
IJSTE - International Journal of Science Technology & Engineering | Volume 4 | Issue 6 | December 2017 
ISSN (online): 2349-784X 

 All rights reserved by www.ijste.org 
 

55 

Optimization of Two-Stage Anaerobic Digestion 

of Lignocellulosic Straw 

  

Nithish Mani Muhammad Waseem 

Consultant PhD Scholar 

Department of Sanitary Engineering & Waste Management Department of Agriculture and Environmental Sciences 

Sahasrara Earth services & Resources Ltd, Coimbatore, 

India 

Faculty of agriculture and environmental sciences, 

University Rostock, Germany 

  

George Andiego Muhammad Usman 

Director PhD Scholar 

Department of Water Resources and Environmental Services Department of Water Resources and Water Supply 

Water resources and environmental services department, 

Nairobi, Kenya 

Institute of water resources and water supply, TUHH 

Hamburg, Germany 

 

Abstract 

Biogas production using anaerobic digestion (AD) is an alternative energy source that allows the use of organic, agricultural and 

energy crops as a fuel. In this work, the mono-digestion approach was used with lignocellulosic straw and rumen content as 

inoculum. The main problem with lignocellulosic straw is its long digestion time, low biogas yield and low biodegradability. 

Therefore, an alternate degradation technique using rumen biocoenosis for cellulosic straw was investigated to determine the 

Chemical Oxygen Demand (COD) balance and upscale gas production. The hydrolysis and acidification process of anaerobic 

digestion in Continuous Stirred Tank Reactor (CSTR) was operated at 33 -38˚C with 20 days Hydraulic Retention Time (HRT). 

Buffer solutions were added to maintain the pH in the range of 7.2-7.8. The methanogenesis reactor used in this study was the Up-

Flow Anaerobic Sludge Blanket Reactor (UASB). The working volume and recirculation rate in the reactors were 4.2 cubic meters 

(m3) and 750 liters per day (l/d) respectively. Methane (CH4) concentration in CSTR was found to be 30% and UASB reactor was 

70%. The samples taken from the reactors were tested for total solids (TS) and COD. Additionally, methane production from the 

substrate, digesters and recirculation liquid was determined using a laboratory batch test according to the VDI4630 guideline. The 

average specific methane yield during the three phases of experiment with loading rates of 1.07, 2.14 & 3.21-kilogram (kg) VS/ 

m3d were 433.21, 216.47 & 359.98 L CH4/kg VS respectively. Futuristic studies should focus on improving the mixing capacity 

of the mixing pump and existing UASB system to function efficiently and the gas yield can be increased by using pretreatment 

strategies. 
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________________________________________________________________________________________________________ 

 INTRODUCTION 

Emission of greenhouse gases is a major global concern as fossil fuels accounted for over 88% of energy consumed worldwide 

(Chynoweth, et al. 2001). In order to tackle the environmental challenges, the member states of European Union (EU) have decided 

to increase the renewable energy proportion to about 20% by the year 2020 (Sun, et al. 2013). To produce renewable energy, the 

conversion of biomass through the biological process of agricultural wastes, various organic wastes, and energy crops have 

significant potential in protecting the environment by reducing the emission of carbon dioxide (CO2) (Al Seadi, et al. 2008). Since 

there are plenty of agricultural wastes available these should be used for energy production. By capturing the biogas during 

anaerobic digestion, the emission of greenhouse gases can be reduced (Mussoline et al. 2012). 

Anaerobic digestion (AD) requires little energy and can be used for a broad range of solid wastes, wastewater and defined 

biomass into methane (De Mes, et al. 2003). A study of Babaee et al. (2013) investigated the effect of organic loading and digestion 

temperature during co-digestion of wheat straw with a mixture of poultry manure on biogas production and its methane content. 

Accumulation of volatile fatty acids and a decreasing pH indicated overloading, which lead to a decrease in methane yield. 

Mussoline et al. (2012) carried out experiments to improve methane production using rice straw as a co-substrate in an anaerobic 

digester. The ability of co-digestion of industrial and agricultural waste residues and of straw without pre-treatment was studied. 

A daily re-circulation of 0.2 m3/1m3 straw for homogenization, internal mixing of the reactor content was sufficient and 231 

