivity, surface electrochemical properties, and some electrical conductivity (Yang et al., 2017; Schievano et al., 2019; Bona et al., 2020). Thanks to these properties, numerous studies have demonstrated that biochar addition can enhance composting processes. Biochar has been tested as an amendment in composting processes because it is expected to have several benefits, such as decreased bulk density, increased aeration, improved microbial respiration rates, and enhanced water holding capacity (Wang et al., 2021). The addition of biochar improves the composting process, as evidenced by an increase in temperature during the thermophilic phase and a shortened lag-period before the thermophilic phase (Chen et al., 2010). Wang et al. (2021) reported that biochar addition at 5%, 10%, and 15% resulted in prolonged periods of temperatures over 67°C. Waqas et al. (2018) reported that biochar addition (15%) allows for the rapid achievement of thermophilic conditions. While numerous literature reviews have been conducted to address composting processes, certain aspects, particularly those related to heat recovery and utilization, are inadequately covered in current reviews (Fan et al., 2021). Nowadays, one of the most crucial challenges for the CHRS is to enhance volumetric heat extraction rates to achieve a cost per unit of energy that is comparable to or lower than competitive solutions in decentralized areas, such as solar panels and pellet combustors.
The primary objective of the present experimental research was to assess the impact of adding biochar to the compost pile in terms of (1) biodegradation rates and mass balance and (2) temperatures and volumetric heat extraction rates (in kW/m3). We used pilot-scale CHRS units to better control heat transfer and losses, as well as process parameters.
2 MATERIALS AND METHODS
2.1 Experimental plan
The experimental process was carried out in two bench-scale reactors (Figure 1) operated in parallel for 57 days, where boundary conditions were kept identical (ambient temperature, water refill, and amount of external feeding). Reactor 1, representing the control, contained only woodchip, and Reactor 2 contained woodchip +10% (on weight basis) biochar. To ensure homogeneous distribution through the whole reactor body, the solution was added both from the top and the middle of the reactors using rigid tubes. All feedstock used for each reactor and their characteristics are given in Tables 1, 2. A liquid inoculum was added at 2% (V/V) of the reactor volume, as indicated in previous experiments (Fan et al., 2018). The reactors worked in a semi-closed environment under well-controlled boundary conditions. According to the initial moisture content of the materials involved (measured as the weight loss after heating at 95°C until weight variations were negligible), an appropriate amount of water was periodically added to both reactors in order to restore 60% MC, which is an ideal moisture content for composting processes, according to the literature (Azim et al., 2018; Fan et al., 2021). Each reactor was equipped with a hydraulic circuit for heat extraction and quantification of heat recovery (see Supplementary Material).
[image: Figure 1]FIGURE 1 | Schematic representation of the bench-scale reactors: dimensions and main components.
TABLE 1 | Starting phase of the experiment—materials involved.
[image: Table 1]TABLE 2 | Physico–chemical characterization of feedstocks used in the present study.
[image: Table 2]2.2 Water-soluble carbon-source feeding
Along the experiment, tests were performed to verify the differential capacity of the two systems to access oxygen as the electron acceptor of microbial respiration. Injections of a readily biodegradable carbon source were provided by the manual addition of liquid cheese whey twice a week, on average. Details of the composition of the liquid solution are given in Table 2.
2.3 Heat recovery
The measurements and calculation of heat extraction were done after day 22 (35 days), during which three different amounts of external feeding were tested. To extract the heat, a pump was manually switched on and off. The thermal power extracted (kW) was calculated using Eq. 1:
[image: image]
where [image: image] (kW) is the heat production rate, also defined as the overall thermal power output of the system; [image: image] (°C) is the difference in the temperature of the exchange fluid (water), measured by the aforementioned monitoring probes between the hot water coming from the columns to enter the heat exchanger (radiator) and the cold water leaving the exchanger to re-enter the reactor body for a new heat extraction cycle; [image: image] (kg/s) is the mass flow rate of the exchange fluid monitored through flowmeters; and [image: image] (J/g*°C) is the specific heat capacity of the exchange fluid, equal to 4.187 J/g*°C for water. The thermal power output in kW was then converted into kW/m3 in order to be comparable with values found in the literature.
2.4 Process monitoring and characterization
During the 57 days, the following parameters were monitored:
- Temperature inside and outside the reactors was monitored one time per minute during the whole period through the remote monitoring system including two probes placed inside the reactors’ body (one placed at a 0.4-m depth and one at a 1.2-m depth) plus one probe for the external ambient temperature for each reactor.
