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This study evaluated the effect of the substrate:inoculum ratio and digestate recirculation conditions on the biogas and methane yield, free ammonia concentration and solid phase agronomic quality (after treatment) of poultry litter solid state anaerobic digestion (SSAD). Experimental tests were conducted using a central composite design (22), with four trials at the factorial points and three at the central points, using poultry litter as substrate that was collected after 12 cycles of broiler production [TS 76% (w.w−1)]. Three laboratory-scale reactors containing 3 kg of poultry litter each were operated at mesophilic conditions (37°C) and seven experimental runs were performed at retention time of 30 days each. There were three substrate:inoculum ratios (1:1; 1:1.66, and 1:3) and three daily recirculation intervals (2, 3, and 4 times per day), and each recirculation event lasted 15 min. The highest biogas and methane yields were183 LNbiogas.[image: image] and 74 LNmethane.[image: image], respectively, and they were obtained at the substrate:inoculum ratio of 1:3 with a digestate recirculation frequency of four times a day. Digestate recirculation was the variable that influenced the concentration of free ammonia; the most frequently recirculated tests had lower concentrations (below 60 mgNH3.L−1). After the SSAD process, we identified a transfer of nutrients (N, P, K) from the solid phase to the liquid phase. The nutrient concentrations in the solid phase (Nout = 11 g.kg−1, Kout = 5 g.kg−1, and Pout = 7 g.kg−1) indicated that the digested poultry litter still has potential for use in fertilization. In this study, it was estimated that 90 m3biogas.[image: image] was generated using SSAD. Whereas 100 tons of poultry litter are produced after 12 production cycles, the biogas generation capacity reaches 9,000 m3/year. In this scenario, farmers can use biogas from poultry litter SSAD as an additional source of energy.
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INTRODUCTION

The poultry industry in Brazil has gained worldwide prominence and has experienced a major evolution in the technological aspects related to the production of broilers. In 2016, Brazil produced 12.9 million tons of chicken meat, which ranked second in terms of world production (ABPA, 2017). According to the FAO, from 2000 to 2030, the world will have to increase the meat production by 20%, and the greatest potential growth will be in chicken meat (40.4%)1.

Considering the environmental impact of broiler production, poultry litter management must be closely examined. The major components of poultry litter include the bedding material, feathers, manure and wasted feed. The litter contains plant nutrients such as nitrogen (N), phosphorus (P), and potassium (K) (Bolan et al., 2010). This residue is often applied in agriculture, without prior treatment, as a fertilizer. Due to the organic composition of poultry litter, it is possible to use the litter to generate biogas via the anaerobic digestion (AD) process (Rajagopal and Massé, 2016).

The AD process can be classified according to the total solid (TS) concentration: wet digestion (WD) is typically characterized as TS concentrations below 20%, and dry anaerobic digestion or solid state anaerobic digestion (SSAD) has TS concentrations higher than 20% (Chiumenti et al., 2017).

A challenge for the digestion of poultry litter, when monodigestion is applied, is to avoid the use of the WD process because a large amount of water is used to adjust the litter to a concentration of TS under 15% (the TS concentration of poultry litter is approximately 70%), which generates a very diluted digestate and increases the costs of transport for agricultural use. The SSAD can operate up to 40% of TS, thus significantly reducing the necessity of liquid effluent (digestate) management (Di Maria et al., 2017). Thus, compared to WD, SSAD has several advantages, such as decreased energy requirements for heating, a smaller reactor volume and generation of less liquid wastewater; instead, it generates a digestate that is easier to handle and apply as an organic fertilizer (Ge et al., 2016).

This process was originally applied to treat the organic fraction of municipal solid waste (Li et al., 2011) and has recently been proposed for use in the treatment of agricultural, livestock and poultry wastes, mixed with energy crops, to obtain a solid-phase stabilized product (Chiumenti et al., 2017). Nonetheless, SSAD technology still has a series of aspects that must be improved and studied in greater depth for the maturation of the technology and to diversify the type of substrate used.