LCH4/kg VS was yielded during 93-day digestion cycle. In another study, Zhang et al. (2014) used corn stover to improve biogas 

production in a bionic reactor. 21.6 ml/g VS was the highest rate of biogas produced during the experimental run of 33 days with 

a total biogas production of 256.5 ml/g VS. Sun et al. (2013) investigated the effect of biogas production using wheat straw by 

examining complex cellulose-degrading bacteria structure in lab scale digesters. Pre-treatment and operating temperature 

influenced microbial degradation, but no major difference was detected in gas yield and digester performance. 
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Lehtomäki et al. (2006) conducted a study on the digestion of energy crops in two-stage pilot-scale anaerobic digesters. The 

specific yields obtained were 0.16, 0.38 and 0.39 m3 kg-1 respectively corresponding to willow, sugar beets and grass. In 30 days 

of experimental run, 85% of methane content was obtained. Methane yield from grass digestion in two-stage reactors was found 

to be 5% higher than digestion in completely mixed lab scale low solid systems. Higher methane yield obtained in two-stage 

reactors was a result of physically separating hydrolysis and methanogenesis reactors and allowing favorable pH conditions for 

hydrolytic bacteria to reign in the first stage. Komatsu et al. (2007) investigated the anaerobic co-digestion feasibility with rice 

straw. Laboratory scale thermophilic and mesophilic digesters were operated at a hydraulic retention time of 15 and 20 days 

respectively. Rice straw was ground to 5mm in length and soaked during water pre-treatment in distilled water or by using 

enzymatic pre-treatment. Both enzyme and water pre-treatment reduced volatile and total solids. Maximum specific methane 

production was 0.311 L/g during 55 day operation period. Li et al. (2012) carried out an experiment to determine the relationship 

between biogas yield and anaerobic reactor volumes using various agricultural straw materials such as wheat straw, peanut straw, 

corn straw and soybean straw, rice straw and microaerobic pre-treatment was carried out on the substrates. The results indicated 

that the biogas yield was high in the order of wheat, rice, corn followed by low biogas yield in peanut and soybean straw which is 

12.47 L/L, 11.70 L/L, 10.40 L/L and 9.06 L/L, respectively. With wheat straw as a substrate in amplification test reactor, gas 

production in 1L and 2.5L was similar and daily gas production rate in the 2.5L reactor was about thrice the 15L reactor during 

experiment running time of 51 days. 
Table – 1 

Methane yield using different substrates from literature review 

Author & Year Country Substrate Methane Yield 

Babaee et al. (2013) Iran Wheat Straw 0.12 m3/kg VS 

Lehtomäki et al. (2006) Sweden Willow, Sugar Beet & Grass 0.16, 0.38 and 0.39 m3/ kg VS 

Li et al. (2012) China Wheat Straw 0.12 m3/kg VS 

Zhang et al. (2014) China Corn Stovers 0.12 m3/kg VS 

Komatsu et al. (2007) Japan Rice Straw 0.311 m3/kg VS 

Mussoline et al. (2013) Italy Rice Straw 0.231 m3/kg VS 

 Rumen Digestion 

In case of lignocellulosic straw, due to the crystalline structure of lignocelluloses and insoluble compounds, degradation is 

obstructed in the initial step and hence the hydrolysis step becomes rate limiting (Sun, et al., 2013). The main problem with 

lignocellulosic straw is its long digestion time, low biogas yield and low biodegradability due to its high lignocelluloses content 

and its industrial applications inconvenience as a result of its special characteristics like intertwining, water inflation, non-uniform 

and low bulking density (Li, 2011). Ruminants feed on lignocellulosic biomass and the ruminant digestion’s biochemical reactions 

are similar to anaerobic digestion. From ruminant models, several types of anaerobic reactors were derived to enhance biogas 

production. Classic bionic reactors include continuous flow stirred reactor (CSTR), batch reactor, push flow reactor and the 

combination of them. For acid production batch reactor or CSTR can be used, followed by effective methanogenesis reactors like 

up-flow anaerobic sludge bed reactor (UASB) or fluidized bed reactor (Zhang, et al., 2014). Further understanding of ruminant’s 

digestion mechanisms benefits the degradation of lignocellulosic materials by improving the anaerobic reactor. In this study, the 

bionic reactor was designed based on the strategy of rumination mechanisms; the feasibility of bionic reactor was investigated for 

the biomass biodegradation and biogas production. 

The mainly focus of this study is to scale up from laboratory experiments and simulate the conditions of a pilot-scale digester to 

determine the suitable digestion approach using lignocellulosic straw as a substrate. In this study, the mono-digestion approach 

was used with lignocellulosic straw and rumen content to increase methane production. The rumen is an anaerobic digestion system 

based on cellulosic material, which allows hydrolysis and acidification of cellulosic substrates. From the data obtained from the 

rumen based experimental high-load reactor for hydrolysis and acidification (CSTR) and downstream UASB reactor in the Institute 

of Sanitary Engineering & Waste Management (ISAH) technical hall, the main operational parameters evaluated were as follows. 

 Determination of operational parameters for optimizing pilot plant (Gas production, temperature, pH etc.) during the 

operational phase. 

 Laboratory analysis of the substrate and digestate concerning BMP (Batch-Test), COD, TS and VS. 

 Elaboration of COD and Mass-Balances for the experimental Plant for fermentation of lignocellulosic straw. 

