
ABSTRACT 

LIU, ZHIMIN. Anaerobic Co-digestion of Swine Wastewater with Switchgrass and Wheat 
Straw for Methane Production. (Under the direction of Dr. Jay J. Cheng.)  
 

Anaerobic co-digestion of swine wastewater (SWW) with switchgrass (SG) and wheat straw 

(WS) was studied for methane production. The effects of different total solids (TS) 

concentration (2%, 3%, 4%) on the methane yield from the co-digestion with SG and WS was 

investigated in batch mode at mesophilic temperature (35 °C). The culture from a completely-

mixed and semi-continuously fed anaerobic reactor treating SWW and corn stover was used 

as the inoculum for the batch tests. The reactor had a working volume of 14 liters and was 

operated at 35 °C with a hydraulic retention time of 25 days and an organic loading rate (OLR) 

of 0.924 kg VS/m3/d. Batch reactors were operated in triplicates, each with a working volume 

of 500 ml. Reactors were kept in thermostatic water bath maintained at mesophilic temperature 

(35 ± 1 ) with an agitation speed of 270 rpm. The volume of methane produced in the 

experiment was measured by gas meters. Chemical oxygen demand (COD), pH, total Kjedahl 

nitrogen (TKN), total organic carbon (TOC), total solids (TS), volatile solids (VS) analyses of 

reactor contents were performed at the beginning and the end of the experiment. The results 

indicated that with the addition of SG, the methane production substantially increased. The 

methane yield at 2%, 3% and 4% TS were 0.137, 0.117, and 0.104 m3/kg VSadded, respectively. 

The addition of WS in the batch reactors resulted in higher accumulated methane production 

and the methane yield were 0.133 m3/kg VSadded at 2% and 3% TS concentrations. However, 

when the TS increased to 4%, methane production decreased because volatile fatty acids (VFA) 

accumulation increased rapidly and pH dropped to below 5.5. The first-order kinetic model 

was evaluated for the methane production. It was found that the model fitted the experimental 



data well. It can be concluded that batch anaerobic co-digestion of swine waste with SG and 

WS at low TS concentration are recommended for application.  
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CHAPTER 1 

ANAEROBIC DIGESTION OF BIOMASS FOR BIOGAS 

PRODUCTION: A REVIEW 

1. Introduction  

The energy consumption rate has increased tremendously since the industrial revolutions in 

1850’s. The estimated amount of energy consumption in U.S. in 2008 and 2009 is shown in 

Table 1.  

 

Table 1. Estimated energy consumption in U.S. in 2008 and 2009 (quads=1015 BTU) (USCB 
2012) 

Type of Fuel 2008 2009 
Petroleum 38.46 36.62 
Natural gas 23.85 23.31 
Coal 22.38 19.69 
Nuclear power 8.43 8.35 
Renewable energy 6.72 6.50 
Other 0.31 0.32 
Total 100.14 94.79 

 

It can be seen from Table 1 that traditional energy fuels such as petroleum, natural gas and coal 

account for about 85% of the total energy consumption. However, these energy sources are 

non-renewable. It was estimated by the British Petroleum (BP) in 2005 that the world supply 

of oil, natural gas and coal would last 40-60 years, 30 years and less than 100 years, 

respectively (BP, 2005). Under this circumstance, renewable energy sources such as biomass  
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energy are gaining attention worldwide. Biomass has been evaluated as a major source of 

energy for mankind and it was estimated to contribute on the order of 10-14% of the world’s 

energy supply in 2002 (McKendry, 2002a). “Biomass is a term for all organic materials that 

stem from plants (including algae, trees and crops)” (McKendry, 2002a). When the bonds in 

the biomass are broken by digestion, combustion or decomposition, the stored chemical energy 

in these substances is released (McKendry, 2002a). Conversion of biomass to energy is 

undertaken through two main processes: thermo-chemical and bio-chemical/biological 

(McKendry, 2002b). Four process options that are available for the thermo-chemical 

conversion include combustion, pyrolysis, gasification and liquefaction while the bio-chemical 

conversion encompasses anaerobic digestion (AD) and fermentation (McKendry, 2002b).  

AD involves the breakdown of complex organic wastes and produces biogas by a community 

of anaerobic microorganisms (Cantrell et al.,  2008). Biogas is mainly composed of 48-65% 

methane, 36-41% carbon dioxide, up to 17% nitrogen, less than 1% oxygen, 32-169 ppm 

hydrogen sulfide and traces of other gases (Ward et al., 2008). It can be applied to heat and 

electricity generation and used as gaseous vehicle fuel (Ward et al., 2008). As a good 

replacement of natural gas, the methane-rich biogas (biomethane) can also be utilized to 

produce chemicals and materials (Ward et al., 2008).   

AD has been evaluated as one of the most energy-efficient and environmentally friendly 

technology for bioenergy production (Weiland, 2010). The greenhouse gas (GHG) emission 

can be greatly reduced through the AD process (Ward et al., 2008). AD offers significant 

advantages including:   
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 Low cost and low technology system to supply energy for rural areas in developing and 

underdeveloped countries (Esposito et al., 2012) 

 Reduced disposed waste volume and weight to be landfilled (Ward et al., 2008)  

 The semi-solid by-product, digestate, can be used as fertilizer due to its high nutrients 

content (Esposito et al., 2012; Ward et al., 2008) 

 Minimal odor emissions (Smet et al., 1999) 

 Biogas is produced as a source of carbon neutral energy (Ward et al., 2008)  

Even though AD is an effective method in waste treatment for biogas production, some 

unfavorable situations may also be encountered in the process such as the inhibition, long 

retention times and low removal efficiencies of organic compounds (Chen et al., 2008; Khalid 

et al., 2011).  

In recent years, anaerobic co-digestion of different organic materials has been applied 

worldwide.  Anaerobic co-digestion (AcoD) is defined as a waste treatment method in which 

two or more substrates are mixed and treated together, so the biogas production is improved 

through their joint treatment (Khalid et al., 2011; Mata-Alvarez et al., 2011). The potential 

benefits of AcoD include dilution of toxic compounds, increased load of biodegradable matter, 

improved nutrients balance, synergistic effect of microorganisms and better biogas yield 

(Khalid et al., 2011). Many studies have proved the improved methane yield when different 

substrates were co-digested together (Kaparaju et al., 2005; Wu et al.,2010; Cuetos et al., 2011; 

Frigon et al., 2012). Biochemical process of AD, anaerobic digesters, factors affecting AD,  

main feedstocks used in AD, co-digestion studies with main focus on animal manure with  
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energy crops and crop residues are reviewed in this chapter.  