- Volatile solid (VS), total solid (TS), moisture content (MC), and pH were alternately monitored every 5 days during the first 22 days through the manual collection of samples from the reactors’ body of approximately 15 g. Then, they were analyzed in the middle and at the end of the 57 days.
- The total organic carbon (TOC) was monitored at the beginning, middle, and end of the experiment.
- The lower heating value (LHV) was measured on the raw biomass (at the beginning of the tests, before filling the reactors) and on the treated biomass (at the end of the 57 days of the experiment). O2, CO2, and CH4 percentages (%V/V) were monitored two times per week using an OPTIMA 7 BIOGAS gas analyzer model by inserting the gas collection pipe directly into the specific valves placed on the columns (one at 0.66 m and the other one at a 1.24-m depth) during the first 22 days of monitoring.
Shotgun metagenomic sequencing was performed (Novogene, United Kingdom) in order to comprehensively define the abundant organisms present in samples taken from reactors 1 and 2 at the end of the experiment and to correlate the reactor performance with the composition of microbial communities. A DNA library was prepared by fragmentation, end repair, and A-tailing, followed by adapter ligation, PCR amplification, size selection, and purification. The sequencing depth was ≥40 million read pairs per sample. The library was checked using Qubit and real-time PCR, and quantified libraries in terms of concentration and data amount were sequenced on an Illumina NovaSeq 6000 platform. Table 2 illustrates the data on the initial physical–chemical characterization of input feedstocks as raw (not already mixed) and in mixtures (to be placed in Reactor 2) before being added to the reactors.
2.5 Data analysis
The experiments in the present study were not run in duplicates. Therefore, a single-trial experiment did not allow proper statistical analysis on replicates to support the robust significance of the observed differences between the treatment and the control condition. However, for the monitored parameters, variance was calculated either as the standard deviation or represented by quartiles (in box plots) by repeated measurements along time and/or sampling in different places of the reactors (top, middle, and bottom) (see Supplementary Material). Analysis of variance (ANOVA) was performed to detect significant differences between repeated measurements (in time and space) in the treatment and the control reactors.
3 RESULTS
3.1 Carbon and energy balance
Ash conservation was applied as the principle for calculating the balance, and detailed calculations on 1-kg TS are given in Supplementary Table S2. Table 3 shows the complete mass balances for reactors 1 and 2 using the VS, TOC, and LHV as parameters. Reactor 1 resulted in 52%, 56%, and 49% biodegradation yields for VS, TOC, and LHV, respectively, while for Reactor 2, the yields were 78%, 82%, and 81%, respectively. The presence of biochar in Reactor 2 induced an increase in biodegradation yields by 50%, 47%, and 67%, respectively, for the three parameters.
TABLE 3 | Mass balance of the biodegradation processes (as VS, TOC, and LHV) as measured in reactors 1 and 2 for 57 days of operation. Biodegradation yield is calculated as the ratio between biodegraded mass and input mass. The relative increase in the biodegradation yield obtained by the addition of biochar (10% w/w) in Reactor 2, as compared to Reactor 1, is calculated as the percentage relative difference: (R2–R1)/R1.
[image: Table 3]In parallel, there was also a significant difference between reactors 1 and 2 in the (MC along the process (before periodical water re-fill). Supplementary Table S3 shows how MC, despite identical treatment for 53 days, was on average 19% higher (p < 0.05, n = 5) in Reactor 2, confirming that biochar has an effect in preventing over-drying of the material despite the higher temperatures inside the Reactor 2 compared to Reactor 1.
3.2 Heat extraction
Complete energy recovery was not possible due to uncontrolled heat dispersion by the bench-scale reactors. However, the heat exchangers allowed measuring the heat flux during definite observation periods of 1 or few hours. The monitored heat fluxes are given in Table 4. The calculations were performed, according to Eq. 3, using a flowmeter installed in the hydraulic circuit (see Supplementary Material). The higher difference in temperatures outgoing and re-entering the bodies of Reactor 2 is related to the higher temperature reached inside Reactor 2 due to a better degradation efficiency, resulting in higher thermal power outputs for Reactor 2 due to a higher temperature maintained for longer periods.
TABLE 4 | Temperatures inside the hydraulic circuit during the heat extraction phases, calculated thermal power outputs, and temperature decrease inside the reactors during heat extraction.
