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Abstract

:

Biogas plants have been started to expand recently in Greece and their positive contribution to the economy is evident. A typical case study is presented which focuses on the long-term monitoring (lasting for one year) of a 500 kW mesophilic biogas plant consisting of an one-stage digester. The main feedstock used was cow manure, supplemented occasionally with chicken manure, corn silage, wheat/ray silage, glycerine, cheese whey, molasses and olive mill wastewater. The mixture of the feedstocks was adjusted based on their availability, cost and biochemical methane potential. The organic loading rate (OLR) varied at 3.42 ± 0.23 kg COD m−3 day−1 (or 2.74 ± 0.18 kg VS m−3 day−1) and resulted in a stable performance in terms of specific biogas production rate (1.27 ± 0.12 m3 m−3 day−1), biogas yield (0.46 ± 0.05 m3 kg−1 VS, 55 ± 1.3% in methane) and electricity production rate (12687 ± 1140 kWh day−1). There were no problems of foaming, nor was there a need for trace metal addition. The digestate was used by the neighboring farmers who observed an improvement in their crop yield. The profit estimates per feedstock indicate that chicken manure is superior to the other feedstocks, while molasses, silages and glycerin result in less profit due to the long distance of the biogas plant from their production source. Finally, the greenhouse gas emissions due to the digestate storage in the open air seem to be minor (0.81% of the methane consumed).
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1. Introduction


Biogas, alongside second-generation biofuels, has been emerged as a reliable alternative to the fossil fuel economy, towards low-CO2 emissions [1]. Anaerobic digestion (AD) is suitable for reducing the organic content of biomass, such as energy crops, lignocellulosic residues, fermentable organic wastes and algae, ensuring ecological and climate-neutral biogas production [2]. It is an established technology with promising further development worldwide as long as there are low-cost feedstocks available, and a wide spectrum of possible uses of biogas (e.g., heat, electricity, steam, hydrogen and biomethane) and digestate are fully exploited [3].



AD is a complex process, sensitive to several factors that could influence the stable performance of a digester, such as pH, ammonia (NH3), temperature, salinity, organic loading rate (OLR), hydraulic retention time (HRT), trace element supplementation, carbon-to-nitrogen (C/N) ratio and composition of the feeding mixture [4,5,6,7,8,9]. Co-digestion of several types of biomass (feedstocks) in a biogas plant can address many of the aforementioned issues successfully, since (i) the supplementation of nutrients and trace metals, present in the various components of the feeding mixture at different levels, balances the micro and macronutrients and trace metals’ requirements; (ii) mixing various streams of feedstock results in the dilution of possible inhibitory agents (e.g., NH3 or volatile fatty acids from the degradation of wastes containing proteins and carbohydrates in high concentrations respectively); (iii) the enhanced diversity of microbial communities and their synergistic activity plays a vital role in methanogenesis; and (iv) there is more efficient use of equipment and cost-sharing by processing multiple waste streams in a single plant [10,11]. As a result, during co-digestion, it becomes feasible to increase the organic loading, which leads to higher biogas production per digester volume, without compromising the stability of the process.



Publications focusing on a biogas plant as a case study aim to show the merits of co-digestion to enhance the biogas production from sewage sludge by mixing it with organic waste [12] or cattle manure by mixing it with agro-wastes at different temperature ranges [2]. Näegele et al. [13] demonstrated the efficiency of an external biological desulfurization unit. Garuti et al. [9] showed that the proper trace element supplementation helped to both prevent and solve biological process failure in full-scale agricultural biogas plants. In another publication, Garuti et al. [14] presented how the hydrodynamic cavitation pretreatment of agricultural feedstocks improved biogas production in a full-scale agricultural biogas plant. Rasheed et al. [15] reported the real-time operation of an industrial scale AD plant of a novel design, consisting of tri-digesters connected through an underground up-flow anaerobic sludge blanket (UASB), allowing it to function as a continuous flow reactor. Marti-Herrero et al. [16] evaluated the performance of a full-scale anaerobic digester treating fruit and vegetable waste from a municipal market without pre-treatment, clean water consumption, active heating or mixing.



Full-scale case studies have shown that upscaling problems related to inadequate mixing, deficient online monitoring or control, development of foaming, hydrogen sulfide (H2S) removal, etc., can deteriorate seriously the operation of the biogas plant. These technical difficulties are not met at the laboratory-scale, which most of the studies are based on. Indeed, comparisons of laboratory (or even pilot) scale and full-scale plants have shown that a laboratory-scale bioreactor can operate at 3–4 times the OLR of a full-scale digester [17], either because the plant operators feel safer to operate far below the maximum capacity with the lack of a trustworthy online monitoring and control system, or because the full capacity as determined from laboratory-scale experiments is overestimated due to the more efficient mixing achieved in smaller units [2]. Moreover, when laboratory-scale experiments are based on batch tests, the conclusions about the biodegradability and the rate of biogas production cannot be extrapolated to full-scale biogas plants [18] which are continuously operated (and not in batch mode). The conditions and the microorganism consortiums in batch tests are very different from what prevails in digesters, which are continuously exposed to the same operating conditions, altering the microbial synthesis, activity and response in the long term. This was observed in a study of Zhurka et al. [19] about the effect of alkaline pretreatment on biogas production from sunflower residues, which was positive based on batch experiments, but negative based on continuous experiments. Therefore, reporting the response of continuously run systems at the laboratory-scale, but most importantly, at full scale, is a valuable record of the biogas experience.



AD has been recently started getting established in Greece and the number of biogas plants is continuously growing (Figure 1). The electrical power installed by the end of 2019 was 73.6 MW from 49 biogas plants, according to the Hellenic Electricity Distribution Network Operator, but more than half of it (ca. 40 MW) comes from the landfills and sewage treatment plants [20]. Although the target set by the Greek state in 2010 for the energy from biogas and biomass was 350 MW at the end of 2020, only 18.7% had been achieved by 2018. The biogas plants based on the rural originated feedstocks could be much more widespread in all Greek rural areas, but instead, they are mostly concentrated in northern Greece. The reasons for this slow development are mainly spot to policy measures, although there are more influential factors prevailing in the northern part of Greece related to the vast availability of manure from the intensive livestock and the large agricultural areas where digestate can be disposed of. However, the capacity of the Greek agricultural sector to promote the biogas economy further is still underexploited [20].