The SSAD is a complex process that is, in many cases, associated with the accumulation of ammonia and VFAs, which can lead to inefficient performance and even process failure. The low generation of biogas is a consequence of the complex phenomena occurring at high TS concentrations (Capson-Tojo et al., 2017). Abbassi-Guendouz et al. (2012) reported that a TS concentration of 30% is an obstacle to solid-liquid transfer and decreases the degradation efficiency and inhibits methanogenic activity. The methane yield was approximately 170 L.[image: image] for up to 25% of TS and fell to below 50 L.[image: image] for 35% of TS when using food waste (FW). Xu et al. (2014) reported a two-sided effect of TS concentration during AD, with an increase of up to 10%(TS) stimulated microbial growth and a consequent increase in methane generation. On the other hand, a TS concentration of 15–20% increased the resistance to mass diffusion, thereby inhibiting hydrolysis and methanogenesis. Some authors (Abbassi-Guendouz et al., 2012; Di Maria et al., 2013) also reported that a lower water content also caused a rapid accumulation of volatile fatty acids (VFA), which inhibited methanogenesis process.

For substrate dilution, one alternative is to recirculate the liquid digestate during SSAD to improve the results of the process. Recirculation influences the degradation of the solid material in two ways: the movement of moisture through the bed of biomass and the change in moisture content. Supplemental water also dilutes inhibitory substances. It was found that leaching is favorable for the anaerobic decomposition of food waste. However, depending on the frequency of recirculation, it can increase acidogenesis, which may result in the inhibition of methanogenesis (Kusch et al., 2012).

From these studies, we can verify that there is a variability referring to substrate type, substrate:inoculum ratio, TS concentration and dilution influence on biogas and methane yield, thus confirming the need for new investigations to optimize the performance of the digester and apply the SSAD to the poultry litter (Ge et al., 2016). In this context, to use a substrate, such as the litter of poultry in an SSAD process, it is necessary to study the poultry litter: inoculum ratio and the recirculation range, which will allow the biological process to be balanced.

Thus, the main objectives of the present study were to evaluate the influence of the substrate:inoculum ratio and digestate recirculation in biogas and methane production, as well as evaluate the characteristics of poultry after anaerobic treatment.

MATERIALS AND METHODS

Poultry Litter Sampling and Characterization

The poultry litter after 12 cycles of broiler production was collected at a farm near Concordia, SC, Brazil (27° 8′19.86″latitude and51°43′8.10″longitude). Each cycle housed 14,500 broilers during 42 days in a 1,200 m2 [12 m (wide) × 100 m (length)] aviary (Miele et al., 2010). Samples were characterized in the Laboratory of Embrapa Swine and Poultry, Concordia, SC, Brazil.

Inoculum

The inoculum used for SSAD was collected from a standardized mesophilic acclimated inoculum from a lab-scale CSTR (continuous stirred-tank reactor), according to the methodology described by Steinmetz et al. (2016). The acclimated inoculum was a mixture of equal volumes of anaerobic sludge from two independent large-scale UASB (Upflow Anaerobic Sludge Blanket) reactors (swine wastewater; gelatin manufactory effluent) and from fresh dairy cattle manure. Before use, the inoculum was sifted (2 mm mesh) prior to SSAD reactor inoculation.

