

  fermentation-11-00050




fermentation-11-00050







Fermentation 2025, 11(2), 50; doi:10.3390/fermentation11020050




Article



Utilization of Continuous Anaerobic Digesters for Processing Cattle Dung and Cabbage (Brassica oleracea) Waste



Tjokorda Sari Nindhia 1,2, I Gusti Nyoman Gde Bidura 3, I Putu Sampurna 2 and Tjokorda Gde Tirta Nindhia 4,*





1



Study Program Doctor of Animal Husbandry, Faculty of Animal Husbandry, Udayana University, Denpasar 80232, Bali, Indonesia






2



Faculty of Veterinary Medicine, Udayana University, Jimbaran 80361, Bali, Indonesia






3



Faculty of Animal Husbandry, Udayana University, Jimbaran 80361, Bali, Indonesia






4



Study Program of Mechanical Engineering, Engineering Faculty, Udayana University, Jimbaran 80361, Bali, Indonesia









*



Correspondence: tirta.nindhia@me.unud.ac.id or nindhia@yahoo.com







Citation: Nindhia, T.S.; Bidura, I.G.N.G.; Sampurna, I.P.; Nindhia, T.G.T. Utilization of Continuous Anaerobic Digesters for Processing Cattle Dung and Cabbage (Brassica oleracea) Waste. Fermentation 2025, 11, 50. https://doi.org/10.3390/fermentation11020050



Academic Editor: Giulia Bozzano



Received: 23 December 2024 / Revised: 15 January 2025 / Accepted: 16 January 2025 / Published: 22 January 2025



Abstract

:

The purpose of this work is to explore the addition of cabbage (Brassica oleracea) waste interspersed with cattle dung into a continuous anaerobic digester that normally uses cattle dung as a substrate. In this work, a 200-L continuous anaerobic digester was operated to conduct the research. The digester was filled fully with a mixture of cattle dung and water (50%:50%). The digester was then operated by continuously adding a 5-L mixture of cattle dung and water (50%:50%) every day for 1 month. Subsequently, the digester was operated for 1 month with an additional 5-L mixture of cabbage waste and water (50%:50%) for odd-numbered days and a mixture of cattle dung and water (50%:50%) for even-numbered days. The methane composition was higher (in the range of 41–78%) with only the cattle dung in the system. With the addition of cabbage waste, the methane composition became lower (in the range of 20–60%).
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1. Introduction


The biogas plant was considered an optimal tool for the prevention of water pollution and odor annoyance caused by an uncontrolled discharge of livestock wastewater to open water sources that integrated into the rural clean water supply. Biogas plants are also a tool for environmental sanitation as well [1]. The effluent from the digester can be used as a fertilizer because it is rich in nitrogen, potassium, and phosphorus. The digestate that is left over can be directly used as a fertilizer in farming [2,3]. Therefore, the development of technologies and biogas production for biomethane generation has been encouraged by many countries as an alternative for the cogeneration of internal engines of electricity generation [4]. Household digesters could reduce the pressure on the environment by loss of cultivable land, soil erosion, greenhouse gas emissions, and reducing deforestation [2,5,6].



Large-capacity biogas plants (natural rubber tube, floating drum, and fixed-dome) were not attractive due to high investment costs, problematic access to spare parts as well as maintenance, and difficulties in installation. The disadvantages of this model are its high cost, difficulty in transport, and lack of ability of technicians and skilled laborers on biogas construction, operation, and maintenance works [1].



Millions of simple biogas digesters have been constructed to produce biogas, mainly for cooking and lighting in India, China, Bangladesh, Vietnam, Pakistan, and Tibet. Most biogas digesters in these countries are made out of concrete or plastic composite bricks and are unstirred and unheated. Approximately 40% of CH4 losses from small-scale digesters are due to emissions from outlets and inlets, leaking from non-airtight gas valves, and intentional releases or broken/cracked caps of digesters [7].