The present study is the first case study of a biogas plant in Greece. It also contributes to the limited number of publications focusing on the full-scale operation, emphasizing the importance of the close monitoring of all parameters and correlating the performance with the feeding variable mixture of feedstocks. The full-scale biogas plant is installed in the area of Xanthi city in Northern Greece. It is of 0.5 MW capacity, which is typical in the rural areas in Greece and has become the center of a circular economy module in a narrow regional setting. The circular economy concept aims at maximizing the value of products and resources as much as possible throughout the life cycles of materials. The linear economy model simply exploits the resources producing goods and profits while disposing of wastes, including the products themselves when they are not used anymore. The agricultural wastes contain a significant amount of energy and matter of fertilizing value, which makes the loop close when they are used as feedstocks in AD plants. As a result, the AD economy is integrated into the circular economy concept by default, and this study shows how the activities of several stakeholders are complementary, while they make more profits and promote the protection of the environment.




2. Materials and Methods


2.1. The Digester’s Design


The full-scale biogas unit is located in the province of Xanthi (Avato), Northern Greece. It consists of an anaerobic continuously stirred tank reactor (CSTR) with a total volume of 6050 m3 (Figure 2). The CSTR is cylindrically shaped and made from concrete. Concrete was preferred to stainless steel [22] since iron-based chemicals (e.g., ferric chloride, ferrous chloride) used for desulfurization may lead to stainless steel corrosion. The AD zone is 5400 m3 with a working volume of 4200 m3. The CSTR is covered with a double membrane roof to store the biogas. The volume of the biogas capturing zone is 650 m3. There is a net of mesh size 10 cm in the headspace to support biological growth of sulfate oxidizing bacteria. A mechanical feeding system was used for the solid feedstocks (10 t day−1), while liquid wastes were fed with a total rate of 129 m3 day−1. The mixing was provided by four submersible propellers (two of them placed 3 m and the other two 5 m above the digester’s bottom) in an automatic on/off mode.



As shown in Figure 2, the effluent digestate was sent to a solid/liquid separation unit (Cri-man SM300/100, Reggio Emilia, Italy). The separator consists of an electromechanical screw that moves and presses the digestate to a screen basket with a mesh size of 1 mm. The solid fraction was stored in an area of 600 m2, while the liquid fraction was sent to the lagoon (18,000 m3). The average daily production rate of the total digestate was 130 m3 day−1.



The biogas plant was fed with a mixture of feedstocks, to sustain a continuous production of biogas, utilized by a combined heat and power unit (CHP, Avus 500 plus, 2G company, Heek, Germany) of 550 kW electrical capacity. Biogas was continuously released from the top of the digester, ending up at the CHP-engine. The electrical energy was provided to the public power grid (Public power corporation S.A.-Hellas) while the thermal energy was used to heat the slurry in the CSTR, through 60 spiral pipes placed perimetrically on the wall of the digester (Figure 2). The CHP is equipped with a radiator to cool down the unit, since not all heat can be recovered via heating the digester. A temperature sensor was placed into the liquid phase of the CSTR (3 m above the bottom). A thermostat adjusted at 39 °C was used to activate the heating of the CSTR.



Moreover, biogas desulfurization was conducted using both in-situ and ex-situ methods. One of the in-situ methods was based on adding iron compounds into the digester. Two compounds were tested for their ability to remove H2S from CSTR’s liquid phase: iron(III) hydroxide (Fe(OH)3) (from 0 to 100th day) and iron(II) chloride (FeCl2) (from 100th onwards). The average loading rates during the monitoring period were 32.1 ± 13.3 kgFe(OH)3 day−1 and 26.5 ± 9 kgFeCl2 day−1, respectively. Another in-situ method was based on the introduction of atmospheric air into the gas phase of the CSTR at low doses to avoid the dilution of the biogas produced. The ex-situ desulfurization strategy for the removal of H2S from the gas phase was based on adsorption using an activated carbon filter (FCA 800 × 1250, Progeco, Castrezzato, Italy).




2.2. Feedstocks’ Characterization


Eight total feedstocks composed the feeding mixture of the CSTR-digester. These were cow manure (CM), chicken manure (ChM), corn silage (CS), wheat/ray silage—triticale (WS), cheese whey (CW), olive mill wastewater (OMW), glycerin (Gl) and molasses (Ml). Six of the feedstocks came from the industrial units from the broader region of Xanthi city. Glycerin came from a full-scale biodiesel plant located 400 km away. Molasses was produced as residual waste from a sugar production plant, located in Thessaloniki city (200 km away from the biogas plant). The feedstocks were collected, transferred at regular time intervals and characterized for total (TS) and volatile solids (VS) and other physicochemical characteristics during the monitored operating period (from 1 April 2018 until 31 March 2019). Table 1 summarizes the key characteristics of each feedstock.




2.3. Digester’s Operation


The CSTR-digester was initially loaded in August 2017 with 20 m3 of biomass slurry (as inoculum). The inoculum was taken from a digester treating cow manure and silage. Thereafter, the CSTR was gradually loaded (70 m3 day−1) with undiluted cow manure up to its operating volume (4200 m3). For eight months (August 2017–March 2018), the digester was fed daily at 110 ± 47 m3 day−1 corresponding to an HRT of 44 ± 16 day, until it achieved a steady-state performance. The OLR and the BPR during this acclimation period were 2 ± 1 kgCOD m−3 day−1 and 4147 ± 1003 m3 day−1, respectively. After the acclimation period, the operation of the CSTR was daily monitored for a whole year (April 2018–March 2019).



The feeding plan was scheduled based on the demand to keep the electricity production rate (EPR) constant at 13,000 kWh day−1 approximately. The daily required methane (CH4) production rate was calculated at 3195 m3 day−1 according to Equation (1).