Experimental Design and Planning

Three SSAD reactors were used for this study, and each was composed of a vertical cylindrical plastic drum with an internal diameter of 25 cm and measuring 52 cm in height (Figure 1). All reactors were filled with 3 kg of poultry litter and acclimated with anaerobic inoculum. The amount of inoculum added in each reactor varied according to the desired substrate:inoculum ratio (Table 1). The reactors were operated in batch mode at 37°C for 30 days. The fractions (solid and liquid) were separated by a stainless steel plate (1 mm mesh) fixed 15 cm from the bottom of the reactor. The digestate stored at the bottom of the reactor had no contact with the solid fraction. The percolate was pumped from the bottom to the top of the reactor using a peristaltic pump (Provitec AWG 5000, Brazil) at a flow rate of 600 mL.min−1, according to the desired recirculation frequency (Table 1). A top sprinkler (Agrojetp3, Brazil) was used to distribute the liquid on the substrate surface.
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FIGURE 1. Schematic representation of the anaerobic reactor for poultry litter solid digester.




Table 1. Poultry litter and inoculum added according to the desired substrate:inoculum ratio and daily digestate recirculation frequency.
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In this study, the experimental planning methodology was applied to evaluate the effects of dilution (substrate:inoculum ratio) and digestate recirculation on biogas and methane production using a CCD (22) with triplicates of the central point (Rodrigues and Iemma, 2014). A statistical analysis was performed by calculating the effects, standard error, t- and p-values. The experimental results were statistically evaluated with 95% of significance (p < 0.05).

Analytical Methods

The TS and VS were analyzed according to APHA (2012). For the analysis of the phosphorus concentration, the samples are first digested in nitro-perchloric solution in a digester block. For this colorimetry methods was used (by the molybdovanadate method) with UV-VIS spectrophotometer model Cary50 (Agilent). Total ammoniacal nitrogen (TAN) was analyzed by colorimetric method (APHA, 2012) using a flow injection analysis system (FIAlab-2500, FIAlab), and the results were expressed as NH3-N. Free ammonia (FA) concentration was calculated according to Equation (1) (Kunz and Mukhtar, 2016).

[image: image]

Biogas produced was measured using a milligascounter (MGC-1 V3.2 PMMA, Ritter Apparatebau). The biogas was collected periodically in bag samplers (plastic/aluminum foil, Hermann Nawrot AG, Germany) and analyzed in portable infrared BIOGAS5000 (Geotech, UK).

Biogas Generation in a Poultry Farm

Energy Demanded From Firewood and Biogas

The estimated biogas energy potential (Equation 2) was calculated considering the methane concentration in biogas (here, 40%) with the lower calorific value (LCV) and methane density. The data used for the calculations can be found in Table 2.

[image: image]

Where:

EBE: estimated biogas energy (kJ.m−3)

LCVmethane: lower calorific value (kJ.kg−1)

ɤmethane: methane density (kg.m−3)


Table 2. Technical coefficient adopted to estimate the firewood and biogas requirement for a broiler rearing (1 cycle).
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The firewood energy content (Equation 3) was obtained according to the methodology described by Funck and Fonseca (2008) using firewood's lower calorific value and the total amount of wood used to produce 1 broiler cycle; the data used are presented in Table 2.
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Where:

ERfirewood: energy required using firewood (kJ)

TFR: total firewood required (for each cycle) (m3)

FC: firewood density (kg.m−3)

LCVfirewood: lower calorific value of firewood (kJ.kg−1)

The biogas volume required to supply the energy demanded using firewood was calculated according Equation 4 (Funck and Fonseca, 2008).

[image: image]

Where:

BV: biogas volume (m3)

ECfirewood: energy requirement using firewood (kJ)

EBE: estimated biogas energy (kJ.m−3)

RESULTS AND DISCUSSION

Characteristics of the Feed Material and Inoculum

The Table 3 presents the characteristics of poultry litter and the liquid inoculum 236 used. The poultry litter presented concentration de 222 (g.kg−1) the C and 24 (g.kg1) 237 the N.