In a fixed-dome biodigester, the design lacks agitation action that causes a slower anaerobic digestion reaction, which affects the volume of biogas produced. The gas pressure will fluctuate substantially depending on the volume of biogas stored, which is invisible. Water particles become separated after some time and create two unusual layers [8]. Because it is underground, if such a leak occurs in the digester construction, it would be difficult to repair. The leak certainly will cause the formation of the biogas process not to take place as it should be [3,9,10].



An improved design from the fixed-dome bio-digester is a floating drum digester. A gasholder provides more space to store biogas with constant pressure. For this design, mild steel is commonly used to create the gas holder, making it less costly. The volume of stored biogas is visible directly as the drum rises when biogas is produced and moves down when it is consumed. The fixed dome type could last longer than the floating drum because the floating drum is not prone to corrosion [3,8,10]. Plug flow bio-digesters were introduced to separate two processes; therefore, two-phase systems were produced, which are acidogenesis and methanogenesis longitudinally. Plug-flow biodigesters have a constant working volume [8]. A balloon biodigester consists of a heat-sealed rubber bag or plastic, combining biogas storage and digestion parts. If the gas pressure exceeds the limit of the balloon’s designed pressure, the balloon explodes. One limitation of this design is its shorter lifespan, which does not exceed 2–5 years [3,8].



For optimum performance, anaerobic digestion depends on several different parameters; these parameters are hydraulic retention time, temperature, pH, mixing, C/N ratio, and substrate [2,6]. The household digesters often stop being used by people in the long run due to gas leakage, lack of knowledge, inadequate supply of substrate, low gas production, and slow recovery. A solution for these is needed; however, it demands more research and development. For instance, straw is a potential substrate for household biogas digesters [2].



Hydrolysis, acidogenesis, acetogenesis, and methanogenesis are the four-step processes that typically occur in anaerobic processes [6,11]. Nitrate and sulfate reduction are other processes that also occur, with side products being gases of hydrogen sulfide, nitrogen, and ammonia. The breakdown of protein, lipids, and carbohydrates (i.e., complex polymeric organic substrates) into fatty acids, sugar, and amino acids (i.e., smaller monomeric compounds) occurs during the hydrolysis reaction. The enzymes that are produced by a variety of consortium hydrolytic bacteria facilitate this reaction. During hydrolysis, the monomer is released and converted by fermentative bacteria (also known as acid-forming bacteria) into alcohols, lactic acid, fatty acids, ammonia, pyruvate, carbon dioxide, and formate or hydrogen. The gaseous byproducts are mainly carbon dioxide (CO2) and methane (CH4). The trace gases are hydrogen (H2) and hydrogen sulfide (H2S) [3,12,13]. The biogas is also detected containing water, siloxanes, nitrogen, and ammonia [3].



The disadvantages of batch systems are that the quality of biogas is different every day, and even at the beginning of the process, the biogas cannot be used as a fuel because of minimum or low methane content. Another disadvantage is that, by the batch system, the waste cannot be processed daily. It developed then the continuous system of anaerobic digester that makes it possible to process organic waste daily with a high methane content of biogas so that it can be used as a fuel daily and also can process animal waste (cattle dung) daily. In this continuous system, the feeding volume and retention time should be carefully studied for optimum results because all four processes (hydrolysis, acidogenesis, acetogenesis, and methanogenesis) in an anaerobic digester will be run at the same time. A more complex situation will be faced if continuous anaerobic digestion is used also for processing vegetable waste. The volume of vegetable waste and retention time in the anaerobic digester should be well studied. Organic or lignocellulosic waste is collected from markets, municipal, agricultural, and other similar areas in large quantities. The slurry of animal manure, municipal solid waste, food waste, and sewage sludge are the most typical forms used in anaerobic digesters used in the energy industry. This is typical of waste that can be used in anaerobic digesters for biogas production with a wide range of applications [14].



To avoid failure and increase efficiency during the process of that wide range of lignocellulosic waste, the pretreatment application method is necessary to enhance the degradation process of the substrate. The decomposition process can be sped up by applying enzymatic, mechanical, thermal, and chemical methods, although the result is not necessarily higher biogas production yield [14].