2. Anaerobic digestion  

2.1 Biochemical process of anaerobic digestion  

The conversion of complex organic compounds into methane and carbon dioxide requires a  

mixture of bacterial species and occurs by four reactor steps: hydrolysis, acidogenesis, 

acetogenesis and methanogenesis (Kashyap et al., 2003). A schematic diagram of AD process 

is shown in Figure 1.  

 

Figure 1. Anaerobic digestion of organic materials into biogas 
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Original organic wastes usually contain large-molecule compounds such as proteins, 

polysaccharides and lipids. In the hydrolysis step, complex organic polymers are hydrolyzed 

to monomers by fermentative bacteria. The monomers are converted into volatile fatty acids 

through the acidogenesis process. These fermentation products are further degraded to acetate 

and hydrogen by hydrogen-producing acetogenic bacteria through acetogenesis process. 

Acetate production from hydrogen and carbon dioxide by acetogens and homoacetogens are 

also included in the acetogenesis process. Finally, the acetoclastic methanogens convert the 

acetate to methane and carbon dioxide through the methanogenesis process.  

2.2 Anaerobic digesters 

Many different types of anaerobic digesters are currently in use but the three major types are 

batch reactors, one-stage continuously fed digesters and two-stage continuously fed digesters 

(Khalid et al., 2011).  

2.2.1 Batch reactors  

The batch reactor is the cheapest to build and easiest to operate among all reactors. It has a 

lower loading rate and the contents within the digester are completely mixed (Suryawanshi et 

al., 2010). Compared with continuous digester, it is more resistant to the inhibition, however, 

there is potential risk of explosion during unloading (Vandeviviere et al., 2002). The batch 

system can be categorized into three subtypes which are single-stage batch digestion, 

sequential batch digestion and hybrid batch up-flow anaerobic sludge blanket (UASB) 

digester. In a single-stage batch digester, the substrates are thoroughly mixed and digested.  
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When the biogas production stops, the whole system is emptied and loaded again (Suryawanshi 

et al., 2010). The schematic of the singe-stage batch digester configuration is shown in Figure 

2 (a). In the sequential batch digestion, two or more digesters are used at the same time. The 

sludge in the first digester is injected into the second digester, then the leachate from the second 

digester is injected into the first digester (Suryawanshi et al., 2010). The methane production 

is optimized through the transition of microorganisms and nutrients (Suryawanshi et al., 2010). 

A hybrid batch UASB is composed of a batch digester and a UASB digester and it is used to 

treat organic acids wastewater at high loading rates (Vandeviviere et al., 2002). This type of 

digester is widely applied to treat large volume of wastewater in industries (Suryawanshi et al., 

2010).  

2.2.2 One-stage continuously fed digesters  

In one-stage continuously fed system, all biochemical reactions take place in the same reactor 

(Suryawanshi et al., 2010). The substrates are continuously fed into the reactor with the most 

common period being once a day (Gunaseelan, 1997). In the continuously stirred tank reactor 

(CSTR), the influent with a total solids of 3-8% is added daily into the reactor and an equal 

amount of effluent is withdrawn at the same time to maintain the working volume of the reactor 

(Gunaseelan, 1997). The schematic of the one-stage continuously fed digester configuration is 

shown in Figure 2 (b).  
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2.2.3 Two-stage continuously fed digesters 

In a two stage system, the fermentation and methanogenesis are separated by using different 

retention times (Gunaseelan, 1997). Liquefaction and acidification take place in the first 

reactor while the methanogenesis is accomplished in the second reactor (Gunaseelan, 1997). 

The schematic of the two-stage continuously fed digester configuration is shown in Figure 2 

(c). According to Demirer et al. (2005), the two-stage digesters have several advantages over 

the conventional single-stage digester: firstly, it allows the selection and enrichment of 

different bacteria in each phase; secondly, it increases the stability of the process by controlling 

the acidification-phase in order to prevent overloading and the build-up of toxic material and 

at last, the process is cost-efficient and size of the reactors can be smaller.  

                                              

                                                   Continuously                                                             Daily batch 

                      gas                           fed influent             gas         effluent                         feeding      gas  effluent 

                         

 

                                                                                                                          gas 

  

  

                                                                                               Daily batch 

                                                                                               fed influent 

 

                                                                                                                                 Acidogenic phase      methanogenic  phase 

(a) Single-stage batch digester             (b) Continuously-fed CSTR                  (c) Two-stage CSTR 

Figure 2. Schematic of reactor configurations for anaerobic digestion (Kim et al., 2002) 
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2.3 Factors affecting anaerobic digestion  

2.3.1 Temperature 

One of the most important factors affecting AD is temperature. AD can be carried out under 

psychrophilic (15-25 ), mesophilic (30-40 ) and thermophilic (50-60 ) conditions. 

Mesophilic and thermophilic conditions are commonly used and applied. Compared with 

mesophilic AD, thermophilic AD has higher biogas production rate and pathogen destruction. 

However, it’s more sensitive to temperature fluctuations and requires a longer time to adapt to 

a new environment (Weiland, 2010). In order to maintain the stability of the digester 

performance, keeping the temperature at the optimum level is very important since the methane 

forming bacteria are very sensitive to temperature changes (Chae et al., 2008). El-Mashad et 

al. (2004) studied the influence of two temperatures (50 and 60 ) and daily downward and 

upward temperature fluctuations on the performance of AD for cattle manure. The results 

showed that the methane production rate at 60  was lower than that at 50  under all test 

conditions except when downward temperature fluctuations were applied at an HRT of 10 days. 