[image: Table 4]Furthermore, the temperatures of the material placed inside the reactors were monitored during heat extraction, and the drops (between the beginning and the end of the heat extraction) were monitored to avoid the excessive cooling of the feedstocks inside the reactor, which could result in the shutdown of the biological process. On average, as shown in Table 4, the heat extraction phase lasted longer for Reactor 2 than for Reactor 1. During each heat extraction process, the temperature inside Reactor 1 decreased too much after 25 min on average (3°C on average), while in Reactor 2, the highest temperature lasted for 42 min on average and then decreased by approximately 1°C.
The thermal power output of the traditional version (Reactor 1) emerged to be 0.10 kW/m3, which was in line with the average literature data reported by Malesani et al. (2021), while for the innovative version (Reactor 2), it was 0.31 kW/m3 significantly higher than that reported in the literature data, confirming the beneficial effect of biochar addition.
3.3 Temperatures within the composting body
The average temperatures inside the reactors’ bodies suggest beneficial effects of biochar addition, as shown in Figure 2A. The ambient temperature was maintained between 25 and 35° for the whole period and monitored by the two probes placed close to the reactors. The ambient temperature probes, together with those placed inside the reactors, recorded the data every minute during the whole period and sent the data to an online graphical interface. The data were then processed (24 data points per day for the probes placed inside the reactors and 6 data points for the probes monitoring the external ambient temperature). In Figure 2A, the red curve representing the temperatures inside Reactor 2 (containing woodchip +10% biochar) remained higher for the whole period compared to the green line representing the temperatures inside Reactor 1.
[image: Figure 2]FIGURE 2 | (A) Comparison of temperatures trend inside the two reactors and ambient temperature. Curves represent the average values of 24 data points per day collected at two depths for Reactor 1 (woodchip) and Reactor 2 (woodchip + 10% biochar). Blue triangles represent the external feeding addition of whey. (B) Boxplot graph showing the distribution of the hourly-average differences of temperatures (ΔT) between inside and outside Reactor 1 (woodchip) and Reactor 2 (woodchip + 10% biochar). The line within the box shows the median value, the box denotes the range of 50% of data, X stands for the average value.
Moreover, data analysis was performed on the temperature delta that represents the difference between the temperature inside each reactor and the ambient temperature. The distribution of the delta temperature values is shown in Figure 2B. The average difference for Reactor 2 was higher than that for Reactor 1. Negative values are related to the fact that sometimes the ambient temperature increased until 35° because of weather, and it happened that the temperature inside the reactors was lower than the ambient temperature, resulting in negative delta values. On average, Reactor 2 was 1.34°C warmer than Reactor 1, as shown in Figure 2B.
3.4 Composition of the gas phase
Moreover, CO2, O2, and CH4 concentrations in the headspace were monitored at two different depths for the two reactors, and their distributions are shown as box plots (Figure 3). Since methane has always remained under the detection limit of the instrument (<0.1% v/v), no results regarding CH4 are reported here. As it can be observed, O2 tended to be higher for Reactor 2 (18.3% (V/V) on average, ranging from 17.5% to 19.0%), with respect to Reactor 1 (17.4% (V/V) as an average value between 16.1% and 19.0%). In accordance, CO2 tended to be higher for Reactor 1 (2.1% (V/V) as an average value between 0.7% and 3.4%) than for Reactor 2 (1.8% (V/V) as an average value between 0.8% and 2.8%).
[image: Figure 3]FIGURE 3 | (A) Box plot of the O2 values monitored for Reactor 1 (woodchip) and Reactor 2 (woodchip +10% biochar). The line within the box shows the median value, the box denotes the range of 50% of data, and X stands for the average value. (B) Box plot of the CO2 values in % monitored for Reactor 1 (woodchip) and Reactor 2 (woodchip +10% biochar). The line within the box shows the median value, the box denotes the range of 50% of data, and X stands for the average value.
3.5 Response to shock tests using readily biodegradable carbon
External feeding was performed twice a week during the whole experimental period. The volume of whey added increased from 1.5 L to 7 L during the whole period, as shown in Table 4. On average, the amount of whey added was increased after 1 week, except for a 3-L addition that lasted 2 weeks. It was interesting to evaluate a possible correlation with an increase in the total organic carbon content (due to an increase in the whey volume addition) and the temperature peaks. The average temperature peaks monitored were 44.8°C for Reactor 1 and 45.1°C for Reactor 2, with no evidence in better performances with the increase in whey addition.
The TOC content of whey was monitored after collection from the dairy farms (Cadoneghe and Piove di Sacco), and it has always remained constant, at approximately 25,000 ± 299.9 mg C/L. Table 5 shows the temperatures inside the reactors before and after whey addition, the difference in temperatures before whey addition and after whey addition when the temperature peak was reached, and the time needed for each reactor to reach the temperature peaks.