  MPR  (     m 3    day    )  =   EPR  (    kWh   day    )    n × LHV  (    kWh    m 3     )     



(1)




where n is the electrical energy efficiency of the CHP unit (0.406), and LHV is the lower heating value of methane (9.971 kWh m−3).



The mixture of the feed was determined by taking into account the availability of the feedstocks, and the HRT was maintained at 30 day. Other factors influencing the decision to add or exclude feedstocks were their costs and CH4 yields, and the requirement to keep the ratio of COD/TKN ratio close to 30. The average quantities of chicken manure, olive mill wastewater, cheese whey, corn and wheat/ray silage were estimated based on the methane yield of each feedstock, as shown in Table 2. It should be noted that Table 2 shows an indicative composition of the feeding mixture when all eight feedstocks were available. The cow manure was added at a rate of 120 t day−1 approximately. Even though its availability was higher, it was decided not to increase the rate; otherwise, the HRT would have become less than 30 day. When the calculated CH4 was lower than the required CH4 production rate (due to a deficiency of a feedstock or due to the cow manure being more diluted than usual), the operator added glycerin and molasses to achieve the daily CH4 production target.



All feedstocks were loaded into the digester as they arrived, without any pre-treatment or dilution. Figure 3 shows the fractional composition of the influent COD in terms of the 8 feedstocks, distinguishing ten different operating phases (Table A1 in Appendix A). Cow and chicken manure were the basis of the daily feeding throughout the year, except for period IX when chicken manure was minimized. Corn silage was replaced with wheat/ray silage (periods II–VI) and vice versa. Cheese whey and olive mill wastewater, the two seasonally produced wastewaters, were interchanged in periods I–III and VII–X respectively. The cost of glycerin was lower, and for this reason, it was the preferred feedstock added to reach the desired OLR, and in cases of deficiency, molasses was used too.




2.4. Assessment of the Digestate’s Stability


Static respiration activity of the digestate was measured using manometric respirometers from WTW (Wissenschaftlich-Technische Werkstätten GmbH & Co. KG, Weilheim, Germany) following the procedure outlined by Komilis and Tziouvaras [23]. Samples of 80 g (wet weight, humidity 82%) were placed into respirometer vessels (2.5 L). The TS and VS were 160.3 g kgww−1 and 130.3 g kgww−1, respectively. In total, 50 mL NaOH 1N contained in the special small beaker was placed in each respirometer to absorb the CO2 produced. Respirometers were placed in an incubator which was thermostatically controlled to maintain 20 ± 1 °C and incubated over 7 days. Oxygen consumption was determined based on the reduction in pressure that was recorded according to the principles of the ideal gas law. The static respiration activity is expressed as g O2 consumed per kg dry matter.




2.5. Analytical Methods


Chemical analysis of all the collected samples was conducted in duplicate at the Laboratory of Wastewater Management and Treatment Technologies of the Department of Environmental Engineering at Democritus University of Thrace (DUTH, Xanthi, Greece). Total chemical oxygen demand (COD), TS, VS, NH3-N and total Kjeldahl nitrogen (TKN) were determined according to standard methods [24]. The pH was measured with a pH meter (HANNA, HΙ 83141, Hanna instruments Hellas, Athens, Greece), and the electrical conductivity (EC) with an EC meter (CRISON, CM35, Crison instruments S.A., Barcelona, Spain). The volatile fatty acids’ (VFAs) concentrations were measured using a gas chromatograph with a capillary FFAP column (length 30 m, diameter 0.32 mm, thickness 0.25 μm) and a flame ionization detector [25]. The ratio of volatile organic acids to total inorganic carbon (FOS/TAC), was determined titrimetrically using a solution of H2SO4 0.1N.



The biogas production was recorded daily by a gas measuring unit (FV4000, ABB, Zürich, Switzerland, 2G company, Heek, Germany). The CH4, carbon dioxide (CO2), oxygen (O2) and H2S contents of biogas were also determined (Awiflex, Awite, Germany). The daily biogas production was standardized to normal conditions (0 °C and 1 atm). All sensors were connected to a data logger unit and interfaced with a computer for automatic recording of data processed by specialized software (Scada system, Powertronik, Ptolemaida, Greece).



The stability of the plant was evaluated by monitoring biogas production rate and its composition, and more parameters determined in the frequently collected samples (once per week) from the digester. These parameters were the pH, EC, NH3-N, VFAs, TS, VS and the ratio FOS/TAC. The feedstocks were also measured on a regular basis (at least once a month), especially whenever a feedstock of a new origin arrived in the plant; the typical parameters were TS, VS, COD, TKN and occasionally pH, EC and VFAs. Sampling of the digestate in the storing areas took place twice and TS and VS were measured. The parameters measured or estimated during each operational phase were expressed based on their average values, their standard deviations and their 95% confidence intervals (CIs). The CI of the mean was computed as follows (Equation (2)):


  CI =   Y ¯   ±  t  0.05 , n − 1   ×   SD    n     



(2)




where    t  0.05 ,    n  − 1     is the value of the Student’s t distribution for 95% confidence of the mean, n is the number of the experimental data, SD is the standard deviation and n−1 the degrees of freedom.





3. Results and Discussion


3.1. Full-Scale Digester’s Performance


The biogas plant of the case study consisted of one continuous type digester, which is the most common type (90%) in the industrial-scale plants operating in Europe [26]. The digester was closely monitored for one year, while the feeding scheme changed 10 times by combing eight feedstocks (Table A1). It should be mentioned that during all feeding phases, the main component of the feeding mixture was cow manure (total average fraction 46 ± 4%) which was co-digested with various kinds of waste, originated from agricultural, food-processing and biodiesel production industries. It is well known that the mono-fermentation of manure results in low biogas yields (BY). On the other hand, the high buffering capacity and the high content of manure in trace elements are related to the stability of the AD process [27]. For these reasons, there was no need to control the pH, nor supplement the digester with trace metals.