 MATERIALS & METHODS 

 Pilot Scale Plant Set Up  

The pilot plant shown in figure 1 consists of two anaerobic reactors namely hydrolysis-acidification reactor and methanogenesis 

reactor. The substrate, buffer solution, and inoculum were added to mixing pump along with the inoculum that was recirculated 

from methanogenesis reactor. The optimum ratio of substrate to inoculum was determined using the methane yields acquired in 

the laboratory-scale digesters as a feasible application for the pilot-scale system. To optimize production of gas and lower energy 

requirements, the selected mesophilic temperature was within 33-38˚C. 
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Fig. 1: Pilot-scale plant setup used in this study 

All the added compounds enter the hydrolysis reactor with the help of pump1. Pumps were installed to transport the liquid to 

the reactors. Inoculum internal recirculation is carried out by collecting the inoculum with the substrate after the pump1 and feeding 

it back to the mixing pump by opening valve 2. The compounds enter the CSTR reactor when the valve near the reactor (valve 1) 

is opened. After mixing completely inside the CSTR reactor the inoculum enters an 8mm filter which is located adjacent to the 

CSTR reactor. After filtering the solids from 8mm filter, with the help of the pump2, the process liquid enters the eco filter of 2mm 

and the fine solid particles are filtered out at this stage. The eco filter consists of a screw inside the filter to push the substrate and 

air is supplied for opening the pneumatic valve below the filter to release the filter cake and then the processed liquid is pumped 

into the UASB reactor using pump3. Methane is produced in the methanogenesis reactor and effluent is collected in the buffer tank 

and recirculated along with substrate by the mixing pump. Samples were taken from CSTR reactor (1), eco filter (2) and the inlet 

(3) and outlet (4) of UASB reactor as described in figure 1. Recirculation rate from CSTR to UASB reactor is 750L/d. The substrate 

used in this study is lignocellulosic straw and it was directly obtained from the company Hippo Gold. During production, processed 

lignocellulosic straw was heated thereby demolishing fungi and microorganisms (Hippo gold, n.d.). Lignocellulosic Straw used in 

this study is the size 1cm and no pre-treatment was carried out. Further, no preservatives and additives were added to the substrate. 

Lignocellulosic straw was added in mixing pump along with buffer solution to regulate pH and recirculation valve was turned on 

during the addition of substrate to allow recirculation of effluent from buffer tank to mixing pump. During the addition of 

lignocellulosic straw, the inoculum with high solid content which is collected from the filters (8mm and 2mm) was further filtered 

and solid fraction is discharged while the liquid portion of inoculum is added back to the mixing pump. 

 CSTR 

Anaerobic processes such as hydrolysis and acidification were studied using continuous stirred tank reactor, while inoculum was 

obtained from a slaughterhouse. The hydrolysis and acidification phase was controlled by temperature and HRT. Both the reactors 

have total digester volume of 5.26 m3 and a working volume of 4.2 m3. The hydrolytic reactor used in this set up is a CSTR 

cylindrical reactor with a total volume of 2.26 m3 and a working digester volume of 1.5 m3 was operated continuously for a span 

of 5 months. The digester was operated at a mesophilic temperature ranging from 33˚-38˚C with substrate loading rate of 4.5, 9, 

13.5 kg VS/d. In order to avoid accumulation due to daily feeding, 50 liters of the content were daily removed. CSTR was operated 

at the mesophilic condition at HRT for 20 days. Liquid products containing small pieces of straw passes through the reactor and 

paddle agitator mixes the process liquid and substrate continuously inside the reactor. This is similar to stratification and 

regionalization in the stomach of a ruminant. Experimental samples were extracted from the reactor every 24h. The buffer solution 

was added to the substrate to regulate and maintain the pH in the reactor. The concentration of buffer solution is given in table 2 

below. pH was determined using pH meter and prevailed in the range of 7.2±7.9 due to high alkalinity inoculum having more 

organic suspended solids concentrations and is degraded to VFA in the CSTR reactor by the hydrolytic and acidogenic bacteria 

and further converted to methane in the second reactor. 
Table – 2 

Composition of buffer added along with inoculum and substrate at mixing pump 

Sr. NO Substance For 800 L 

1 CaCl2*2H2O 0.026 KG 

2 MgCl2*6H2O 0.072 KG 

3 NH4Cl 0.217 KG 

4 KCl 0.458 KG 

5 NaH2Po4*H2O 1.103 KG 

6 NaCl 1.3 KG 
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7 Na2HPo4*12H2O 2.863 KG 

8 NaHCo3 6.578 KG 

 UASB Reactor 

Processed content from CSTR reactor first enters the 8mm filter and then enters in 2mm filter where fine solids (filter cake) were 

released and then methanogenesis reactor was loaded with the filtrate. The methanogenesis reactor used in this study was Up-flow 

Anaerobic Sludge Blanket Reactor (UASB) with a total volume of 3m3 and a working digester volume of 2.7 m3 was operated 

continuously for a span of 5 months. UASB reactor is made of PVC and polyamide and is furnished with leachate recirculation. 