TABLE 5 | Temperatures and lag phases monitored inside reactors 1 and 2 before and after external feeding addition with whey.
[image: Table 5]As shown in Table 4, the difference in temperature [image: image]T) before and after whey addition is higher for Reactor 2 containing biochar (6.3°C on average) than for Reactor 1 (4.9°C on average) with a maximum [image: image]T equal to 11 °C for Reactor 2. The shorter time needed to reach the peak of temperature inside the reactor containing biochar was in agreement with the findings of Chen et al. (2010) and Waqas et al. (2018) reporting that biochar addition shortens the time taken to reach the thermophilic phase. Indeed, Reactor 2 required, on average, 4.3 h less to reach the peak after whey addition.
3.6 Microbial community analysis
Figure 4 shows the microbial community analysis results at phylum, class, and genus levels in Reactor 1 (woodchip) and Reactor 2 (woodchip +10% biochar).
[image: Figure 4]FIGURE 4 | Composition of microbial communities in the reactors at (A) phylum, (B) class, and (C) genus levels.
In both reactors, approximately 60% of the community at the phylum level was dominated by three phyla, Proteobacteria, Actinobacteria, and Chloroflexi. The abundance of two other phyla, Firmicutes and Verrucomicrobia, in Reactor 1 was 64% and 41% higher than in Reactor 2. These phyla are commonly found in the literature as the most abundant species in organic materials that underwent composting processes (G. Wang et al., 2022a; S; Wang et al., 2022b).
At the class level, both reactors 1 and 2 were dominated by Actinobacteria (15.62% and 13.19%), Gammaproteobacteria (14.35% and 10.71%), and Alphaproteobacteria (10.71% and 13.57%), respectively. Actinobacteria are important compost microbes; they possess a wide array of enzymes that are involved in delignification, and they increase through the compost process (Kirby, 2005; Bhatti et al., 2017; Duran et al., 2022). Furthermore, Gammaproteobacteria are known as lignin degraders (Bugg et al., 2020), and Alphaproteobacteria are related to delignification processes (Duran et al., 2022). The relative abundance of Bacilli in Reactor 1 (6.2%) was almost three times of that in Reactor 2 (1.97%). The higher relative abundance of Thermoleophilia in Reactor 2 (6.34%) compared to Reactor 1 (2.91%) could be correlated with the higher temperatures obtained in Reactor 2. Species belonging to Thermoleophilia are known as heat lovers (Hu et al., 2019). Other classes including Chloroflexia, Deltaproteobacteria, Betaproteobacteria, Anaerolineae, and Clostridia had similar abundances in both reactors.
Genus-level analysis indicated that microbial communities in both reactors 1 and 2 were very diverse, and no genera accounted for more than 4% of the community in the reactors, while a high number of taxa was present at very low abundance (<0.01%). Due to the high diversity, only genera with abundances higher than 0.5% are shown in Figure 4. The other genus contributions to diversity that were <0.5% are defined as Other. The variation in microbial communities between the two reactors was more obvious at the genus level as some genera experienced abundances up to 12-fold higher than that of the other reactor. In Reactor 1, Enterococcus (a large genus of lactic acid bacteria) was the dominant genus at the end of the experiment, with 3.43% abundance. The other abundant genera in Reactor 1 comprised Microbacterium (2.54%), Steroidobacter (2.10%), Leuconostoc (1.69%), Pseudonocardia (1.89%), Frankia (1.48%), and Enterobacter (1.19%). Reactor 2 was dominated by Solirubrobacter (3.93%), a genus belonging to the class Thermoleophilia. Microbacterium (3.32%), Steroidobacter (1.9%), Frankia (1.37%), and Enterococcus (1.32%) were the other abundant genera defined in Reactor 2.
Interestingly, our data showed that in Reactor 2, which contained 10% biochar, the abundance of some well-known pathogenic and antibiotic-resistant genera were lower than that in Reactor 1 at the end of the experiment. Leuconostoc, which is known to be resistant to several antibiotics (e.g., streptomycin, vancomycin and teicoplanin, trimethoprim, sulfamethoxazole, cefuroxime, tetracycline, and clindamycin (Casado Muñoz et al., 2014; Jeong and Lee, 2015; Kumar et al., 2022), contributed to 0.06% of the community in Reactor 2, which was equal to a 12-fold decrease in relative abundance compared to Reactor 1. Similarly, lower abundances of 3.96-, 2.65-, and 2.59-fold were observed for Enterobacter, Luteimonas, and Enterococcus, respectively. The observed decrease in antibiotic resistance and pathogenic genera has a positive impact on the stability and functionality of local ecological communities. This is achieved through the reduction of potential risks associated with the spread of antibiotic-resistance genes and harmful pathogens, and it is essential for both the ecosystem and public health (Ohore et al., 2022; Bagra et al., 2023). The promising results highlight the practical application of our proposed technology as an ecofriendly process that integrates waste management and heat recovery while promoting a healthier and more balanced ecosystem.