Figure 4a schematically illustrates the small variation of the OLR (3.42 ± 0.23 kgCOD m−3 day−1 with narrow 95% CI 3.39–3.44) which was followed by a slightly variable BPR (5327 ± 484 m3 day−1, 95% CI 5277–5376). The specific BPR was 1.27 ± 0.12 m3 m−3 day−1 and BY was 0.46 ± 0.05 m3 kg−1 VS, with a CH4 content of 55.1 ± 1.3% (95% CI 54.9–55.2). The CH4 production rate recorded was 2972 ± 121 m3 day−1, which was 12.2% lower than the one targeted (3195 m3 day−1, see Table 2). This was anticipated, since the CH4 production in the biochemical methane potential (BMP) tests was the maximum possible in ideal experimental conditions as compared to the continuous operation digesters [19]. The electrical energy produced was correlated with the COD introduced in the digester (Figure 4b). The production rate of electricity was relatively constant (12,687 ± 1140 kWh day−1; 95% CI, 12,569–12,804) throughout the year, except for some cases of the CHP unit’s maintenance when the electrical output was minimized. Initially (particularly in phases II and III), the ratio of electrical energy to kilogram of COD fed was lower than at the end of the monitoring period (phases IX and X). In those phases, cheese whey and olive mill wastewater were introduced into the digester respectively (Figure 3). Cheese whey, consisting mostly of carbohydrates, yields less energy than olive mill wastewater. Moreover, the substrates fed in the previous phases had an impact, since the yield monitored at a specific time was the result of the slow dynamics of the process and the high retention time (30 day). From this aspect, starting to feed with cheese whey from phase I and with olive mill wastewater from phase VI and VII, may have affected the response of the digesters in terms of yield in the subsequent phases.



pH and EC values during the whole operation of the plant are shown in Figure 5a. The pH value was 7.91 ± 0.08 (95% CI, 7.89–7.93). On the other hand, EC was found to decrease during phase V (absence of cheese whey feeding) and subsequently increased during the phases VI and VII (addition of olive mill wastewater); it decreased again during phase IX (decrease of chicken manure), and increased during phase X (addition of chicken manure). These wastes have high EC [28], and by being introduced into the digester, they resulted in an increase of the EC of the digester. The changes in the EC of the digester follow the changes in the composition of the feeding mixture and may appear much later, depending on the speed of the kinetics and the hydraulic retention time.



The concentration profiles of NH3-N, TKN, alkalinity and FOS/TAC versus time, are depicted in Figure 5b. NH3-N concentrations were slightly decreased during the whole monitored period, which was accompanied by a decrease in alkalinity. Both parameters were positively correlated in a linear form (alkalinity (g CaCO3 L−1) = 0.0035 NH3-N (mg L−1) + 4.5116, correlation coefficient R2 = 0.7462), indicating the NH3-N released via the digestion of the various feedstocks had a direct impact on the alkalinity levels. The manures (which were the main source of TKN entered the digester) were fed to the digester at similar levels, with a slight increase up to phase VIII, but afterwards, they were reduced steeply. Other sources of TKN (wheat/ray, cheese whey and molasses) were fed mostly in the initial phases (Figure 3) followed by less N-containing feedstocks, such as corn silage, glycerol and olive mill wastewater. The contributions of these feedstocks determined the decreasing tendency of the TKN entering, and therefore, the NH3-N release in the digester.



The NH3-N concentration remained below 2 g/L throughout the whole monitoring period and the concentrations of VFAs (acetic-acid, propionic-acid, isobutyric-acid, butyric-acid) were far below the limiting values (e.g., <0.05 g/L for acetic acid), demonstrating the high stability of the process. The stable performance of the biogas plant was also reflected through the FOS/TAC index (0.18 ± 0.03, 95% CI 0.17–0.19), which was below the limiting value range of 0.2–0.3 [9,29]. Finally, it should be mentioned that TS and VS concentrations were almost constant in the ranges of 50–53 gTS L−1 (95% CI) and 36–38 gVS L−1 (95% CI), with average values (± standard deviation) of 52 ± 4 gTS L−1 and 37 ± 3 gVS L−1, respectively.




3.2. Desulfurization


H2S is a typical component of the biogas that comes from inorganic sulfate, present in feedstocks, through the action of sulfate reducing bacteria which compete with the methanogenic archaea for the intermediate carbon source [25,30]. H2S is a highly toxic, odorous and corrosive gas that inhibits the biogas formation process [26]. Furthermore, during biogas combustion, H2S is mainly converted to SO2 and further to H2SO4 [31], which is responsible for the acidification of the engine’s oil, deposits and harmful gas emissions during combustion [32], and shortens the operating life of the CHP-engine. As a result, desulfurization of biogas for concentrations of H2S higher than 1000 ppm is recommended. On the other hand, removing sulfur into the digestate is beneficial, since digestate rich in sulfate is considered a valuable fertilizer [13].



The feedstocks used in this study contained sulfur; according to Thompson and He [33], crude glycerol from different seed oil biomass and waste cooking oils contain sulfur in concentrations from 14 to 128 ppm; the sulfur content of cow manure is considerable at 0.7–0.8 g kg−1 [32]; the chicken manure contained an even higher sulfur concentration (0.5–1% on a dry matter basis or 2.8–3.2 g kg−1) [32,34]. On the other hand, OMW was not expected to contribute into sulfur production much, since it is the lowest element contained in this waste (0.16% of total weight) [35].



Therefore, proper desulfurization strategies were set up, combining chemical precipitation with iron(III) hydroxide (Fe(OH)3) and iron(II) chloride (FeCl2) into the digester, aerobic oxidation of H2S in the digester and filtration through an activated carbon filter outside the digester (see Section 2.1). Each method has advantages and limitations and was applied up to a certain extent. The removal of the largest part of H2S was carried out through chemical precipitation, which was simple (a dosing pump was required for introducing the iron chloride, while iron hydroxide was mixed with the silage during feeding), efficient and cheap compared to filtration with activated carbon, while holding the sulfur in the digestate as iron sulfide (FeS). However, excessive use of chemicals is required to keep H2S down to the required levels (20–100 ppm) and this was avoided through air injection in the gas to promote aerobic oxidation of H2S. Air addition though, was minimal to keep the air level low inside the digester. In this way, the deterioration of the biogas content was avoided; besides biogas dilution, the nitrogen from air makes upgrading biogas to biomethane difficult, since it cannot be removed easily [36]. Finally, the activated carbon filter (ex-situ) was meant to be used for refining the biogas to a range of 1–5 ppm.