Since animal manure contains methanogenic bacteria, it is not difficult to proceed with the use of animal dung in the anaerobic digester. Many projects were successful in processing animal waste in anaerobic digesters such as poultry [15], goat [16], elephant [17], and pig [18]. In comparison to animal waste, processing vegetable waste is more complex since it should be accelerated with methanogenic bacteria that are present in an established aerobic digester. Vegetable waste is an example of biomass residue that can be used to produce bioenergy, for example, biohydrogen, biogas, biodiesel, and bioethanol, rather than being disposed of and causing environmental pollution and contamination. It can be said that this is a solution to solve various problems such as waste management, energy shortages, incineration and greenhouse gas emissions in landfills, the emergence of unpleasant odors, protecting natural landscapes, and thousands of other environmental problems. However, despite the many benefits and potential obtained from converting fruit and vegetable waste into bioenergy, technological developments for utilizing vegetable and fruit waste into bioenergy are not yet widely available. This means that stakeholders and active activists from the global energy industry do not have sufficient information to make this happen [19].



Furthermore, pretreatment has both advantages and disadvantages; especially if it is too excessive, it can cause a decrease in the CH4 content in the biogas. Besides that, various operational variations in parameters such as pH, temperature, carbon/nitrogen ratio, correct types of microbes (inoculum), and grain size of the feedstock are challenges for the anaerobic digestion process [19].



The addition of vegetable waste into the batch type of anaerobic digester was a common method that was practiced to process organic waste and at the same time provide a beneficial product of energy and fertilizer [20]. The addition of vegetable waste into the feeding system of continuous anaerobic digestion is not well practiced at the moment since the route to optimum results is not well understood.



This work specifically gives attention to the processing waste of cabbage in a continuous anaerobic digester. The established anaerobic digester was fed cattle dung. The way of feeding is interspersed with cattle dung to ensure the availability of methanogenic bacteria inside the anaerobic digester. Cabbage is a type of vegetable that is consumed worldwide. This type of vegetable is easy to grow and produces in large quantities. This is risky because this type of vegetable cannot be stored for long and will rot quickly. This is what caused cabbage to be chosen in this study.




2. Materials and Methods


The source of the substrate is cattle dung from the Bali cattle species (Bos javanicus). This species of cattle is an important livestock species for Malaysia and Indonesia and is easy to reproduce, very efficient even when fed with low-quality food, and well adapted to tropical areas [21]. The vegetable waste that was used in this research was from cabbage (Brassica oleracea).



In this work, a 200-L continuous anaerobic digester was operated as presented in Figure 1, for ease of its transportation to the research site [22]. The biochemical processes that occur are simplified, as presented in Equation (1), for the hydrolysis and acidogenesis processes. Moreover, Equation (2) represents the acetogenesis and methanogenesis processes [13].


Organics + nutrients → Volatile acids + alcohols + H2 + CO2 + H2S + NH3 + cells



(1)






Volatile acids + alcohols + H2 + CO2 + nutrients → CH4 + CO2 + cells.



(2)







The digester contained a stirrer, which was used for mixing the substrate. Mixing in a biogas digester needs to be carried out so that it reduces precipitation, no scum is formed, it can facilitate the release of gas produced by bacteria to the biogas reservoir, and mixing methanogenic bacteria with substrates [23]. Stirring increases both the biogas production and the degradation of organic compounds because it improves the hydrodynamics inside the reactor, and the hydrodynamics has a great influence on mass transfer phenomena [24]. The advantages of making this mini-sized biogas digester are that it allows users to make repairs if something goes wrong at the time of manufacture and has a relatively low manufacturing cost. Mini-sized biogas digesters can be a solution for energy shortages [9].