Chae et al. (2008) investigated the effects of different digesting temperatures (25, 30 and 35 ) 

and temperature shock on the performance of AD of swine manure. It was concluded that in 

the mesophilic temperature range, 30-40 , the higher the temperature, the better the methane 

yield. The biogas production is quickly resumed under temperature shock from 35  to 30  

and this indicated that the methanogens have considerable capacity to adapt to temperature 

changes. Bouallagui et al. (2004) compared the performace of AD of fruit and vegetable waste 

under thermophilic condition with psychrophilic and mesophilic conditions in a tubular 
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anaerobic digester. The result indicated higher biogas production rate and degradation 

efficiency were achieved under thermophilic condition.  

2.3.2 pH  

A pH range of 6.8 to 7.2 is ideal for the AD (Ward et al., 2008). However, the optimum pH of 

methangenesis and hydrolysis are different. The optimal pH for the methanogenesis is at 6.5-

8.2 while the optimum pH for the hydrolysis and acidogenesis is between 5.5 and 6.5 (Kim et 

al., 2003; Lee et al., 2009). Park et al. (2008) concluded that the appropriate pH range for 

thermophilic acidogens was between 6 and 7 and the optimum condition was at 6. This result 

was in agreement with Liu et al. (2008) who found the maximum biogas yield was achieved 

when the pH was 6.5-7.5.   

2.3.3 Total solids 

Total solids (TS) can be expressed as the relative proportion of the amounts of solids and liquid 

in the system (Igoni et al., 2007). AD can be categorized into wet, semi-dry and dry digestion 

based on the TS content in the feed material. The wet digestion processes are operated with TS 

concentration below 10% which is quite applicable for conventional anaerobic digesters such 

as completely stirred tank reactors. The TS content in semi-dry is usually between 10 and 20% 

while the dry digestion is operated with a TS content inside the reactor between 20 and 40% 

(Weiland, 2010). Compared with the wet AD, dry AD has several advantages such as higher 

organic loading rate and more efficient energy performance (Forster-Carneiro et al., 2008). 

Many studies have been conducted by researchers investigating the influence of TS content on  
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the performance of AD. Desai et al. (1994) found that the increase trend in gas production was 

enhanced with the increased TS reaching a maximum at 6% (w/v) concentration on the 

biomethanation of the mixture of cattle dung, poultry waste and whey. Same trend was also 

observed by Igoni et al. (2007) studying the TS concentration on the AD of municipal solid 

waste (MSW) in batch reactors. With the increase of TS in MSW, the biogas production also 

increased and the optimum biogas production was obtained at 20% TS concentration. 

However, contrary result was found when Itodo et al. (1999) tested the effect of different TS 

concentrations (5%, 10%, 15% and 20% TS) of poultry, cattle and piggery waste slurries on 

the biogas yield in anaerobic batch digesters. The result indicated that the gas yield increased 

with the decreasing TS concentration of the slurries. In this case, higher gas yield was obtained 

from the lower TS, this is because when the TS was too high, the slurry became too thick to 

digest (Itodo et al., 1999).  

2.3.4 Ammonia  

Ammonia is produced by the AD of nitrogenous matter which is mostly in the form of proteins 

in the substrate (Khalid et al., 2011). However, if there is an excess of ammonia, the 

methanogenesis process will be inhibited, resulting in a low yield of methane production 

(Hansen et al., 1998). The total ammoniacal nitrogen (TAN) is a combination of free ammonia 

nitrogen (NH3) and ionized ammonium nitrogen (NH4
+) and the NH3 has been determined as 

the active component causing the ammonia inhibition (Hashimoto, 1986; Sung & Liu, 2003; 

Wiegant & Zeeman, 1986). Many studies have been investigated on the ammonia inhibition 

level under different conditions and the results are varied. A threshold value of 1.1g N/liter  
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free ammonia was found by Hansen et al. (1998) in the AD of swine manure. Angelidaki et al. 

(1993) observed that ammonia inhibition occurred when the ammonia concentrations exceeded 

4g N/l in the thermophilic AD of cattle manure. Sung et al. (2003) evaluated the chronic 

toxicity of ammonia in thermophilic anaerobic digestion of synthetic wastewater at different 

TAN concentrations of 0.4, 1.20, 3.05, 4.92 and 5.77 g/l. It was observed that when the TAN 

was 4.92 and 5.77 g/l, the methane production dropped 39% and 64%, respectively in 

comparison with the control. Liu et al. (2012) found a TAN of 1.25 g/L was determined to be 

the critical value when the chicken manure was digested in a CSTR under mesophilic condition. 

Remarkably different ammonia inhibition threshold concentration have been reported in the 

literature due to differences in parameters that directly affect the form of ammonia such as pH, 

temperature and the adaptation level of anaerobic sludge used (Chen et al., 2008; Calli et al., 

2005).  

2.3.5 Carbon/nitrogen (C/N) ratio  

The literature uses inconsistent units to quantify C/N ratio (e.g., chemical oxygen demand 

(COD)/total Kjedahl nitrogen (TKN), total organic carbon (TOC)/TKN, g total C/g total N 

(wet and dry basis)) (Backus et al., 1988; Hills,1979; Wu et al., 2010). The methane production 

would be enhanced if the C/N ratio was balanced in the optimum range. Hills (1979) 

investigated the effects of C/N ratio on the AD of dairy manure. The C/N ratio in this study 

was determined using available carbon (total organic carbon minus the lignin carbon) over 

TKN. The C/N ratio was varied between 8.0 and 51.7 by combining the dairy manure with 

glucose. The result showed that the highest methane production was achieved when the C/N  
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of the feed was 25. Sievers et al. (1978) indicated that the C/N (TOC/TKN) range of 15.5 to 

19 was found to be the optimum range when the swine waste was digested. Similar results 

were also obtained by Backus et al. (1988). They tested four C/N ratios of 8.4, 13.9, 22.2 and 

27.6 on the performance of AD of raw sweet cheese whey in a semi-batch, fixed film anaerobic 

digester. The C/N ratio was defined as TOC/TKN in this study. It was observed that the largest 

percent of methane and methane production rate occurred when the C/N ratio was between 22 

and 28.  

2.3.6 Substrate/Inoculum (S/I) ratio 

The start-up of AD needs a certain amount of inoculum and substrate to provide the required 

microorganisms. The S/I ratio is an important factor in operating a large scale batch digester 

and estimating the biochemical methane potential (BMP) of a feedstock (Liu et al., 2009). The 

S/I can be expressed as the amount of feedstock volatile solids (VS) added per the amount of 

inoculum VS or per the amount of inoculum volatile suspended solids (VSS) (Liu et al., 2009). 