Figure 6 shows the biogas composition as a result of all the in-situ desulfurization strategies (iron compounds, air injection) performed. It was observed that CH4 and CO2 remained almost constant. Initially, Fe(OH)3 was added at an average rate of 29.7 ± 15.3 kg day−1. During phase II, the Fe(OH)3 dosage was decreased from 30.6 to 20.2 kg day−1 due to deficiency of Fe(OH)3. This resulted in a rise of H2S up to 400 ppm, which was eliminated by restoring the Fe(OH)3 dosage again in phase III (to 30.6 kg day−1). The ferrous compound changed on the 100th day until the end of the monitoring period and was added at an average loading rate of 24.6 ± 10.5 kg day−1. The reason for this change was the lower cost of FeCl2. It was expected that this change would also benefit the sulfur removal, since Fe(OH)3 is considered relatively unstable [13]. Moreover, ferrous iron seems to react faster than ferric iron, since ferric iron first must undergo a reduction to ferrous iron before sulfide precipitation occurs [37]. However, on day 149, due to technical problems (malfunction of the dosing pump), the FeCl2 was not sufficient (decreased to 12.7 ± 3.5 kg day−1), resulting in the H2S increase from 30 up to 1422 ppm until day 212. On day 213 the FeCl2 concentration was restored and the system responded directly by reducing the H2S, although its concentration varied as a result of the frequent short-term deficiencies of the ferrous agent (Figure 6).




3.3. Recycling Digestate


Biogas production through AD of manure, slurries and other bio-convertible organic wastes, is accompanied by the production of digestate known for its fertilizing and soil conditioning properties [38]. Approximately 130 m3 day−1 or 0.031 m3 m−3 day−1 of fresh digestate was discharged from the full-scale CSTR. The digestate was separated into two fractions, one of low and the other of high solid content. The low solid fraction of the digestate (liquid digestate) was stored in the lagoon area at an HRT of 160 day. Typical characteristics of the digestate in the lagoon were: pH = 7.49 ± 0.04, conductivity = 21.75 ± 0.35 mS cm−1 at 25 °C, TS = 41.7 ± 0.2 g L−1, VS = 25.9 ± 0.4 g L−1 and NH3-N = 1691 ± 16 mg L−1. The VS removed from the lagoon were slightly less prevalent than the VS entered (2.7% lower; see Figure 2), meaning that it had been already stabilized before its disposal to the lagoon. Therefore, the gas emissions (GHG) are anticipated to be low from this stage. No water leakage was detected since the lagoon bottom was properly layered with a geomembrane liner, made of high-density polyethylene (HDPE) with 2.5 mm thickness. The liquid digestate was pumped from the lagoon via a pipeline net by the local farmers (within a 4 km radius) who applied this as a fertilizer to their crops (corn, wheat/ray, sorghum, sunflower and cotton in a 100 hectare cultivated area). They observed an improvement in the yield while saving money from the reduced amounts of fertilizers. For example, a farmer cultivating corn in a 100,000 m2 field irrigated 75 m3 of digestate per 1000 m2 of land during the cultivation period and observed a production yield of 6500 kg per 1000 m2 (instead of 5900 kg per 1000 m2), while he used 70 kg per 1000 m2 of commercial fertilizer (instead of 90 per 1000 m2) at a 6.25 €/kg, which increased the total profit from 156.2 to 190.2 € per 1000 m2.



The high solid fraction of the digestate (solid digestate) was sent for further stabilization (maturing) for 60 d to a 600 m2 area at a rate of 10 m3 day−1. The VS reduction during the maturing stage was estimated to be 16% (Figure 2). For this estimation it was assumed that the processes were similar to what occurs during composting in a static pile. Ahn et al. [39] estimated that 1.6 kg of GHG are released per kg VS degraded during composting of manure in a static pile. Based on this result, the GHG emissions were approximately 430 kg CO2-eq day−1. Given that the CH4 production of 2972 ± 121 m3 day−1 from the digester is equivalent to 2.123 metric tonnes per day, and that the CO2 equivalent of CH4 is 25:1, the CH4 produced and consumed in the CHP unit is equivalent to 53.1 t CO2-eq day−1. Therefore, the GHG emissions from the digestate stored in the pile are 0.81% of the CH4 consumed. This is near the lower limit of the range observed by Liebetrau et al. [40], who found the main CH4 emission source in the biogas plants to be the open storage of digestates ranging from 0.22 to 11.2% of the CH4 utilized. However, more regular monitoring of the storage would give a more accurate assessment of the GHG emissions, which is anticipated to vary along with the climatic conditions, etc.



The stability of the solid digestate was assessed by quantifying the microbial respiration through static respiration tests lasting for 7 days (Figure 7). The values of O2 consumption, as calculated on the 4th day and the 7th day, were 3.03 and 3.87 g O2 kgTS−1, respectively. This agrees with the recommendation of the EU for the stability of compost products, which suggests that the O2 consumption in static respirometric tests should be less than 10 g kg−1 dry matter after four days [41]. Moreover, the oxygen uptake rate (OUR) was calculated from the slope of the curve of cumulative O2 consumption on an organic matter basis (g O2 kgVS−1). OUR did not exceed 0.055 g O2 kgVS−1 h−1 (1.72 mmol O2 kgVS−1 h−1) during the first days of microbial degradation activity. Thereafter, OUR decreased to 0.031 g O2 kgVS−1 h−1 (0.95 mmol O2 kg VS−1 h−1) between the 4th and 7th days. This is far less than the upper limit of 0.4 g O2 kgVS−1 h−1 (static respiration index; SRI) which was used by Komilis and Tziouvaras [23] to characterize their samples as stable. Therefore, the solid digestate obtained in this study is stable and can be used for cultivation, considering that neither its respiration activity nor its SRI exceeded the permitted limits. Indeed, the solid digestate was spread into a 450,000-m2 area approximately, where corn, wheat/ray and sunflower were the main crops. Most of these fields are located near the biogas plant, less than 10 km away.