Table 3. Characterization and composition of poultry litter and inoculum.
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Previous reports suggested that using a feedstock C/N ratio from 27 to 32 promotes steady digester operation at optimum ammonia nitrogen levels and feedstock with a C/N ratio of 32 producing a lower concentration of ammonia nitrogen. Because a high C/N ratio results in the rapid consumption of nitrogen by methanogens, which results in lower gas yield. On the other hand, a low C/N ratio causes accumulation of ammonia at pH above 8.5, causing inhibition of methanogenic activity, and consequently decreasing or even ceasing gas production (Weiland, 2006). The optimum C/N ratio depends on the digestibility of carbon and nitrogen sources (Fernandez et al., 2008). The poultry litter presents C/N ratios ranging from 7 to 10, which are considered low for the anaerobic digestion process (Kelleher et al., 2002; Singh et al., 2010). However, an interesting finding by Kirchmann and Witter (1992) is that during the anaerobic process of poultry manure in uncovered vessels the C/N ratio increases. So if bacteria could withstand the inhibition caused by excessive free ammonia production the system will experience a positive feedback cycle in which an optimum C/N ratio can be achieved (Singh et al., 2010).

Results Obtained From Central Composite Design for Effect of Substrate:Inoculum Ration and Digestate Recirculation in Biogas and Methane Yield

The factorial planning matrix with the experimental variables studied show the proportion of poultry litter: inoculum (X1) and recirculation of the digestion (X2) (Table 4).


Table 4. Matrix of the composite central design (coded and real values) for the experimental variables poultry litter:inoculum ratio (X1) and digestate recirculation (X2) and respective responses in terms of biogas and methane yield and free ammonia.
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For X1, three feed ratios were tested and three recirculation times were tested for the X2 variable, all with a frequency of 15 min. From these variables, the process responses were obtained, which were the biogas and the methane yield and the free ammonia concentration. The Table 5 presents the statistical results found for the effects of the variables poultry litter: inoculum ratio and digestate recirculation on the biogas yield. Parameters with p-values less than 5% (p < 0.05) were considered significant.


Table 5. Main and interaction effects of the evaluated variables on the biogas yield.
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The Table 5 presents the statistical results found for the effects of the variables poultry litter: inoculum ratio and digestate recirculation on the biogas yield. The p-value column indicates whether the studied variable was significant for the process. Analyzing the results, we can see that the poultry litter: inoculum ratio had a p-value of 0.002, and we concluded that this variable had a significant effect on the response, with a negative value of t(2); thus, the highest dilutions (1:3) presented higher biogas production.

The other variable studied was the recirculation of the digestate (p-value of 0.095), it had no influence on the response. However, due to great variability inherent in bioprocesses involving biological processes, a 90% confidence level could be adopted (Rodrigues and Iemma, 2014). In this case, the recirculation of the digestate was significant because it had a p-value of less than 0.1. It showed a positive effect in the process, indicating that the digestate treatments that were recirculated four times a day for 15 min had promising results in this study.

Table 6, which show the effects of the variables on methane yield, it can be concluded that the variables presented the same behaviors found for biogas yield. The proportion of poultry litter: inoculum had a p-value of 0.001, which is less than 0.05 and a negative t(2), which is considered significant for the process and indicates that the 1:3 (kgpoultrylitter.L[image: image]) ratio presented a better condition for methane yield.


Table 6. Main and interaction effects of the evaluated variables on the methane yield.
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The results showed that the poultry litter:inoculum ratio was a crucial parameter. Within the values tested (1:3,1:1.66 and 1:1 kgpoultrylitter.[image: image]), the initial feed condition of 1:3 showed better yields. It is still the case that digestate recirculation also played an important role in biogas yield and that the frequency of four times a day had a significant effect. Under these conditions, the best yield was found for run R3 183 LNbiogas.[image: image] and 74 LNmethane.[image: image] (Table 4). The lowest yields were found for run R2, a poultry litter:inoculum ratio of 1:1 and recirculation twice a day, with a biogas and methane yield of 33 LNbiogas.[image: image] and 2 LNmethane.[image: image], respectively.