4 DISCUSSION
The use of biochar was proposed to enhance the composting process conditions, according to the data found in the literature. Some of the positive effects of biochar include improvement of aeration (see higher average O2 concentrations in the headspace of Reactor 2, Figure 3) due to the porous structure and low density of biochar (Malinowski et al., 2019), prevention of over-drying of the material (see significantly higher moisture content found in Reactor 2, Supplementary Table S3) due to evaporation resulting from its water-storage capacity (Akdeniz, 2019), and shortening of microbial lag-phases needed to enter the thermophilic phase (Chen et al., 2010). Moreover, the microbial community can be influenced in various ways by the addition of biochar (Akdeniz, 2019) since it can serve as a habitat for microorganisms by protecting them from desiccation and serving as a source of nutrients (Jindo et al., 2012) besides fostering aeration that is essential for microorganism health. Biochar also has electro-active properties (Schievano et al., 2019). Electro-activity can play a fundamental role in facilitating electron flow toward terminal electron acceptors (such as O2, NO3-, and SO42-), especially in oxygen-deficient environments. These properties, combined with the observed higher O2 headspace concentrations and higher moisture contents, may have been decisive in speeding up oxidation rates and biodegradation yields, as observed in the presence of biochar (Reactor 2), compared to Reactor 1. Much deeper insights into such mechanisms should be investigated to better understand and express their potentials for improving CHRS processes.
In general, all data demonstrate that the characteristics of biochar increased aeration and moisture content, and provided an overall better condition for degradation that had increased efficiency with a subsequent higher heat production, as confirmed by the higher temperatures registered inside Reactor 2. This was a significance of the present research since a higher temperature is a key parameter for real-scale CHRS implementation. Moreover, Reactor 2 proved a faster reactivity after external feeding, indicating that the highest temperatures were reached in a shorter time compared to Reactor 1. These results are in line with the findings of Mao et al. (2018), López-Cano et al. (2016), and Li et al. (2015), who reported that biochar addition accelerates the rate of temperature increase (6–7 days earlier). Moreover, Wei et al. (2014) reported that the addition of biochar shortened the time needed to start the thermophilic phase (3 days instead of 5–7 days). Several authors reported that compost material containing added biochar reached higher temperatures during the composting process (Chen et al., 2010; Steiner et al., 2010; Wei et al., 2014; Czekała et al., 2016).
The beneficial effects of biochar addition for Reactor 2 reflected in higher VS and TOC variations from the initial phase to the end of the process. This can be observed for the values given in Table 3 and Supplementary Table S3, where the TOC in reactors 1 and 2 decreased by 10.47% and 22.86%, respectively. It was concluded that such results resulted from the biochar effects on enhanced aerobic degradation due to better aeration, over-drying prevention and providing a better environment for microorganisms, and finally, supporting higher degradation rates and faster reactivities.
5 CONCLUSION
The addition of 10% (w/w) biochar to the composting body increased biodegradation yields by approximately 50% (calculated either using VS, TOC, or LHV balance) and improved oxidation rates over readily biodegradable organic fractions (addition of cheese whey). On average, temperature peaks lasted 4 h less in Reactor 2 than in Reactor 1. The temperature was, on average, 1.34°C higher in the presence of biochar. The heat extraction flux was also improved by the presence of biochar (0.3 kW/m3) versus the absence of biochar (0.1 kW/m3). Microbial analysis highlighted a higher concentration of thermophilic species (Thermoleophilia) and a lower concentration of well-known pathogenic and antibiotic-resistant genera (Leuconostoc, Enterobacter, Luteimonas, and Enterococcus) in the presence of biochar.
Overall, the addition of biochar promotes and biologically stabilizes the aerobic composting process, allowing for better heat recovery from tree-pruning materials. The expected impact is that of an inexpensive optimization solution, such as the one proposed, to encourage the application of the CHRS as a solution for households and small farms in off-grid areas.
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