The stability of the solid digestate ensures that the CH4 emissions will be minimal. However, the accumulation of metal elements such as Cu, Zn and Mn in soils as a result of continuous applications of anaerobic digestate may deteriorate the soil’s structure and properties. Moreover, some NH3 and nitrous oxide emissions are anticipated from the liquid fraction of digestate due to its elevated pH and NH3 levels (pH = 7.49, NH3-N = 1691 mg L−1 [42]). It is true that the main focus of the biogas sector is the maximization of the revenue and the benefits for all stakeholders, often ignoring the long-term effects of this activity on the environment. This is why studies of life cycle analysis are crucial to demonstrate the weaknesses of this circular scheme which would strengthen the sustainability along all the way.




3.4. Economic Considerations


The economic viability of a biogas plant relies on reducing the operational cost, maximizing the profits from exploiting all generated forms of energy and materials and maintaining the stability of the process. The investment cost of the 500 W biogas plant was estimated to be 2500 k€ with a payback period of 6 years. The operation costs are about 600 k € annually and are influenced by several factors, such as the self-consumption energy and the raw materials’ cost of purchase. The average self-consumption in terms of the produced electricity was estimated to be 12.36 ± 2.31%. CHP seems to be the most energy-intensive unit of the plant, since it requires about 30 kW, which corresponds to a consumption of 6–7% of the electricity produced. The CHP’s electricity consumption also includes the energy required for the engine radiator. Since only a proportion of the produced heat is needed for the digester heating, the warm liquid of the engine circuit is cooled down using a radiator with a power requirement of 15 kW on average. This means that if there was a provision for supplying the surplus heat in a district heating network, the self-consumption would be lower, and extra profit could be obtained from supplying thermal energy. Agitation of the fermenter is also an energy demanding process, resulting in a consumption of 15–20 kW approximately. Other pieces of equipment that require less energy are pumps, pneumatic hardware, mechanical separators for digestate, air blowers, etc.



Regarding maximization of the profit in a biogas plant, minimization of the raw materials’ (feedstocks) cost is a prerequisite. The procurement for each feedstock (€ t−1) includes the purchase and the transport cost. The transport cost is determined by the distance between the biogas plant and the source of the selected feedstock. The main feedstock (cow manure) was near the plant (7 km). Since the truck used is capable of transferring 18 t each time approximately, the daily distance required for feeding one t of cow manure was calculated to be 0.778 km t−1 day−1. Cow manure transportation required the shortest distance per tonne per day, followed by the transfer of silages (Table 3). On the contrary, other by-products like glycerin and molasses were brought from further away but, still, their usage was profitable due to their high organic content (Table 1). The long distance is positively correlated with greenhouse emissions too; however, the two feedstocks contributing more to the greenhouse emissions due to the long distance of their transfer (glycerin and molasses) were used only supplementarily. In this case, the criterion of the profitability increase also secures the decrease of the environmental footprint related to the transfers.



Based on the biochemical methane potential of each feedstock, the CH4 yield per t of feedstock (wet weight, WW) was calculated. The electrical and the thermal energy efficiencies of the CHP unit were 40.6% and 43.4% respectively, providing a total efficiency of 84.0%. This was used to calculate the electrical energy yield of each feedstock. The profit per kWh resulted from the subtraction of the cost from the revenue (0.225 € kWh−1) (Table 4). Chicken manure seems to be the most profitable feedstock, especially compared to the most common feedstocks such as cow manure and corn silage. However, using chicken manure in mono-digestion will result in a high NH3 concentration and probably in process failure [43]. Olive mill wastewater and cheese whey also have good profit margins, but they are available only for a few months during the year. When a feedstock was needed to reach the required organic loading rate, glycerin was preferred over molasses due to its higher profit.



The biogas plant performance for over year demonstrates a successful business case, which is beneficial not only to the owners but also to the farmers who take advantage of the fertilizing properties of the digestate without any economic cost, and the livestock owners of the proximity who have adopted a safe and free of charge way to dispose of their wastes. Compared with literature reports on the efficiency of full-scale plants (Table 5), the digester was operated in typical conditions, that is, at an HRT of 29.4 ± 2.1 (95% CI 29.2–29.6), in mesophilic conditions. The pretreatment of feedstocks, aiming to increase the biogas yield, has been extensively studied [44], but inevitably raises the operational cost which should be counterbalanced by the increase in revenue [16,45]. Moreover, the environmental impacts associated with the pretreatment methods should also be considered [46]. In this work, the biogas yield (0.46 m3 kg−1 VS) achieved in this study was high compared to the other full-scale AD plants, with a high CH4 content (55 ± 1.3%), without any pretreatment applied (Table 5). Co-digestion of eight feedstocks offered the conditions for the development of a robust mixed culture which exhibited high stability and recovery in incidents of environmental stresses (e.g., temperature variations, exposure to air/inhibitory substrates) in other operating phases, not presented herein.



It is also worth noting that no problems of foaming correlated with high organic loading rate and deficient mixing were reported, verifying the findings of Nguyen et al. [47] who reported incidents of foaming in an 8500 m3 biogas plant operated at an organic loading rate of 4.1 kg VS m−3 day−1 under poor mixing conditions. In the present work, and in the other two cases of biogas plants operated at lower organic loading rates with adequate mixing, no foaming was observed. Ganidi et al. [48] also reported foaming problems while operating a digester at 4.5 kg VS m−3 day−1. Indeed, the OLR of the studied digester was much lower at 2.7 kg VS m−3 day−1. Probably, at lower OLRs, the concentrations of intermediate products such as amino acids, volatile fatty acids and long chain fatty acids, which are related with foaming, are low. Furthermore, co-digestion ensured a balanced COD/TKN mixture (see Table A1), keeping proteins at low concentrations, while fats were not a regular component of the feeding.