The anaerobic digester tank in this research was using steel. The steel is easily corroded by hydrogen sulfide (H2S) that is found in the biogas itself [3,6,8,25]. To overcome this problem, a small cut of magnesium metals was affixed outside the steel tank as a sacrificial anode to provide cathodic protection [26,27]. The most electrochemically active metal is magnesium (Mg). This metal has important uses in the field of engineering. Magnesium will immediately experience corrosion in certain environments. Magnesium metal and magnesium alloys are used to prevent corrosion through a sacrificial anode mechanism for structures made of steel, such as pipelines and ship hulls [26].



As seen in Figure 1, the anaerobic digester was filled with slurry in the inlet slurry (1). The digester tank (2) was fully filled with slurry. The stirrer (3) was provided to rotate the agitator to make the slurry well mixed and flow from the inlet (1) to the outlet (6) while feeding the digester. Various researchers have observed the effect of stirring on anaerobic digesters on a laboratory scale and also on a pilot scale. It was found that the anaerobic digester required efficient and adequate stirring [28,29,30]. The system in this research is equipped with a stirrer. However, the stirring process is only carried out during feeding. This was carried out based on information from previous research, which explained that minimal and intermittent stirring produced more biogas than if it was stirred continuously. This also means that performance will be better if stirred slowly compared to vigorously [31]. The biogas was produced and collected in the floating drum (9) by opening the inlet valve (7) and closing the biogas outlet valve (8). If the biogas inside the floating drum will be used as fuel, the inlet valve (7) should be closed and the outlet valve (8) should be closed.



The digester was operated in a batch system for about 1 month at the beginning. The digester was then operated by continuously adding a 5-L mixture of cattle dung and water (50%:50%) every day for 1 month. Subsequently, the digester was operated for 1 month with an additional 5-L slurry of cabbage waste and water (50%:50%) for odd-numbered days and the mixture of cattle dung and water (50%:50%) for even-numbered days. The purpose of feeding interspersed was to keep supplying methanogenic bacteria into the digester as an inoculum [32,33]. The cabbage slurry was prepared by putting waste cabbage and water in the blender.



For all processes, the digester was stirred only during feeding time for easy flow of the substrate inside an anaerobic digester. Also, too much mixing stresses micro-organisms. Without mixing, foaming and the formation of scum occur [2,12]. Rapid mixing inhibits flock structure, thereby disrupting the relationships between the nutrients of the organism (dystrophic). Meanwhile, stirring at a medium speed was found to be optimal for substrate conversion [34].



The biogas digester that was developed in this work, according to feed types, was classified as a continuous type. The scale was a type of small-scale household [35], and it was from a wet digester [24].



The biogas production was measured, and methane and carbon dioxide compositions were detected. The CH4 and CO2 composition was measured using gas sensors that adopt hot catalytic working principles, and consist of black and white inside elements. The black element is the catalytic carrier of methane gas and will cause a thermal catalytic reaction with methane in order to change its own resistance value. The white element is a pure carrier, and its resistance value is very stable. The signal is amplified and displayed by amplifying circuit technology so that it achieves the wanted detection concentration. The data on pH and temperature inside and outside the digester were provided to understand the process that may occur inside the digester. The replication is repeated 3 times to ensure the reliability, and the average value is taken.




3. Results and Discussion


The biogas production with only cattle dung as a substrate is found to have an almost-linear increase. The additional cabbage waste made the production of biogas higher up until the 17th day; the biogas production was then found to be the same until it reached the 22nd day; and after the 22nd day, the production of biogas was found to flatten with the addition of cabbage waste (Figure 2).



The main composition of cabbage is 89% water, 7% carbohydrates, mainly fiber and sugar, 3% protein, and 0.4% lipids [36]. If the cabbage was processed in the form of flour, then the following composition is found: moisture (10.35%), ash (18.05%), protein (12.28%), lipid (0.80%), and total carbohydrate (59.59%). In this report, the moisture and ash contents of the flours were determined gravimetrically [36,37]. Both reports [36,37] informed that the main composition of cabbage includes carbohydrates, protein, and lipids that make the process of hydrolysis longer, produce less CH4, and increase the production of CO2 gas (Figure 3 and Figure 4) as explained in detail by [12,13]. The system with cabbage waste was fed until the 22nd day, resulting in the process of hydrolysis being washed out [12]. Moreover, limited biogas was produced, resulting in flattening of the biogas production (Figure 2).