The processed liquid passes through the filter and enters from the reactor bottom through a system of inlet distribution and then 

move upward via anaerobic dense sludge bed. The soluble COD was then transformed into biogas, rich in methane and well 

settleable sludge was established by upward circulation of water. Settler sections were constructed specially to permit an effective 

degasification. Downward return circulation resulted due to drop of sludge particles without attached air bubbles. The effluent 

from the reactor goes back to the hydrolytic reactor by the process of recirculation using the pump1.  

 Chemical Analysis  

The biogas production in each reactor, pH, and temperature was monitored daily using the Gas meter, pH meter and temperature 

meter attached to the reactors. Total solids and COD were determined from lab analysis using the samples taken from the inlet, 

digesters and outlet according to guideline’s DIN.EN. 15934 and DIN 38409-H41-H44 respectively. Total solids were calculated 

in order to measure the combined solid concentration of an organic and inorganic substance in samples. COD was estimated using 

Lange cuvette tests in order to determine the readily biodegradable and slowly degradable COD. During plant operation, pH, 

temperature, gas production, gas quality and gas composition were measured daily to monitor the acidogenic and methanogenic 

process of fermentation progress. Gas composition was determined by gas chromatography. For every increasing value of the 

organic loading rate during the fermentation process, subsequent digester contents and chemical parameters such as pH, total solids, 

chemical oxygen demand were recorded. Samples were taken from anaerobic reactors operating continuously and fed 7 days a 

week for a span of 110 days out of 125 days of the experimental phase. 

 Batch Test 

Methane production and energy turnover during the anaerobic digestion of lignocellulosic straw and granulated sludge was 

determined using 12 eudiometer batch reactors working at 38˚C simultaneously. The batch test was carried out according to VDI 

4630 guideline. Two eudiometers were used in this study, where the first eudiometer consist of 7 reactors and in second eudiometer 

5 reactors were used as shown in figure 2. 

 
Fig. 2: Eudiometer setup with 12 reactors attached to water bath 

Samples were taken from the digesters (digestate), the inflow of UASB reactor and lignocellulosic straw were used as substrates. 

A set of 12 eudiometer reactors: 3 sets with the inoculum, 3 with Digestate, 3 with an inflow of UASB reactor and 3 with 

lignocellulosic straw were used and operated in series. Anaerobic sludge and lignocellulosic straw were added quantitatively into 

reactors after analyses were carried out e.g., Volatile solids (VS) and Total solids (TS) for lignocellulosic straw, volatile suspended 

solids and mixed liquor suspended solids (MLSS) for sludge. In this case, 2.62g of lignocellulosic straw and 25.22g of digestate 

and 84.07g of influent were taken as substrate and was added to 300ml of granulated sludge. Reactors were operated at 37± 1˚C 

throughout the experiment and level of gas production in all the eudiometers were measured on daily basis. The water level inside 

the storage tank was maintained and the outside temperature and pressure were noted. Methane concentration in biogas was 

determined using Gas chromatograph SHIMADZU GC-2010.  
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 RESULTS AND DISCUSSION 

 Effect of Temperature, pH, and Feed 

Lignocellulosic straw was digested in two pilot scale reactors of 4.2 m3 and the hydrolysis stage started when the plant was fed 

semi-continuously. The substrate fed during the operational phase was 4.5 kg VS of lignocellulosic straw per day which was 

gradually increased after a period of 33 days to 9 kg VS/d when there was no more increase in gas production. The reactors were 

then fed with 9 kg VS of lignocellulosic straw per day for a period of 33 days. Once the gas production became stable the amount 

of lignocellulosic straw fed daily was gradually increased to 13.5 kg VS/d which is shown in figure 3. Towards the end of 

experiment, during the 110-125th day of operation, the substrate was not added to bring down the conditions of the reactors to 

phase 1initial conditions. 

 
Fig. 3: Amount of substrate (lignocellulosic straw) fed per day into the reactors 

When the quantity of lignocellulosic straw fed per day was 4.5 kg, the pH in the CSTR reactor remained in the range of 7.2-7.6. 

When the feed was increased to more than 4.5 kg/d, there was a slight drop in the pH value during the second stage from 33-75 

days. Figure 4 shows that the pH level rapidly decreased and then slowly increased during the third stage from 76-95 and then it 

was stable during the last stage towards the end of the experiment when the feed was maintained at 4.5 kg VS/d. 

 
Fig. 4: pH level and temperature in CSTR 

The temperature was not stable throughout the experiment due to variation in outside temperature. During the first phase, when 

the daily feed was 4.5 kg VS, the average temperature was off the range 37±1˚C. During the second phase, the temperature slightly 

decreased. During the last phase of the experiment, again there was a drop-in temperature shown in figure 4.  