The socioeconomic benefits for the local area seem to be of great importance, even though the plant capacity is considered average (500 kW). Actually, 12,500 kWh day−1 of clean electrical energy is produced by treating an amount of 130 t organic wastes daily. If not for the anaerobic plant, the manure would be spread to the nearby agricultural land without any prior treatment according to the common practice, resulting in high CH4 emissions and incompatibility with the environmental laws, raising issues with the authorities, charging fines, etc. Taking advantage of the biogas plant’s operation, the local cow farmers obtained the permission from the authorities to expand their animal capital since they had a legitimate way to dispose of the manure. Indeed, the main manure supplier of the biogas plant increased their livestock by 20% approximately during the first four years of the plants’ operation. Another advantage to the local farmers is that they get the digestate for free. The biogas plant focusses on the exploitation of the biogas, yet it seeks a way to dispose of the digestate, which is very much acceptable to the farmers. Even though the livestock and agricultural farms are closely related to the biogas plant within the circular economy concept, the stockholders of the facility do not belong to the agricultural sector. The high investment cost and the lack of information about the new technologies are hurdles for these people to be actively involved in this type of business.





4. Conclusions


In this work, a typical full-scale biogas plant of 500 kW nominal power installed in Northern Greece has been closely monitored for over one year. During this year of operation, the performance in terms of biogas and electrical energy production was fully recorded and correlated with the feeding pattern, the organic loading rate and other parameters used to monitor a full-scale digester. The stability of the plant is evident by its yielding 0.46 ± 0.05 m3 biogas kg VS−1 with 55 ± 1.3% CH4. The feeding mixture was based on cow manure (46 ± 4%) and was supplemented with seven more feedstocks depending on their availability, cost and organic content. This case study is an exemplary success story of a business sector that has started growing in Greece, and benefits the neighboring farmers, but also, the neighboring livestock owners who seek environmentally sound ways for disposing of their waste. The growing biogas sector in Greece has proven to be an important economic activity that has a long way to go to reach its full potential.
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Table A1. Operating conditions of the biogas plant.
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Phase

Time (Day)

	
I

	
II

	
III

	
IV

	
V

	
VI

	
VII

	
VIII

	
IX

	
X




	
0–33

	
34–51

	
52–88

	
89–108

	
109–133

	
134–196

	
197–249

	
250–289

	
290–324

	
325–365






	
Total COD Feeding (t COD day−1)

	
14.2 ± 0.6

	
16.1 ± 0.7

	
15.3 ± 0.6

	
14.6 ± 0.2

	
14.6 ± 1.4

	
14.5 ± 0.5

	
14.5 ± 0.4

	
14.3 ± 0.6

	
12.7 ± 0.3

	
13.6 ± 0.3




	
Total VS Feeding

(t VS day−1)

	
11.6 ± 0.5

	
12.6 ± 0.5

	
12.0 ± 0.3

	
11.8 ± 0.2

	
11.6 ± 1.1

	
11.8 ± 0.4

	
11.6 ± 0.4

	
11.3 ± 0.4

	
10.1 ± 0.2

	
10.9 ± 0.2




	
Total OLR (kg COD m−3 day−1)

	
3.4 ± 0.1

(3.3–3.4)

	
3.8 ± 0.2

(3.8–3.9)

	
3.6 ± 0.1

(3.6–3.7)

	
3.5 ± 0.0

(3.5–3.5)

	
3.5 ± 0.3

(3.4–3.6)

	
3.5 ± 0.1

(3.4–3.5)

	
3.4 ± 0.1

(3.4–3.5)

	
3.4 ± 0.2

(3.4–3.5)

	
3.0 ± 0.1

(3.0–3.0)

	
3.3 ± 0.1

(3.2–3.3)




	
COD/TKN

	
29 ± 1

	
30 ± 1

	
30 ± 1

	
29 ± 0

	
29 ± 2

	
28 ± 1

	
28 ± 1

	
28 ± 3

	
34 ± 1

	
28 ± 1




	
HRT (day)

	
31 ± 2

	
28 ± 1

	
29 ± 1

	
28 ± 1

	
30 ± 6

	
29 ± 1

	
29 ± 1

	
30 ± 0

	
30 ± 0

	
30 ± 1








Values in parentheses indicate the limits of 95% confidence interval (CI).
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Figure 1. Evolution of the number of biogas plants and amount of installed power in Greece [21]. 
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Figure 2. Layout of the full-scale biogas plant and the end uses of the final products. 
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Figure 3. Fractional composition (% w/w as kgCOD) of each of the 8 feedstocks for the different operational phases. 
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Figure 4. (a) Organic loading rate (OLR), the biogas production rate (BPR) and the resulting yield, and (b) the total chemical oxygen demand (COD) loading, the electrical energy production rate (EPR) and the yield of the electrical energy per COD fed, versus time during one-year of operation. 






Figure 4. (a) Organic loading rate (OLR), the biogas production rate (BPR) and the resulting yield, and (b) the total chemical oxygen demand (COD) loading, the electrical energy production rate (EPR) and the yield of the electrical energy per COD fed, versus time during one-year of operation.



[image: Water 12 03074 g004a][image: Water 12 03074 g004b]







[image: Water 12 03074 g005 550] 





Figure 5. (a) pH and electrical conductivity (EC) values, and (b) NH3-N, TKN, alkalinity concentration and FOS/TAC during the whole operating period of the full-scale plant. 
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Figure 6. Biogas composition during the monitoring period of the full-scale plant. 
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Figure 7. Cumulative oxygen consumption obtained from static respiration test of solid digestate. 
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Table 1. Feedstocks’ characterization.
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	Parameter (Unit)
	TS

(g kgww−1)
	VS

(g kgww−1)
	COD

(gCOD kgww−1)
	Total Nitrogen TKN

(g kgww−1)
	COD/ΤKΝ
	pH





	Cow manure, CM
	67 ± 20

(48–86)
	55 ± 16

(39–71)
	66 ± 3

(63–69)
	2.6 ± 0.2

(2.5–2.8)
	25.4 ± 2.0

(23.4–27.3)
	6.99 ± 0.24

(6.75–7.23)



	Chicken manure, ChM
	627 ± 28

(603–652)
	522 ± 11

(512–532)
	746 ± 67

(687–805)
	35.9 ± 2.2

(33.9–37.8)
	20.8 ± 1.7

(19.3–22.3)
	N.D.