Even though the biogas production was higher when fed with the mixture of cattle dung and cabbage waste during the first 17 days, this does not necessarily result in a sufficient methane concentration. Methane is often targeted as it has well-pronounced characteristics of gas [3]. It was found that the methane composition was lower in the biogas that was produced with the addition of cabbage waste for almost 30 days of observation (Figure 3). The CH4 content in the biogas produced with only cattle dung is in the range of 41–78%, which is suitable to be used as fuel [4,21,38,39]. This condition is better when compared with the batch system in the same volume of floating drum [24] that can only reach a maximum of 60.9% of methane yield.



It is observed in this work that if the system is fed with mixed cattle dung and cabbage interspersed, the CH4 content is in the range of 22–60%. Since the methane content was lower in the biogas produced by feeding with mixed cattle dung and cabbage waste, it can be expected that the CO2 composition will be higher, as can be seen in Figure 4. The addition of cabbage waste to cattle dung for a continuous anaerobic digester results in an increase in CO2 composition during the full 30 days of observation except between the 10th and 13th days. This condition convinced us that the addition of cabbage into the system made the process slow in reaching the following three stages (namely, acidogenesis, acetogenesis, and methanogenesis), as can be proven by adding lower CH4 concentrations to cabbage. This condition can be overcome by a reduction in the organic waste load (increase in the residence time) [12], meaning that the addition of cabbage should be performed more frequently, i.e., more than every 2 days. Simple modeling for gas production is presented in Table 1. Biogas production, if using cattle dung as a substrate, will follow a linear pattern, whereas if the substrate used is cattle dung and cabbage interspersed, it will follow a polynomial pattern of order 3.



The temperatures inside the digester for 30 days are presented in Figure 5. The lowest is 30 °C and the highest is 37 °C for feeding with cattle dung and cabbage waste. In this study, the temperature inside the digester never reached 38 °C, which is a condition that reportedly destroys 99.9% of pathogens [34]. It is to be noted that the digesters were not operated in the same month; therefore, there was a bit of a difference in ambient temperature outside the digester. For the digester operated by being feed with cattle dung, the lowest ambient temperature was 25 °C, and the highest was 34 °C. Meanwhile, during operation with the cattle dung and cabbage waste mixture, the lowest ambient temperature recorded was 30 °C, and the highest was 35 °C. Even though the anaerobic digester that is being fed with cattle dung operated at an ambient temperature lower than the one that is used in digestors being fed the cattle dung and cabbage waste mixture; both temperatures inside the digesters were found to be about the same as they are during the mesophilic process [12]. To increase the temperature, the concept of a greenhouse coupled with a digester should be introduced for future research studies. This one-year study revealed an almost 100% increase in biogas yield when the digester was placed inside a greenhouse [40].



Anaerobic digestion is influenced by the concentration of hydrogen ions (pH) present in the digesting material. Because excess acidity prevents digestion, the hydrogen ion concentration of the culture medium immediately influences microbial growth [6]. The pH for the system that is being fed cattle dung is found to swing up to 8.0 and down to 6.0 (Figure 6). This condition yields biogas with a high CH4 content (Figure 3). Methanogens thrive in neutral to slightly alkaline conditions and die in acidic environments. The optimum pH of the system is in the range of 7–8.5 [6]; the nitrogen will be released and will accumulate into ammonia, which in turn can raise the pH of the substrate [9]. The swing in pH is an indication that all processes of anaerobic digestion (hydrolysis, acidogenesis, acetogenesis, and methanogenesis) occur. Meanwhile, the addition of cabbage puts the pH in the range of about neutral for all 30 days, which indicates that acidogenesis process does not occur and that the process of hydrolysis is washed out [12].