Hashimoto (1989) studied the effect of S/I ratio on the methane yield of straw in a small batch 

digester. The result indicated that the methane yield was lower when the S/I ratio was higher 

than 4.0. Liu et al. (2009) investigated different S/I ratios on the food, green wastes and their 

mixture using batch digester under mesophilic and thermophilic condition. A negative relation 

between S/I ratio and biogas yield was found in the range of 1.6-5.0. González-Fernández et 

al. (2009) also concluded that the methane production decreased with the increasing S/I ratio 

when swine slurry was used as the substrate in a batch test. This can be explained by the 

accumulation of volatile fatty acids (VFAs) in the process. High concentration of VFA may  
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cause the inhibition of AD thus results in decreased methane yield.  

2.3.7 Pretreatment 

The purpose of pretreatment of feedstock is to improve the hydrolysis yield and total methane 

yield (Hendriks & Zeeman, 2009). The use of pretreatment is particularly useful in the AD for 

the feedstocks which have high cellulose or lignin content such as wheat straw (Ward et al., 

2008). Pretreatment can be done through physical, chemical or thermal methods. Through 

various pretreatments, the compositions in lignocellulosic materials become more accessible 

and biodegradable to anaerobic microorganisms (Pang et al., 2008). Alkaline pretreatment 

proved to be an effective method in increasing biodegradability of lignocellulosic materials 

and improving the methane yield. Pavlostathis et al. (1985) found that more than 100% 

increase in biodegradability of wheat straw when it was treated with NaOH. Compared with 

untreated wheat straw, a 37% increase in methane yield was observed in the alkaline pretreated 

one (Hashimoto, 1986). Pang et al. (2008) applied four NaOH doses of 4%, 6%, 8% and 10% 

on dry matter to pretreat corn stover (CS) in solid state at ambient temperature. In comparison 

with untreated CS, 48.5% more biogas was produced and 71.0% bioenergy gain was achieved 

under the condition of 6% NaOH pretreated dose and loading rate of 65 g/L. Thermal 

pretreatment is advantageous in improving methane production due to the thermal hydrolysis 

(Ward et al., 2008). Mladenovska et al. (2006) investigated the effect of thermal pretreatment 

on the performance of AD of a mixture of cattle and swine manure under thermophilic 

temperature. Increase in VS removal and methane yield were observed when the swine manure 

and its solid fraction was pretreated for 40 minutes at 140 . Bougrier et al. (2007) found that  
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better performance was achieved when the waste activated sludge was pretreated at 190  

than at 135 . The methane production and COD removal increased 25% and 18.75% 

compared with that at 135 .  

2.4 Main feedstocks used in anaerobic digestion for biogas production   

A wide range of biomass have been considered as potential sources for biogas production. 

Among them, sewage sludge, municipal solid waste with its organic fraction, animal manure, 

energy crops and agricultural residues were the most common feedstocks used in anaerobic 

digestion process.  

2.4.1 Sewage sludge  

Sewage sludge (SS) is generated as a by-product of the physical, chemical and biological 

processes used in municipal wastewater treatment plants (WWTPs) (Appels et al., 2008). The 

disposal of sludge has become a great concern since it accounts for up to 50% of the operating 

costs of the WWTPs (Baeyens et al., 1997). For this reason, the AD of SS for biogas production 

has been regarded as a good practice in modern WWTPs (Appels et al., 2008). Usually, both 

the primary and secondary sludge can be used as substrates fed into the reactors (Gunaseelan, 

1997). Chynoweth et al. (1993) reported a biochemical methane potential (BMP) of 0.59 m3/kg 

VSadded for the primary sludge. Zábranská et al. (2002) investigated the AD of SS in full-scale 

tanks under thermophilic and mesophilic temperature for almost three years. The results 

indicated that higher loading capacity and specific biogas production rate were observed under 

thermophilc temperature in comparison with mesophilic condition. The specific biogas  
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production for mesophilic (35 ) and thermophilc (55 ) condition were 0.54 m3/kg VSadded 

and 0.71 m3/kg VSadded respectively. 18% higher VS removal rate and 16% more methane 

production were achieved when the domestic primary sludge was treated in a two-stage 

temperature phased system in comparison with those treated in a single-stage mesophilic 

system (Han et al., 1997).  

2.4.2 Municipal solid waste  

Currently, the worldwide municipal solid waste (MSW) generation is about two billion tons 

per year and it is estimated to increase to 3 billion tons by 2025 (Charles et al., 2009). The 

removal of MSW has become an ecological problem considering the public health and 

environmental awareness (Khalid et al., 2011). Organic fraction of municipal solid waste 

(OFMSW) has been identified as a good feedstock for biogas production. The composition of 

MSW is affected by various factors, including regional differences, climate, extent of 

recycling, collection frequency, season, cultural practices as well as changes in technology 

(Tchobanoglous et al., 1977). Based on different sorting systems, the MSW can be categorized 

into mechanically sorted MSW (MS-MSW), source-sorted OFMSW (SS-OFMSW), hand-

sorted OFMSW (HS-OFMSW) and separated collection OFMSW (SC-OFMSW) 

(Gunaseelan, 1997). Previous studies on biogas/methane yield of OFMSW are showed in Table 

2.   
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Table 2. Previous studies on biogas/methane yield of OFMSW (Davidsson et al., 2007) 

Substrate Operational Conditions Yielda References 

SS-OFMSW 5% TS, 81-92% VS, 15 
days HRT, 2.8 kg 
VS/m3/d, thermophilic 

0.275-0.41 m3 CH4/kg 
VSadded 

Davidsson et 
al. (2007) 

MS-
OFMSW+Putrescible 
fraction of OFMSW 

Semi-dry, 20% TS, 
62% VS, 13.5 days 
HRT, 9.2 kg VS/m3/d, 
thermophilic 

0.23 m3/kg VSadded Bolzonella et 
al. (2003) 

HS-OFMSW 6.4% TS, 89.9% VS, 9-
25 days HRT, 2.1-6.9 
kg VS/m3/d, mesophilic 

0.39 m3 CH4/kg 
VSadded 

Cecchi et al. 
(1986) 