These biogas and methane production potentials were obtained with a hydraulic retention time (HRT) of 30 days. This HRT was chosen due to the experimental conditions and the management of poultry litter that was already performed by poultry farmers in the study region. However, it has been found that digestion can continue after 30 days, so optimizing the digestion time may improve the recovery and biogas quality of poultry litter.

Other SSAD studies also concluded that with a low substrate:inoculum ratio (1:3 or up to 25% TS), they obtained a higher methane yield, and low methane yields were observed at higher TS concentrations (Abbassi-Guendouz et al., 2012; Di Maria et al., 2012; Sun et al., 2016; Capson-Tojo et al., 2017). The TS content affects the mass transfer among gas-liquid-solid phases and, consequently, the substrate degradation rate. Humidity decrease can also directly affect the microbial metabolism by the diffusion limitation related above and cause an accumulation of inhibitory agents (Ge et al., 2016).

The positive effects of this practice (recirculation and dilution) have been reported by Di Maria et al. (2013), showing a methane production of 211.14 LNmethane.[image: image] for batch runs with digestate recirculation and 60.14 LNmethane.[image: image].

Thus, when evaluating the recirculation allied with the dilution factor (Table 4), it was concluded that these factors influenced the efficiency of the process. The biogas yield increased by 18% in run R3 when digestate was recirculated four times per day compared to run R1, with two recirculations per day, when both assays used the same substrate: inoculum ratio.

Good conditions of the mixture in the reactor are important, as they give microorganisms access to the nutrients present in the substrate. To achieve this contact of microorganisms with the substrate and to guarantee adequate humidity conditions, the digestate recirculation process is carried out in the SSAD process because the agitation cannot be carried out in the substrate due to the high total solid concentration (Deutsche GesellschaftfürInternationaleZusammenarbeit, 2010).

Free Ammonia Concentration Effect on SSAD

Variation of FA and pH during the experimental period are shown in Figures 2A,B.


[image: image]

FIGURE 2. pH values (A) and free ammonia concentration (B) for seven experimental runs. R5, R6 and R7 are the experiments with an substrate:inoculum ratio of 1:1.66 with digestate recirculated 3 times a day. R1 had a substrate:inoculum ratio of 1:3, and R2 had a substrate:inoculum ratio of 1:1; digestate was recirculated 2 times a day in both runs. R3, with a substrate:inoculum ratio of 1:3, and R4, with 1:1, both had digestate recirculated 4 times a day.



The pH was demented from the beginning of reactor operation until 10 days thereafter, probably because of the hydrolysis stage. During this step, high-molecular-mass compounds are degraded to low-molecular-weight compounds. Degradation rate depends on the characteristics of the substrate, so hydrolysis is highly important for the overall speed of the digestion process (Li et al., 2011).

When evaluating the effects of dilution and recirculation on the concentration of free ammonia (Figure 2B), it was observed that an adequate recirculation frequency can contribute to the dilution of inhibitory substances. It was statistically proven that the recirculation variable of the digestate has a significant effect (p < 0.05) on the FA concentration, with 95% confidence (Figure 3). Recirculation had a negative effect, indicating that higher recirculation frequencies had lower concentrations of free ammonia; therefore, trial runs R3 and R4 (recirculated 4 times per day) had the lowest free ammonia values (55 mg.L−1).


[image: image]

FIGURE 3. Pareto diagram of the main effects and interaction of the variables evaluated on the concentration of free ammonia in poultry litter SSAD.



The ammonia formation by the degradation of organic nitrogen and the liberation of free ammonia can harm the population of microorganisms in the biodigestion processes, since the ammonia in its free state has high biocidal action (Vinnerås, 2013). As far as the biocidal mechanism of action of free ammonia is concerned, this product has high solubility, not only in water, but also in lipids, which facilitates its entry and diffusion by the cells, and can act in cell destabilization, membrane destruction and protein denaturation, causing cell damage due to the rapid alkalization of the cytoplasm (Diez-Gonzalez et al., 2000).