Methanogens thrive in neutral to slightly alkaline conditions and die in acidic environments. The optimum pH of the system is in the range of 7–8.5, with values approaching 7 for optimal activity when the aerobic digestion process is stable. To overcome this situation, the appropriate pretreatment of cabbage waste should be discovered so suitable pH conditions are achieved. The pretreatment could be thermal, chemical, or biological [14,41], which can be explored as future work of this research. The required pH for an anaerobic digester should be in the range of 6.5–8 [3]. The rate of methane production declines at pH values below 6.3 or exceeding 7.8. Most methanogenic bacteria function optimally at pH 7 to 7.2 [34].



The concentrations of microorganisms play a vital role in anaerobic digestion. Methanogenic microorganisms have a long regeneration time in general. To avoid washing out from the reactor, hydraulic residence times must be at least 10–15 days with reactor systems that do not have any facilities for retaining and returning biomass [12]. In this regard, observation under an inverted phase contrast optical microscope revealed that the concentration of microorganisms in the system that is fed with cattle dung is higher (Figure 7a) compared to the system that is fed with cattle dung and cabbage waste interspersed (Figure 7b); therefore, for more optimum results, if cabbage waste is introduced into the system, the retention time should be made longer [2].



For better clarity, Table 2 summarizes the observed key operational parameters.



Microbial diversity of anaerobic digesters depends on various factors such as pretreatment type, granulation, seed inoculum, feedstock type, temperature, mixing speed, aeration, digester design, organic loading rate, hydraulic retention time, and solids retention time). The microbial granule resembles a filamentous consortium through which fluids and gases can flow slowly [42].



Biogas production may benefit from the use of specialized microbial consortia (inocula) to increase biogas yields in anaerobic digesters. Inoculum can be provided from a raw pig slurry by applying an innovative procedure [43]. A unique and effective inoculum can be developed from wastewater treatment, thin stillage, and agricultural waste with different retention times [43,44]. Other sources of inoculum can be sewage sludge [33]. The ratio of inoculum and substrate should also become a consideration [45]. In this work the ratio of inoculum (cow dung) and substrate (waste cabbage) is 1:1. Other ratios should be introduced for future work. As another consideration, the inoculum can also be prepared from solid-state anaerobic digestion for the substrate from empty fruit bunches, using recycled solid anaerobic digested sludge and liquid anaerobic digested sludge [46]. The more complex method of preparing inoculum is by using rumen fluid. A flexible oral stomach tube with a metal strainer was inserted into the rumen, and the content was collected by suction [47]. Over the past decade, Indonesia and Malaysia have become two countries that provide many palm oil products to the world. Both countries produce around 85% of the world’s palm oil [48,49,50]. Anaerobic digestion for palm oil mill effluent is widely known for its potential in biogas production and can be used as inoculum with cattle manure [51]. In this work, the waste of cabbage just adds to the existing cattle dung systems without any concern for the effectivity of additional inoculum from the previous research. Therefore, future work is addressed for finding suitable inoculum to enhance the performance of processing cabbage waste into cattle dung in the continuous anaerobic digestion.



Besides the addition of inoculum, another important process, i.e., acclimatization, is not yet applied in this work due to the limitation of time and experience in this field. An example of this work is in the case of long-term acclimatization of anaerobic sludge that was conducted by operating a mesophilic, continuously stirred anaerobic reactor with continuous feeding of food wastes and cow manure. During the long-term acclimatization, a continued increase in enzyme activity was revealed, while the microbial structure tended to be stable and had a methane yield about 13 times higher than the initial anaerobic sludge [33,52]. The acclimatization event can introduce other types of microorganisms that are not related to established methanogenic bacteria within the system [53]. It is suggested that acclimatization of the methanogenic bacteria in this work should experience acclimatization with the addition of waste cabbage to enhance the performance of the aerobic digester in producing higher CH4 content in the biogas.