 

SS-OFMSW VS=88% TS, 25 days 
HRT, 2.1 kg VS/m3/d, 
mesophilic 

0.399 m3 CH4/kg 
VSadded 

Mata-Alvarez 
et al. (1990) 

MSW Wet digestion, single-
stage, mesophilic  

0.42 m3/kg VSadded Weiland 
(2000) 

MSW Dry digestion, single-
stage, 19 days SRT, 
58% VS, mesophilic  

0.38 m3/kg VSadded Weiland 
(2000) 

a Data presented as biogas or methane yield  

2.4.3 Animal manure 

Animal manure have been used as feedstock in AD for a long time due to its plentiful nutrients 

and high buffer capacity. Using manure for biogas production can also effectively mitigate the 

GHG emissions during storage (Clemens et al., 2006; Kaparaju et al., 2011). The methane 

potential of manure is varied and influenced by factors such as livestock type, growth stage of  

 



 

17 

the animals, feed amount and bedding materials. Previous studies on anaerobic digestion of 

animal manure under different operation conditions are shown in Table 3.  

 

Table 3. Previous studies on methane yield of animal manure  

Feedstock Operational Conditions Methane Yield  

(m3/kg VSadded) 

References 

Dairy manure BMP assay 0.243 Labatut et al. 
(2011) 

Dairy cattle 
manure  

Batch mode, mesophilic 0.148 Møller et al. 
(2004) 

Swine manure  Batch mode, mesophilic 0.356 Møller et al. 
(2004) 

Sow manure Batch mode, mesophilic 0.275 Møller et al. 
(2004) 

Beef cattle manure Batch mode, 30-60  0.328 Hashimoto et 
al. (1981) 

Cattle Manure Two-stage CSTR, 
thermophilic 
(68 /55 ) 

0.21-0.229 Nielsen et al. 
(2007) 

Slurried poultry 
manure 

5L digester, 
intermittently fed, 
mesophilic,4-6% TS 

0.41-0.44 Webb et al. 
(1985) 

Chicken manure 1L flask, 6% VS, 4 days 
HRT, 50  

0.27 Huang et al. 
(1981) 
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2.4.4 Energy crops and crop residues 

The biomethanation of dedicated energy crops has become a very common practice, especially 

in Europe (Massé et al., 2011). Maize, sunflower, grass and Sudan grass are the most 

commonly used energy crops in AD process (Amon et al., 2007). When crops are used as a 

renewable energy source, specific harvest processing technologies and genotypes are required 

and the crops should be grown in sustainable and versatile crop rotations (Amon et al., 2007). 

Ensiling is a common method of preserving energy crops for AD (Kreuger et al., 2011). The 

specific biogas yield of different energy crops are shown in Table 4.   

 

Table 4. Biogas potential and methane content of different energy crops (Weiland, 2010) 

Crop Biogas yield (Nm3/t VS) Methane content (%) 

Sugar beet 730-770 53 

Fodder beet 750-800 53 

Maize 560-650 52 

Corn cob mix 660-680 53 

Wheat 650-700 54 

Triticale 590-620 54 

Sorghum 520-580 55 

Grass 530-600 54 

Red clover 530-620 56 

Sunflower 420-540 55 

Wheat grain 700-750 53 

Rye grain 560-780 53 
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Substantial quantities of unused stalks, straw, bark and other crop residues are produced from 

a variety of crops, which can be used for energy generation (Kalra et al., 1986). Applying crop 

residues to AD can potentially reduce the damage they may bring to the environment such as 

air pollution through traditional burning process (Li et al., 2008). Successful studies in using 

crop residues as feedstock in AD are shown in Table 5.   

 

Table 5. Biogas yield of different crop residues 

Crop residues Biogas yield  

(m3 /kg VSadded) 

References 

Vegetable crop residues 0.08-0.53 Shiralipour et al. (1984) 

Corn stover 0.36±0.003 Tong et al. (1990) 

Rice straw 0.241-0.367 Sharma et al. (1988) 

Wheat straw  0.297±0.01 Kaparaju et al. (2009) 

Wheat straw 0.145-0.161 Møller et al. (2004) 

Barley straw 0.24-0.37 Torres-Castillo et al. (1995) 

 

However, the crop residues are not commonly used as sole substrate in the AD process due to 

its high carbon and low N content. The unbalanced C/N ratios of crop residues may cause the 

failure of the AD process. AcoD of animal manure (high N content and alkalinity) with energy 

crops and crop residues (high C/N ratio, low alkalinity) has been proven to be an effective 

method in solving this problem.  
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3. Anaerobic co-digestion of animal manure with energy crops and crop 

residues for biogas production  

Recently, co-digestion of animal manure with energy crops and crop residues is gaining 

attention worldwide. The biogas production can be greatly enhanced by adding carbon-rich co-

substrates especially energy crops or crop residues into manure (Mata-Alvarez et al., 2011). 

Co-digestion of manure with energy crops and crop residues has been developed successfully 

in many countries such as Germany and Denmark (Mata-Alvarez et al., 2011). The concept of 

co-digestion of animal manure with crops and crop residues is not new. Early references to this 

procedure using swine manure with corn stover (Fujita et al., 1980), dairy manure and barley 

straw (Hills, 1980), swine manure and wheat straw (Fischer et al., 1983), beef cattle manure 

with wheat straw (Hashimoto, 1983) appeared in the early 1980s. In the past thirty years, co-

digestion of animal manure with various crops and crop residues had been intensively studied 

(Table 6).  