Characteristics of Poultry Litter Before and After Anaerobic Treatment

The solid fraction (poultry litter) was characterized before and after the SSAD process (Table 7). Run R2 showed the lowest reduction (28%) in addition to a lower yield of biogas and methane. For the other runs, the VS reductions ranged from 19 to 23%. The runs that presented higher humidity at the end of the process, R1 and R3, with a19% reduction in SV concentration, presented the highest yields of biogas and methane, thus contributing to the results found in the present study, which are statistically confirmed.


Table 7. Parameters analyzed from poultry litter (before treatment) runs R1–R7 are the parameters analyzed in the solid digestate after 30 days of SSAD.
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There was also a decrease in the amount of nutrients (N, P, K) after the SSAD process. Potassium showed a higher reduction after all runs, reaching a lower concentration for R6 and decreasing by 78% (Kin = 23 g.kg−1). This effect is mainly due to the very high solubility of this cation in the water phase (LENNTECH, 2018). The values of nitrogen in the solid fraction after SSAD ranged from 11 to 16(g.kg−1), resulting in a reduction of approximately 55% over the initial value (Nin = 24 g.kg1). This reduction, as described above, can explained by the fact that the nitrogen species present in fresh manure are mainly in organic form, such as urea and protein. Depending on the environmental conditions, a large percentage of this organic nitrogen is converted into TAN, which is soluble in water (Kelleher et al., 2002).

TAN is produced during the ammonification process via the degradation of organic nitrogen, mainly urea and proteins. Ammonium (NH4+) and free ammonia (NH3) are the predominant forms of inorganic nitrogen. It has been shown that free ammonia is the more toxic of the two because it can pass through the cell membrane, thereby causing proton imbalance and potassium deficiency (Apples et al., 2008).

Phosphorus was the nutrient that showed the lowest reduction after the SSAD process. This is because phosphorus can be present in poultry litter in two forms inorganic (35–41%) and organic (58–65%) (Bolan et al., 2010). The P concentration in the solid fraction after SSAD treatment was between 9 and 7 g.kg−1, showing a reduction of45%fromthe initial concentration. The inorganic phosphate species include dibasic calcium phosphate, amorphous calcium phosphate and soluble phosphates; these species are water soluble (Sato et al., 2005); the organic P is mainly in the form of phytic acid salts, which are poorly soluble in water (Turner and Leytem, 2004). This explains why there was a smaller reduction of P: because only the inorganic phosphorus forms exhibit solubility and because they are present in smaller proportions, only the recirculation liquid leached them. However, they could still be recovered, as they are retained in the liquid, and after the process, they can be reused as fertilizer (Nkemka and Hao, 2016).

At the end of the SSAD process, when using the highest dilution factor 1:3 (up to 20% TS), there was an average generation of 3 l of liquid digestate per 1 kg of solid digestate. Compared with the liquid digestion process (with 8% TS), we would have a generation of 6 l of liquid digestate for every 1 kg of solid digestate (Orrico Junior et al., 2010).

Digestate, final effluent, has high potential as a biofertilizer and is used in soil recovery and agricultural production (Massé et al., 2015).

Energy Recovery From Poultry Litter as Biogas for Aviary Heating

During the first days of life, a bird's thermoregulatory system is not yet fully developed. For this reason, especially in winter (from May to August in South America), the farmers'main concern is to provide the necessary thermal comfort conditions for young birds. During this period, the aviary temperature is below ideal conditions, particularly in the southern region of Brazil, thus forcing farms to provide a supplementary heating source for their poultries (Tabler et al., 2014).

There are several heating systems used in poultry production. In this case, the wood-heating system was adopted as a reference because of its importance as a biomass source for heating systems in Brazil, mainly due to its low cost (Coradi et al., 2016). However, it also presents some drawbacks, such as the in complete burning of wood in a precarious heating system, aromatic and soot emissions that can cause environmental impacts and occupational health damage to farmers (Oanh et al., 2005).