 Biogas Production from Lignocellulosic Straw 

One of the objectives of this study was to determine the gas yield at different feeding rates and temperature. Biogas production in 

the CSTR and UASB reactors were determined using the sensors and there were 2 gas production phases from lignocellulosic 

straw. During 85% of the operation period, total biogas production was more than 1000L/d shown in figure 5. 
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Fig. 5: Total Biogas production per day in CSTR and UASB reactors 

The average biogas produced in both the reactors was 2653.96 L biogas/d. Only 22% of biogas was produced in CSTR reactor. 

Temperature and feed influenced the biogas production to a certain extent. Increasing the feed rate regardless of the temperature 

increased the biogas production in the reactors. After quickly adapting to the conditions in the reactor, the microorganisms grew 

rapidly and resulted in higher biogas production rate. The first phase was between 23rd and 41st day and the highest gas yield was 

recorded at 27th day. pH and temperature recorded during this peak were in the range 7.2-7.4 and 37-38˚C respectively. The highest 

gas yield produced during the first peak was 3399 L biogas/d. The second phase was recorded between a 47th and 68th day with the 

highest gas yield recorded being 5379 L biogas/d. pH and temperature recorded during this peak were in the range 7.2-7.4 and 34-

37˚C respectively. Third and final phase was recorded during 66th-122nd day with recorded pH and temperature was in the range 

7.5-7.7 and 34-36˚C respectively with a maximum gas yield of 5033 L biogas/d. 

 Methane Production in Reactors 

 
Fig. 6: Daily methane production in CSTR and UASB reactors 

From figure 6, it is evident that the average methane produced in both the reactors was 1857.44 LCH4. Total methane concentrations 

in the biogas were found to be nearly 70%. Temperature and feed influence the biogas production up to a certain extent. Increasing 

the feed rate regardless of the temperature increased the methane production in the reactors. Total daily methane production was 

determined using the biogas production from each reactor and multiplying it by the percentage of methane produced in each reactor 

obtained from a gas chromatograph. Total methane concentration in the biogas was 70% for UASB reactor and 30% for CSTR. 

Sum of the daily methane production in each reactor gives the total methane production per day shown in table 3. 
Table – 3 

Methane production in both the reactors during the experiment 

Phase Feed (kg VS/d) Loading rate in UASB reactor (kg VS/m3d) Loading rate (kg VS/m3d) 

Phase 1 4.5 1.67 1.07 

Phase 2 9 3.33 2.14 

Phase 3 13.5 5 3.21 
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From the above table 3, it is evident that during the first phase, 4.5 kg VS of the substrate was fed inside the reactor with the 

loading rate of 1.07 kg VS/m3d and the recorded pH being 7.2-7.5 and the temperature in the reactor was within range 36-38˚C. 

During the second-phase of operation, the highest gas yield recorded was 3765.49 LCH4/d and pH recorded during this peak was 

of the range 7.2-7.4 and the temperature was around 34-37˚C. Third and final phase was recorded during the last phase of operation 

from 28th Apr to 15th May 2015 and the pH recorded was of the range 7.5-7.7 and the temperature recorded was in the range of 34-

36˚C and maximum gas yield was produced on 111th day of operation of the reactors with the feed of 4.5 kg and at the temperature 

of 34.4˚C and it was found to be 3523.52 LCH4/d. 

 Specific Methane Yield in Reactors 

 
Fig. 7: Specific Methane yield per day in CSTR and UASB reactors 

The quantity of methane produced in UASB was significantly higher than in the methane produced in CSTR reactor as shown in 

figure 7. The average methane produced per kg VS in both the reactors was 339.41LCH4/d. Methane production per kilogram VS 

was calculated by dividing the methane produced in each reactor by the amount of substrate in kg volatile solids and adding the 

values together. Nearly 60% of the operation phase, produced more than 200 LCH4/d/kg VS. Table 4 down below, shows the 

methane yield in both reactors. During the first phase, 4.5 kg VS of the substrate was fed with 7.2-7.5 pH and the temperature in 

the reactor was of the range 36-38˚C. As the substrates were not fed into reactors during the last week of experiment hence the gas 

production remained zero. 
Table – 4 

Specific Methane yield produced in both the reactors 

Phase 
Feed (kg 

VS/d) 

Loading Rate in UASB Reactor 

(kgVS/m3d) 

Loading Rate 

(kgVS/m3d) 

Specific Methane Production (L/ kg 

VS) 

Phase1 4.5 1.67 1.07 433.21 

Phase2 9 3.33 2.14 216.47 

Phase3 13.5 5 3.21 359.98 

 Total Solids 

Sum of total solids concentration in the samples taken from the inlet of the UASB reactor was found to be 76.5 mg/l. Average total 

solids in the samples taken from the inlet of UASB reactor was 3.06 %. The sum of total solids concentrations in the samples taken 

from digester was found to be 296.46 mg/l. Average total solids content in the digester samples was analysed as 8.38 %. Sum of 

total solids concentration in the samples taken from the outlet of UASB reactor was determined as 59.97 mg/l. 
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 COD Analysis 

 
Fig. 8: Homogenous COD concentration in the samples taken from digestate 

Above figure 8 depicts the pH during the initial phase was in the range 7.3-7.6 and the temperature was within the range of 36±1˚C 

and the amount of substrate fed during this stage was 4.5 kg VS/d and 9 kg VS/d. Highest COD concentration was found in the 

digester sample taken on 107th day of operation of the plant and was 4174 mg/l when the feed was 4.5 kg VS and the recorded pH 

was 7.7. COD concentrations were not analyzed towards the end of the experiment, during the 120-125th day of operation as the 

substrate was not added in order to maintain the condition of the reactors. 