 

Table 6. Previous studies on methane yield of animal manure with energy crops and crop 
residues 

Co-substrates Ratio 

(on VS content)

Operational 
conditions 

Methane yield 
(m3/kg VSadded) 

References 

Swine manure: 
corn stover 

75:25  V=30L; 16-day 
HRT; T=39  

V=30L; 8-day 
HRT; T=55  

0.305  
 
0.269  

Fujita et al. 
(1980) 
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Table 6 Continued 

Beef cattle 
manure: 
hammer milled 
straw 

75:25 

50:50 
 
25:75 

Batch 
fermenters; 

T=55  

0.322±0.006 

0.333±0.005 
 
0.280±0.014 

Hashimoto 
(1983) 

Beef cattle 
manure: wheat 
straw 

50:50 V=5000L;  

T=44-47 ; 8-
day HRT 

T=44-47 ; 5-
day HRT 

 

0.31 
 
 
0.22 

Hashimoto et 
al. (1982)  

Swine manure: 
wheat straw 

50:50 

75:25 

V=20L; 
T=35  

0.22 

0.24 

Fischer et al. 
(1983) 

Cow manure: 
sugar beet tops 

70:30 V=1.5L; 
T=35±1  

0.229 Lehtomäki et al. 
(2007) 

Cow manure: 
grass silage 

70:30 V=1.5L; 
T=35±1  

0.268 Lehtomäki et al. 
(2007) 

Cow manure: 
oat straw 

70:30 V=1.5L; 
T=35±1  

0.213 Lehtomäki et al. 
(2007) 

Cattle manure: 
clover 
(vegetative) 

NAa V=2L; 
T=35±1  

particle 
size=2cm  

0.21 Kaparaju et al. 
(2002) 

Cattle manure: 
clover 
(flowering) 

NA V=2L; 
T=35±1  

particle 
size=2cm 

0.14 Kaparaju et al. 
(2002) 

Cattle manure: 
grass hay 

NA V=2L; 
T=35±1  

particle 
size<1cm 

0.35 Kaparaju et al. 
(2002) 
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Table 6 Continued 

Cattle manure: 
oats 

NA V=2L; 
T=35±1  

Particle 
size=0.5cm 

0.26 Kaparaju et al. 
(2002) 

Swine manure: 
sunflower 
residue 

50:50 V=3L; T=35  

30-day HRT 

0.34±0.03 Cuetos et al. 
(2011) 

Swine manure: 
rapeseed 
residues 

50:50 V=3L; T=35  

30-day HRT 

0.26 ±0.02 Cuetos et al. 
(2011) 

Swine manure: 
maize residues 

50:50 V=3L; T=35  

30-day HRT 

0.30 ±0.01 Cuetos et al. 
(2011) 

Swine manure: 
herbal 
extraction 
residues 

90:10 

75:25 

50:50 

V=7L; T=35  0.162 

0.18 

0.22 

Li et al. (2011) 

Dairy manure: 
switchgrass 

NA V=1L; 15% TS  

T=55  

0.028±0.022 Ahn et al. 
(2010) 

Poultry manure: 
switchgrass 

NA V=1L; 15% TS  

T=55  

0.002±0.002 Ahn et al. 
(2010) 

Swine manure: 
switchgrass 

NA V=1L; 15% TS  

T=55  

0.337±0.065 Ahn et al. 
(2010) 

Chicken 
manure: corn 
stover 

50:50 V=500 mL; 
T=37 ; 
S/I=1.5 

0.328 Li et al. (2013) 

a Not available  
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4. Conclusions  

With the increasing demand of energy sources, biomass energy, due to its renewable 

characteristic, can potentially be a good substitute of traditional fossil fuel. Anaerobic digestion 

of biomass for biogas production has been developed for a long period of time. Biogas is a 

valuable product. It can be used not only for heat and electricity generation but also as a vehicle 

fuel. According to International Energy Agency (IEA,2013), there are more than 3 million 

natural gas vehicles and about 10,000 biogas driven cars and buses. AD is a biochemical 

process which involves four major steps: hydrolysis, acidogenesis, acetogenesis and 

methanogenesis. In order to obtain the maximum amount of biogas and avoid inhibition 

problems, factors such as temperature, pH, TS, ammonia, C/N and S/I need to be taken into 

consideration. The most common feedstocks used in AD are MSW, animal manure, energy 

crops and crop residues. In recent years, the AcoD has been intensively studied especially using 

the combination of animal manure with energy crops and crop residues to improve methane 

yield. Right now, both AD and AcoD technologies are being applied worldwide successfully.  
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CHAPTER 2 

MESOPHILIC ANAEROBIC CO-DIGESTION OF SWINE 

WASTEWATER WITH SWITCHGRASS AND WHEAT 

STRAW FOR METHANE PRODUCTION 

1. Introduction  

The swine industry has developed rapidly in recent years. Associated with the increasing 

number of herds are large quantities of wastewater which mainly contains organic matter and 

inorganic nutrients (Ahn et al., 2006). Treatment of swine manure requires overcoming the 

difficulties of large amounts of residues and a high percentage of solids (de Pinho et al., 2005). 

Anaerobic digestion (AD) has been commonly used as a method to treat swine wastewater 

(SWW) since the process generates methane and produces less sludge (Yang et al., 2004). 

Swine manure is considered to be an excellent feedstock since it has strong buffer capacity and 

high concentration of macro and micronutrients (Weiland, 2000). However, ammonia 

inhibition had been observed in some studies when treating swine manure (Hansen et al., 1998; 

Kaparaju et al., 2005; Strik et al., 2006). These are attributed to the high nitrogen concentration 

of swine manure (Hansen et al., 1998). Anaerobic co-digestion of swine manure with other 

high carbon content substrates such as energy crops and agricultural residues has been 

investigated by other researchers in recent years (Cuetos et al., 2011; Li et al., 2011; Wu et al., 

2010; Xie et al., 2011). The biogas production improved in the co-digestion because the C/N 

ratio, concentrations of macro and micronutrients and buffer capacity are balanced by mixing  
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the substrates (Zhang et al., 2011).  

In this study, switchgrass (SG) and wheat straw (WS) were chosen as the co-substrates for co-

digestion with SWW. Switchgrass (Panicum virgatum L.) is a high-yield perennial grass which 

mainly grows in North America. In general, SG is mainly composed of approximately 45% 

cellulose, 31.4% hemicellulose and 12% lignin (Sun et al., 2002). Environmental benefits 

associated with SG include its low-cost investment and maintenance, large abundance in the 

US, ability to resist diseases and high yield of sugar substance per acre (Limayem et al., 2012). 

Because of these benefits, switchgrass is regarded as a strong candidate for energy crop 

production (Sarath et al., 2008).  