The advantage of this work is that the anaerobic digester is small in size, so it is portable, operated continuously so it can produce biogas with a fairly high methane content stably, and it can also be used to process cabbage waste alternately with cattle dung waste. The government usually utilizes voluntary biogas programs by providing grants from the government budget, foreign development aid, and funding from non-governmental bodies. The biogas program targeted households and small community groups such as farmers groups and forest communities [54]. From this point of view, the result of this research can be used as a consideration during the implementation of government programs. Investigating other co-substrate combinations together with exploring cost-effectiveness will be covered in the continuation of this work.




4. Conclusions


For a 200-L continuous anaerobic digester system that is fed a 5 L slurry of water and cattle dung (50%:50%) every day, the CH4 content in the biogas is in the range of 41–78%, which is suitable for fuel applications. However, if it is fed with a mixed slurry of water and cattle dung (50%:50%) mixed slurry of water and cabbage (50%:50%) interspersed, the CH4 content is in the range of 22–60%. The temperatures inside the digester for both systems are approximately the same and in the range of the mesophilic process. The pH for the system that is fed cattle dung is found to swing up to 8.0 and down to 6.0. This condition yields biogas with a high CH4 content. Meanwhile, the addition of cabbage makes the pH in the range of about neutral for all 30 days, which indicates that the acidogenesis process did not occur and that the hydrolysis is washed out. For more optimum results in the system fed with an addition of cabbage waste, it is suggested that the retention time should be longer and that the cabbage waste should be pretreated. Another concern for future work is the acclimatization of methanogenic bacteria due to the addition of cabbage waste that. This study’s main limitation is the fact that the work focuses only on tropical areas; the results obtained for areas with low temperatures may be different. Practical implementation includes the usage of vegetable waste together with cattle dung waste, which is to be processed by means of a method developed in this study with by-products being in the form of biogas energy and organic fertilizer.
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Figure 1. Schematic of an 200-L continuous anaerobic digester. 1. Inlet slurry, 2. Anaerobic digester tank, 3. Stirrer, 4. Agitator, 5. Biogas outlet 6. Digestate out, 7. Inlet biogas valve, 8. Outlet biogas valve, 9. Floating drum for biogas storage. 
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Figure 2. Comparison between biogas productions in continuous anaerobic digestion fed with cattle dung and digestion fed with a mix of cattle dung and cabbage waste. 






Figure 2. Comparison between biogas productions in continuous anaerobic digestion fed with cattle dung and digestion fed with a mix of cattle dung and cabbage waste.



[image: Fermentation 11 00050 g002]







[image: Fermentation 11 00050 g003] 





Figure 3. Presentation of methane composition in biogas that was produced in a continuous anaerobic digester. 
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Figure 4. Comparison between carbon dioxide composition in biogas that was produced in continuous aerobic digester fed with cattle dung and the one that is fed with the cattle dung and cabbage waste mixture. 
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Figure 5. The temperature inside a continuous anaerobic digester (a). Ambient temperature outside the digester (b). 
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Figure 6. The pH of slurry inside an anaerobic digester. 
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Figure 7. Observation of the digestate under phase contrast inverted microscope after 30 days. System fed with cattle dung (a), and system fed with cattle dung mixed with cabbage waste (b). 
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Table 1. Modeling of the biogas yield in continuous anaerobic digester.
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	Substrate
	Regression Modeling
	Formula
	Coefficient of Determination (R2)





	Cattle dung
	Linear
	y = 15.714x − 16.462
	0.9879



	Cattle dung + cabbage interspersed
	Polynomial order 3
	y = −0.0225x3 + 0.8629x2 + 4.8457x + 61.285
	0.996










 





Table 2. A summary of key operational parameters.
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	Substrate
	CH4 Range Compositions

(%)
	CO2 Range Composition

(%)
	Temperature Range Inside Digester

(°C)
	Ambient Temperature Range

(°C)
	pH Range





	Cattle dung
	41–78
	22–48
	30–37
	25–34
	6–8



	Cattle dung + cabbage interspersed
	20–60
	33–68
	30–37
	30–35
	6.6–7.6
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