 
Fig. 9: Homogenous COD concentration in the samples taken from inlet and outlet of UASB reactor 

Figure 9 shows, during the first phase of operation the COD concentration in the samples was considerably less compared to the 

concentration of COD at the latter phase. The concentration of COD in the initial phase was of the range 1500-2500 mg/l. Highest 

COD concentration was analyzed to be 5551 mg/l. The total quantity of homogenous COD in the inlet of UASB reactor was 

determined as 67173 mg/l. The samples were taken twice a week and were treated in the lab to determine the COD concentration 

using the homogeneous method. From figure 9, the COD concentration in the outlet was less at the beginning and was of the range 

1000-2000 mg/l. But as the experiment continued, there was a rise in the COD concentration in the samples taken after 35 days. 

The COD concentration further increased at the last leg of the operational phase and is of the range 2000-4500 mg/l. Maximum 

COD concentration in the homogeneous test was determined to be 4576 mg/l. 
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Fig. 10: Filtrated COD concentration in the samples taken from the digestate 

The above figure 10, shows the result of COD filtration test and the COD concentrations were in the range of 300 – 600 mg/l. 

The COD concentration was very much found in the same range during most part of the experiment. The highest COD 

concentration was determined to be 880 mg/l observed on 90th day of the experiment. The total quantity of the COD concentration 

after filtration test was found to be 13707 mg/l. 

 
Fig. 11: Filtrated COD concentration in the samples taken from inlet and outlet of the UASB reactor. 

Above figure 11, shows the COD concentrations in inlet were of the range 500 to 800 mg/l almost throughout the experiment. 

The COD concentrations in the inlet were found to be slightly higher than the digester samples. Sum of COD concentrations in the 

inlet samples was 14466 mg/l. From figure 11, the COD concentration was less at the beginning and was of the range 200-500 

mg/l. But as the experiment continued, there was a small rise in the COD concentration in the samples taken after 50 days. The 

COD concentration increased during the end of the operational phase and is of the range 400-600 mg/l. Maximum COD 

concentration in the homogeneous test was determined to be 871 mg/l. Table 5 shows the COD concentration in all the samples 

taken from the plant for analysis. 
Table – 5 

COD concentration in all the samples taken from the plant for analysis 

DAY 
COD Homogenous COD Filtrated 

GR.1 & GR.2 Inlet. UASB Outlet. UASB GR.1 & GR.2 Inlet. UASB Outlet. UASB 

6 2347 1723 1764 665 715 330 

9 1460 1758 1474 518 519 366 

13 942 1599 1530 368 445 437 

16 1689 3529 1252 478 592 422 

20 995 2195 1615 324 489 290 

23 1524 1905 1203 689 594 343 

27 1666 1827 1358 608 513 356 

34 1212 2337 980 431 657 310 

37 1871 1874 1244 277 682 417 

41 1380 2533 1708 613 542 360 
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44 1069 1675 3131 465 407 650 

48 1762 2532 1699 525 655 420 

51 1232 2326 1810 526 525 758 

55 1637 2207 1624 603 526 306 

58 2320 2902 1805 575 489 426 

62 1080 3187 2247 447 567 566 

66 1587 2427 2034 594 653 475 

72 1599 3508 2202 672 569 461 

83 3437 4166 4576 572 608 498 

87 2645 3275 2514 516 778 253 

90 1360 2385 3162 880 921 871 

100 1443 3030 2600 654 447 563 

104 3391 3544 2483 594 632 588 

107 4174 3178 2493 534 322 554 

111 2849 5551 2316 579 619 599 

 Methane Yield from Batch Test 

 

 
Fig. 12: Mean methane production in inlet, lignocellulosic straw and digestate during laboratory batch test 

The batch test was carried out in 12 eudiometer reactors over a period of 75 days from May 8 th until 21st July at 38˚C with the 

outside temperature being 22-26˚C and a pressure ranging from 992-1010 bar. Methane content in the samples was determined to 

be 55%. From figure 12, it is evident that there was a steady increase in the methane production from day 1 till day 33. During the 

latter half of the experiment, the methane production reduced considerably when compared with the initial days of the experiment. 