Wheat (Triticum aestivum L.) is widely grown and cultivated in over 150 nations worldwide 

(Talebnia et al., 2010). With the increasing production of wheat, large amounts of WS are 

produced. About 82 million tons of WS is generated annually in the United States (Kadam et 

al., 2003). WS is mainly composed of cellulose, hemicellulose and lignin with a small amount 

of soluble substrates and ash (Talebnia et al., 2010). The content of cellulose, hemicellulose 

and lignin are 33-40%, 20-25% and 15-20%, respectively (Prasad et al., 2007). Burning is the 

traditional method of disposing wheat straw. However, large amounts of air pollutants such as 

particulate matter (PM10), CO and NO2 are produced in the burning process (Li et al., 2008). 

The air pollution may bring great damage to human health. Thus, alternative way to dispose of 

wheat straw such as AD is of great necessity.  

The specific objectives of this study were: (1) Identify the potential improvement of methane 

production from anaerobic co-digestion of swine wastewater with SG and WS under 
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mesophilic conditions; (2) Investigate the effect of total solids concentration (2%, 3%, 4%) on 

the methane production in batch anaerobic digesters.   

2. Materials and methods 

2.1 Origins of SWW, SG and WS 

Raw SWW was taken from the swine unit at the Lake Wheeler Road Field Laboratory 

(LWRFL) of North Carolina State University. The SWW was delivered to the laboratory and 

stored in the refrigerator at 4  until use. The air-dried SG was collected from the Central 

Crops Research Station in Clayton, North Carolina in late July, 2007. The air-dried WS 

(Pioneer 26R12) was obtained on June 14, 2010 from Kinston, North Carolina. After collection, 

the SG and WS were ground using a Thomas Wiley Laboratory Mill (Model No.4) to reduce 

their particle size into 1 mm. They were stored in sealed plastic bags at room temperature. The 

chemical characteristics of SWW, SG and WS are shown in Tables 1 and 2, respectively.  

 

Table 1. Chemical characteristics of swine wastewater. 

Parameters Units Means 

TS % 0.25 

VSa % 48 

COD mg/L 3626 

TOC mg/L 794.6 

TC mg/L 1674 
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Table 1 Continued 

TKN mg/L 765 

C/Nb - 1.04 

pH - 6.93 

a Values expressed as percent of TS 

b Value expressed as the ratio of TOC to TKN 

 

Table 2. Chemical characteristics of switchgrass and wheat straw. 

Parameters Units SG WS 

TS % 95.48 92.09 

VSa % 96.03 96.95 

COD mg/g 2156 2218 

Total Carbon % 45.50 43.88 

Total Nitrogen % 0.59 0.39 

Organic Matter % 86.68 88.65 

C/Nb - 77.12 112.5 

pH - 6.17c 6.43d 

                      a Values expressed as percent of TS 

                       b Value expressed as the ratio of total carbon to total nitrogen   

               c 8g sample/48mL water (1:6) 

               d 8g sample/64mL water (1:8) 
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2.2 Inoculum preparation   

The inoculum for the batch experiment was obtained from a 14L lab-scale continuously stirred 

tank reactor (Model number: MGF-214, New Brunswick Scientific Co., Edison, NJ) treating 

the mixture of SWW and corn stover for almost 2 years. The reactor was operated at 35  with 

a hydraulic retention time (HRT) of 25 days and an organic loading rate (OLR) of 0.924 kg 

VS/m3/d. It was fed with 560 mL SWW and 14 g corn stover (CS) every day. The CS was 

taken from the Central Crops Research Station in Clayton, North Carolina. The characteristic 

of the corn stover is shown in Table 3. An equal amount of effluent was withdrawn from the 

reactor at the same time. The effluent at steady-state was used as the inoculum for the batch 

experiment. The steady-state was determined by constant effluent pH and daily biogas 

production. The biogas production was measured with a wet tip gas meter and the biogas 

composition was determined by a gas chromatograph (model number: 17-A, Shimadzu Co.) 

equipped with a thermal conductivity detector (TCD).  

 

      Table 3. Chemical characteristics of corn stover. 

Parameters Units CS 

TS % 92.04 

VSa % 95.23 

COD mg/g 2306 

Total Carbon % 40.37 

Total Nitrogen % 0.71 
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Table 3 Continued 
 

Organic Matter % 87.38 

C/Nb - 56.85 

pH - 5.75c 

                                             a Values expressed as percent of TS 

                                             b Value expressed as the ratio of total carbon to total nitrogen   

                              c 8g sample/72mL water (1:9) 

 

2.3 Batch experiments  

The batch experiments were performed to identify the methane potential of anaerobic co-

digestion of swine wastewater with SG and WS, and determine the effect of total solids (TS) 

concentration on the methane yield. The test was carried out as triplicate batch experiments. 

Reusable media storage bottles were used as batch reactors, each has a working volume of 500 

mL. The culture collected from the continuously stirred tank reactor (CSTR) was used as 

inoculum in the batch experiments and 500 mL of inoculum was transferred to each batch 

reactor. In order to achieve the desired TS concentration (2%, 3%, 4%), the TS concentration 

of the inoculum was tested before each run of the experiment. The co-substrate (SG or WS) 

was added into batch reactor. The co-substrates were weighed using an analytical balance 

(ALF104, Ohaus Co., Pine Brook, NJ). Three reactors were picked randomly and each reactor 

was added with the weighed co-substrate.  

In order to remove the CO2 from the biogas produced in the batch reactors, chemical absorption  
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method is used. Savery et al. (1972) suggested that three agents NaOH, KOH and Ca(OH)2 

could be used in chemical scrubbing of biogas. In this case, NaOH was used as the chemical 

agent to absorb CO2 and H2S. Each bottle was connected with a filtering flask containing 500 

mL of 0.4M sodium hydroxide (NaOH) for cleaning the biogas, so the sole methane fraction 

could be measured directly through inverted graduated cylinder gas meter. After that, each 

batch reactor was purged with N2 for 2-3 minutes to remove O2 before it was sealed. Thereafter, 

reactors were placed in a thermostatic water bath maintained at mesophilic temperature (35 ± 

1 ) and continuously stirred at 270 rpm by magnetic bars. For each run, three controls with 

only inoculum were included to measure the methane production produced from the inoculum. 

The methane production (mL) was recorded daily until the cessation of methane production. 

Samples of reactor contents at the beginning and the end of the experiment were analyzed.  