Considering an aviary of 100 m × 12 m with the capacity to house 14,500 broilers, the poultry litter was reused for up to 12 production cycles, estimating that the aviary has the capacity to produce 100 tons of poultry litter (De Carli, 2018). According to the results observed after poultry litter SSAD, the best condition can generate 183LNbiogas.[image: image] (Table 4). The composition of poultry litter presents 490 gVS.[image: image](Table 1); therefore, the capacity of biogas production can be estimated as 90 m3biogas.[image: image], considering that with 100 tons of poultry litter (after 12 cycles), we will have an estimated biogas generation of 9,000 m3biogas.

For the analysis of energy equivalence of firewood and biogas, we considered the heating of 1 cycle of chicken rearing, with 21 days of heating during the winter period (Palhares, 2012). The results of Equations (2)–(4) are presented in Table 8. In order to supply the energy demand of the system a biogas volume (BV) of 11,000 m3. In this study, the percentage of methane found in biogas was 40%, with a low calorific power (14,212 kJ) compared with the already tabulated data, which describe a potential of 20,900–29,290 kJ of biogas with carbon dioxide remaining in its composition (Jorgensen, 2009). Thus, the scenario would not be favorable for the total replacement of firewood with biogas.


Table 8. Estimation of energy generation for aviary heating.
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However, in addition to the substitution, biogas can be used as a supplementary source of heating because in Brazil, two energy sources, firewood and liquefied petroleum gas (LPG) (Migliavacca and Yanagihara, 2017), are already used in many facilities. The study presented satisfactory results, concluding that commercial burners for LPG can be adapted for biogas, with heating efficiencies similar to those obtained with the original fuel. Thus, by using biogas for heating poultry, we will be taking advantage of the energy potential of the waste produced by the activity itself, thus reducing the expenses from the use of other energy sources.

In Brazil, the states in the southern region are responsible for the largest producers of broilers. However, other regions, such as the midwest, already present growth rates in the production of broilers (ABPA, 2017). In this region, the average temperatures throughout the year are approximately 20–24°C (Instituto Nacional de Meteorologia, 2018). With this in mind, the use of biogas for aviary heating systems can be more attractive than for the southern part of Brazil. The consumption of wood for heating and aviaries considering this condition, is approximately 12 m3 of wood per cycle of poultry litter (Miele et al., 2010). Thus, using Equations (3) and (4) and the coefficients presented in Table 4, a volume of 6,583 m3 of biogas is necessary to suppress the demand for energy from firewood. These conditions are more favorable for replacing firewood with biogas, as heating occurs only when the temperatures decrease, mainly at night (Palhares, 2012).

In addition, warmer regions are more favorable for the development of the anaerobic digestion process, especially for anaerobic digesters without heating systems and with more stable processes and a better quality of biogas and digestate (Babaee et al., 2013).

CONCLUSIONS

The solid state anaerobic digestion of poultry litter is a promising process that has advantages as a good, robust method with low-water consumption and, consequently, low-liquid digestate production.

Based on the results, the recirculation in SSAD had an influence on the free ammonia concentration, indicating that those tests with a higher recirculation frequency presented lower concentrations of free ammonia (55 mg.L−1). After the SSAD process, there was a decrease in the nutrients N, P, and K to values 11, 7, and 5 (g.kg−1), respectively, in the solid phase. However, the solid digestate still had a satisfactory quantity of nutrients for use in agriculture as fertilizer.

Biogas can be used as a supplementary source of energy, and this method is already used by poultry farmers in Brazil with wood and LPG. This situation is even more favorable when considering regions with tropical conditions.

The biogas and methane recovery results are relevant to the study because of the reactor configuration and retention time adopted. Other studies that optimize the retention time and reactor configuration can improve the biogas recovery, the quality of the biogas and, therefore, the economic viability.
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