During the last 10 days of the experiment, the methane production was very low and almost remained constant. Methane produced 

during the initial days of the test in digestate was considerably higher when compared to the inlet and lignocellulosic straw, but 

gradually reduced and became stable towards the end. Sum of the average methane production in the reactors with lignocellulosic 

straw was 6565.5 L and the sum of average methane production in the reactors with digestate was 4318.2 L, and in inlet was 946 

L.  
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 COD Balance for UASB Reactor 

For each and every phase of operation, the average COD in the influent of UASB reactor was determined using the results of COD 

analysis carried out in the samples taken from influent of UASB. Similarly, the amount of COD in the UASB reactor was found 

from the COD analysis in the samples taken from the effluent. The average quantity of methane produced during each phase in 

UASB reactor was calculated. Sum of the COD in gas and COD in effluent gave the COD out of the UASB reactor. The percentage 

of COD loss in the UASB reactor is explained in table 6 below. 
Table – 6 

COD balance for UASB reactor during the operational phases in the ISAH technical hall 

PHASE COD IN COD EFF COD GAS COD OUT COD LOSS 

1 15.574 10.900 4.55 15.452 0.78 

2 18.033 12.313 4.70 17.008 5.68 

3 25.886 20.316 4.13 24.449 5.55 

 Kg COD/d Kg COD /d Kg COD /d Kg COD /d (%) 

COD loss during the first phase in UASB was around 0.78% and during the second and third phase, the COD loss was 5.68 and 

5.5% respectively shown in figure 13. 

 
Fig. 13: % COD loss in UASB reactor during the experimental phase 

For each and every phase of operation, the average COD in the influent was determined using the results of COD analysis carried 

out in the substrate lignocellulosic straw. Similarly, the amount of COD in the sludge was found from the COD analysis in the 

samples taken from the sludge. The average quantity of methane produced during each phase in both the CSTR and UASB reactor 

was calculated. Sum of the COD in gas and COD in sludge gave the COD out. The percentage of COD loss in the UASB reactor 

is explained in table 7 below. 
Table – 7 

COD balance for the whole plant during the 3 operational phases 

PHASE SUBSTRATE (VS) COD IN COD SLUDGE COD GAS COD OUT COD LOSS 

1 4.41 5.29 0.4579 4.76 5.22 1.33 

2 8.16 9.79 0.7662 4.96 5.72 41.55 

3 6.77 8.12 1.0911 5.70 6.79 16.46 
 Kg COD /d Kg COD /d Kg COD /d Kg COD /d Kg COD /d % 

 

 
Fig. 14: % COD loss in the whole plant during the experimental phase 
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From the above figure 14, it is evident that the COD loss during the first phase in the plant was around 1.33% and during the 

second and third phase, the COD loss was 41 and 16 % respectively.  

 DISCUSSIONS 

Mono-digestion approach was used in this study to increase methane production from the lignocellulosic straw. Lignocellulosic 

straw was digested with ruminant content from the slaughterhouse and granulated sludge in the bionic reactor (CSTR) and UASB 

reactor. The experiment was carried out for a period of 125 days and had to be maintained at a mesophilic temperature to produce 

biogas. Daily recirculation rate of 750L/d was not enough for internal recirculation and for the homogenizing the substrate with 

inoculum. With the adequate quantity of recirculation and mixing, digestion time can be increased for the untreated lignocellulosic 

straw and increase gas yield. Degradation of untreated lignocellulosic material was very difficult and hydrolysis of lignocellulosic 

straw was considered as rate limiting step. Use of high rate Hydrolysis and Acidification reactor like CSTR enhanced the 

degradation and digestibility of lignocellulosic substrate.  

Feeding was stopped on 76th, the 112th &113th day of the experiment due to the occurrence of mixing pump not working as a 

result of clogging of lignocellulosic straw in the pipe between mixing pump and CSTR reactor. Hence, there was a decrease in pH 

and temperature in the reactor and a reduction in gas production. The temperature in the hydrolysis reactor was not stable due to 

variations in outside temperature. On the 118th day of the experiment, due to high accumulation of substrate and inoculum in the 

reactor, the paddle agitator in the CSTR reactor stopped working. According to Wu, (2014), when the composition of the substrate 

is stable but the carbon dioxide/methane ratio falls, it is a result of high acid formation rate compared to methane formation and 

equilibrium of the mass flows in degradation process was disrupted. On 42nd and 43rd day there was no gas production in CSTR 

and similarly, on 46th, 47th, 56th and from 62 to 65th, 76 to 79th day the gas production in the CSTR remained stable. During this 

phase, pH was of the range 7.2-7.4 and temperature were around 35˚C.  