	Corn silage, CS
	293 ± 13

(280–306)
	278 ± 13

(265–291)
	399 ± 14

(380–418)
	3.8 ± 0.2

(3.6–4.1)
	104.8 ± 6.0

(96.5–113)
	N.D.



	Wheat/Ray Silage, WS
	299 ± 8

(287–310)
	220 ±2

(217–222)
	377 ± 23

(351–403)
	4.5 ± 0.5

(4.0–5.1)
	84.0 ± 8.6

(72.1–95.9)
	N.D.



	Cheese whey, CW
	121 ± 1

(119–123)
	100 ± 2

(97–103)
	159 ± 8

(151–167)
	2.7 ± 0.1

(2.6–2.8)
	58.6 ± 0.1

(58.5–58.6)
	4.06 ± 0.08

(3.98–4.14)



	Olive mill wastewater, OMW
	70.7 ± 0.3

(70–71)
	53.3 ± 0.6

(53–54)
	137 ± 6

(128–146)
	1.14 ± 0.04

(1.1–1.2)
	119.8 ± 5.8

(111.7–127.8)
	4.28 ± 0.28

(3.89–4.67)



	Glycerin, Gl
	812 ± 52

(752–871)
	769 ± 55

(707–831)
	1242 ± 35

(1208–1276)
	N.D.
	N.D.
	9.28 ± 1.8

(6.79–11.77)



	Molasses, Ml
	768 ± 23

(736–800)
	645 ± 41

(589–701)
	695 ± 23

(669–721)
	14.6 ± 1.5

(12.5–16.7)
	48 ± 4.0

(42.1–53.4)
	5.50







ww: wet weight; values in parenthesis indicate the limits of 95% CI.; N.D.: not detected.
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Table 2. Estimated daily CH4 production based on the feeding feedstocks.






Table 2. Estimated daily CH4 production based on the feeding feedstocks.





	Feedstock
	Average Daily Feeding (t day−1)
	CH4 Yield (m3 CH4 tWW−1)
	CH4 Production (m3 CH4 day−1)





	Chicken manure
	3.2
	136
	434



	Olive mill wastewater
	4.4
	24
	106



	Cheese whey
	2.5
	41
	103



	Corn silage
	3
	97
	290



	Wheat/ray silage
	3.5
	57
	200



	Cow manure
	120
	12
	1440



	Glycerin
	1.2
	460
	552



	Molasses
	0.16
	216
	35



	Total
	-
	-
	3195







ww: wet weight.
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Table 3. Distance required for the feeding of each substrate.






Table 3. Distance required for the feeding of each substrate.





	Substrate
	Distance Required for Feeding (km t−1 day−1)





	Cow manure
	0.778



	Corn silage
	0.900



	Wheat/ray silage
	0.900



	Olive mill wastewater
	2.000



	Chicken manure
	5.000



	Cheese whey
	8.800



	Glycerin
	17.500



	Molasses
	19.130
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Table 4. Cost and profit for each feedstock.
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	Substrate
	Aquisition Cost (€ tWW−1)
	CH4 Yield (m3 CH4 tVS−1)
	VS

(kg tWW−1)
	CH4 Yield (m3 CH4 tWW−1)
	Production Cost (€ m3CH4−1)
	Production Cost (€ kWh−1)
	Profit

(€ kWh−1)





	Chicken manure
	10
	260
	522
	136
	0.07
	0.02
	0.207



	Olive mill wastewater
	4.5
	450
	53
	24
	0.19
	0.05
	0.178



	Cheese whey
	10
	413
	100
	41
	0.24
	0.06
	0.165



	Cow manure
	3.5
	218
	55
	12
	0.29
	0.07
	0.153



	Glycerin
	177
	468
	769
	360
	0.49
	0.12
	0.104



	Corn silage
	50
	348
	278
	97
	0.52
	0.13
	0.097



	Triticale silage
	40
	260
	220
	57
	0.70
	0.17
	0.052



	Molasses
	170
	335
	645
	216
	0.79
	0.19
	0.031
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Table 5. Effects of feedstock and operation on biogas production in the full-scale digester.
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	Feedstock a
	Digestor b
	T (°C)
	HRT

(day)
	OLR

(kg VS m−3 day−1)
	BY

(m3 kg VS−1)
	CH4 (%)
	Energy (MWhel year−1)
	Power (W)
	Ref.





	DR, MS
	2 CSTR in series, R
	
	20
	1
	0.39
	
	
	
	[12]



	CM, MaS, FPW, B
	Two-stage digester
	47
	33
	5.39
	0.45
	52.3
	8789
	1000
	[2]



	DR, MS
	2 CSTR in parallel
	
	30–40
	1.38 ± 0.78
	0.5
	57 ± 3
	2847
	
	[49]



	Pretreated PS, MaS, M, CoM
	3 CSTR in series
	42–43
	30–35
	2.92
	0.38 ± 0.04
	58.7 ± 0.6
	6433 ± 330
	725
	[14]



	MaS, WS, CM
	2 CSTR in series, R
	40–42
	107 ± 18
	1.83 ± 0.16
	0.25 ± 0.01
	51.9 ± 1.7
	
	380
	[9]



	PS, MS, ChM MG
	2 CSTR in parallel and a Post Fermenter
	40–42
	40 ± 2
	2.33 ± 0.19
	0.35 ± 0.03
	53.7 ± 1.5
	
	999
	[9]



	CM, PW
	3 digesters
	35–37
	
	
	0.112
	62
	170
	150
	[15]



	CM, ChM, CS, WS, CWW, OMW

Gl, M
	One-stage digester
	40
	29.4 ± 2.1
	2.7
	0.46 ± 0.05
	55 ± 1.3
	4631
	500
	This study







a DR: domestic refuse; MS: municipal sludge; CM: cow manure; ChM: chicken manure; MaS: maize silage; FPW: food processing waste; B: bread; PS: pig slurry; M: molasses; CoM: corn meal; WS: wheat/ray silage; MG: maize grain; PW: potato waste; FVW: fruit-vegetable waste; CS: corn silage; CWW: cheese whey wastewater; OMW: olive mill wastewater; Gl: glycerine; b recirculation.
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