Samples from the plant were taken to lab and analyzed for total solids and COD concentration. The total solids concentration in 

the samples during the first phase when the daily feed was 4.5 KG VS/d was slightly lower than the second and third phase. The 

temperature and feed had an impact on the COD accumulation as the COD concentration increased with increasing feed and 

temperature. The batch test was carried out at mesophilic conditions in eudiometer using the samples taken from the plant and was 

determined that the digestibility of straw took only 75 days. The average daily specific methane production from the substrate, 

digestate and recirculation liquid was 136.8, 88.1 & 19.3 LCH4/g VS respectively. However, at the plant, nearly 70% of the methane 

concentration was produced from UASB reactor. Whereas, in the batch test the major quantity of methane was produced in reactors 

with lignocellulosic straw followed by digestate. The methane production after 10 days in hydrolysis and acidification reactor was 

only 400.43 L and overall only 30% of methane concentration was produced from the reactor. However, in the batch test, high 

quantity of methane was produced only from lignocellulosic straw and digestate.   

From the results of COD balance for the UASB reactor, it is clear that the COD concentration in the influent and effluent of 

UASB reactor was less in phase 1 and it gradually increased in phase 2 and a higher concentration of COD was found during phase 

3. In contrast to this, the COD concentration in methane during the 3 phases didn’t show any major difference and was nearly equal 

throughout the experiment. COD balance for the whole plant was also determined and the COD in methane was almost equal 

during the first two phases and concentration of COD in methane was higher in 3rd phase compared to previous phases. The amount 

of sludge taken out from the hydrolysis and acidification reactor was high during the three phases. The sludge was taken out to 

measure COD from the sludge and since the sludge mainly consisted of solids, it was difficult to determine the COD concentration 

it. The average daily specific methane production in the plant during the three operational phases was 433.21, 216.47 & 359.98 

LCH4/kg VS respectively. Since the plant was not operated continuously in the second and third phase, there was a drop in specific 

methane production compared to the first phase. The average specific methane yield during the operational phase in the plant was 

estimated to be 339.41 LCH4/kg VS. However, (Mussoline, et al. 2012) conducted an experiment on methane production using 

untreated and pre-treated rice straw and compared the results. The treated rice straw was mono digested and the untreated straw 

was co-digested using anaerobic sludge and pig wastewater. It was determined that untreated rice straw needed a period of 189 

days for digestion. Whereas pre-treated rice straw took a digestion period of 89 days. In addition to this, more than 67% of 

wastewater was needed for the rice straw and also required mesophilic conditions. In case, of pre-treated straw, only ambiance 

temperature of the range 19-30˚C was required. The specific methane produced from rice straw was 231 L/kg VS, whereas the 

treated rice straw produced around 302 L/kg VS mainly due to low mixing capacity in reactors. According to (Komatsu, et al. 

2007), pre-treatment and co-digestion of rice straw increased the methane production in anaerobic digester. He also compared by 

using three pre-treatment methods to rice straw with the maximum specific methane of 0.311 L/g VS produced from the digester 

with enzyme pre-treated rice straw.  Therefore, to improve the digestion of lignocellulosic straw, pre-treated and co-digested straw 

can be used in future. 

 CONCLUSIONS 

Anaerobic digestion (AD) was an effective biological process for producing biogas by recovering energy from the biomass. This 

work indicates the methane production in CSTR and UASB reactors using lignocellulosic straw as a substrate along with rumen 

content. The experiment was carried out at ISAH technical hall at mesophilic temperature conditions of the range 33-38˚C at 20 

days HRT for a period of 122 days. The temperature was an important parameter when it comes to lignocellulosic straw digestion 
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mainly for increasing methane yield and mesophilic conditions improved lignocellulosic straw’s digestion. Mono-digestion 

approach used in this study was found to be productive in pilot scale digesters and improved methane yield in the reactors. The 

main problem with straw was its long digestion time, low biogas yield and low biodegradability due to its high lignocelluloses 

content. However, the use of bionic reactor which was designed by simulating the stomach of ruminant followed by the use of an 

effective methanogenic reactor like UASB increased the methane yield and improved the lignocellulosic straw’s digestibility, 

biogas yield and improved the degradation of lignocellulosic straw. But, the quality of the lignocellulosic straw used in the study 

was unknown and no pre-treatment method was used in this study. This resulted in clogging of mixing pump and pipe, affecting 

the flow to CSTR reactor. The internal recirculation was affected on some occasions and as a result of it, the plant was not fed 

continuously. This reduced the biogas and methane production in the reactors to a considerable level and resulted in lag phase. 

Several pre-treatment techniques are available for the lignocellulosic biomass such as chemical, biological, physical, combined 

physical and chemical pre-treatment. Co-digestion approach was also found to improve the digestion of lignocellulosic straw. The 

average specific methane yield during the three phases of experiment with loading rates of 1.07, 2.14 & 3.21 kg VS/m3d were 

433.21, 216.47 & 359.98 LCH4/kg VS respectively. Futuristic studies should focus on improving the mixing capacity of the mixing 

pump and improving the existing system like UASB to function efficiently and increasing the gas yield by using the above-

mentioned pretreatment strategies should be made to lignocellulosic straw before feeding it to the plant and quality analysis should 

be made to the substrate before use and produced biogas should be filtered before emitting it in to outside environment. The mixing 

systems in the plant should be improved in the plant to operate the plant continuously. 
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