2.4 Analytical methods  

Total solids (TS), volatile solids (VS), pH, total Kjeldahl nitrogen (TKN), chemical oxygen 

demand (COD), total organic carbon (TOC), total carbon and total nitrogen content of biomass 

were determined in accordance with American Public Health Association (APHA) standard 

methods (APHA, 1998).  

The TS content was determined by drying the sample in an isotemp oven at 105  for 24h. 

After 24h, the dried sample was put in a muffle furnace (Model 48000, Barnstead/Thermolyne 

Inc., Dubuque, IA) at 550  for 1 h to determine the VS content. The value of pH was 

determined using a portable pH meter (FG2, Mettler-Toledo International Inc., Schwerzenbach,  
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Switzerland). TKN analysis was conducted using a Bran+Luebbe® digital autoanalyzer Ⅲ 

system. COD was determined using the potassium dichromate-sulfuric acid digestion and 

colorimetric analysis. The colorimetric analysis was conducted using a spectrophotometer 

(DR/2010, Hach Co. Loveland, CO). The TC and TOC content were determined using a 

Teledyne Tekmar Apollo 9000 combustion TOC analyzer with auto sampler. For solid biomass 

sample, the total carbon and total nitrogen content were determined using a Leco 

Carbon/Nitrogen 2000 analyzer with autoloader; the organic matter was measured by an 

approximate relationship with organic carbon. The organic carbon was determined using the 

potassium dichromate-sulfuric acid digestion and colorimetric analysis.  

2.5 Statistical analysis  

The significance of differences was determined by using single factor Analysis of Variance 

(ANOVA). The ANOVA was performed using the SAS software version 9.3 (SAS institute, 

Cary, NC). A value of p less than or equal to 0.05 was considered to indicate statistically 

significant differences.  

2.6 Kinetic study 

Assuming first-order kinetics for the hydrolysis of particulate organic matter, the cumulative 

methane production can be expressed as: 

                       																					Y 1                                                        (1) 

Where Y=cumulative methane production from the batch test at time t (mL). Ymax = ultimate  
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methane production from the batch test at the end of the digestion time (mL). khyd = first-order 

hydrolysis rate constant (day-1).  

Linear regression and non-linear least squares were both analyzed for the first-order kinetic 

model.  

Linear regression: Eq. (1) provides an accurate representation of the batch results when 

hydrolysis is the rate-limiting step and the maximum methane production at the end of batch 

tests (Ymax) represents the total concentration of hydrolysable COD at the beginning of the tests 

(Parameswaran et al., 2012). Rearranging Eq. (1) yields 

 	ln 1                                    (2)  

A straight line could be obtained by plotting ln[1-(Y/Ymax)] against time, t. The slope value of 

the straight line would be the hydrolysis rate constant (khyd).   

Both the linear regression and non-linear least squares were performed using Microsoft Excel 

2013.  

3. Results and discussion 

3.1 Chemical characteristics of SWW, SG and WS 

The chemical characteristics of SWW, SG and WS are shown in Tables 1 and 2. The VS/TS 

ratio was 48.00, 96.03, and 96.95% for SWW, SG and WS, respectively. A higher VS/TS ratio 

means a higher organic content, which is desirable for methane production. This indicated that  
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SG and WS contained more digestible organic matter than the SWW. However, the results had 

shown that the C/N ratio for SG and WS were 77.62 and 111.6, respectively, which were high 

for the anaerobic digestion since the optimum C/N ratio should be between 20 and 30 (Smith 

et al., 2011). SWW also had an unbalanced C/N ratio of 1.04 which was too low.  

3.2 Performance of the continuously stirred tank reactor  

The steady-state data for the influent and effluent of the CSTR during the experimental period 

are shown in Table 4. The effluent taken at steady-state from the reactor was stored in the 

refrigerator at 4 oC as the inoculum for the later batch test. The volumetric biogas and methane 

production and specific biogas and methane yield during the CSTR operation are shown in 

Table 5.  

 

Table 4. Steady-state data for the influent and effluent of CSTR treating swine wastewater 
and corn stover (from December 2012 to May 2013) (Means± Standard deviation).  

Parameters Units Influent Effluent  

TS % 2.49±0.21 0.93±0.07 

VSa % 85.92±1.81 76.26±1.17 

COD mg/L 38950±7100 14590±1240 

TKN mg/L 536±125 563±153 

pH - 6.79±0.09 7.23±0.13 

                       a Values expressed as percent of TS 
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Table 5. Daily biogas and methane production and specific biogas and methane yield during 
CSTR operation (from December 2012 to May 2013).  

Parameters Units Means 

Daily biogas production mL/d 5070* 

Daily methane production mL/d 2871*

Methane content % 56.63 

Specific biogas yield m3/kg VSadded 0.423 

Specific methane yield m3/kg VSadded 0.240 

* Values expressed at room temperature of 23oC.  

 

From Table 5, we can find that the specific biogas and methane yield were 0.423 and 0.240 

m3/kg VSadded, respectively. Fujita et al. (1980) reported the specific biogas production of 0.305 

m3/kg VSadded when the swine manure and corn stover were co-digested together under 

mesophilic (39 ) temperature with a hydraulic retention times of 16 days. Li et al. (2013) 

found that the specific biogas and methane yield were 0.417 and 0.214 m3/kg VSadded, 

respectively when the chicken manure was co-digested with corn stover in batch mode.   

3.3 Performance of batch test at 4% TS 

The average accumulated methane production (mL) and daily methane production (mL/d) in 

the batch reactors with 4% initial TS concentration are shown in Figures 1 and 2, respectively.  

Methane production started immediately on the first day of the digestion in all batch reactors. 

In the control reactors with the inoculum alone, the methane production rate increased to its  
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peak value (66 mL/d) on the third day of digestion, then gradually decreased to 2 mL/d on day  

29, and finally ceased on day 30. For the mixture of inoculum with SG at 4% TS condition, 

the methane production level peaked (120 mL/d) after 3 days of digestion and then suddenly 

dropped the next day. After day 4, the methane production rate slowly increased again with 

some fluctuations until day 36. Thereafter, the methane production rate declined and almost 

ceased on day 41. The high initial methane production for day 1-3 was probably due to the 

preferential digestion of readily biodegradable organic materials such as carbohydrates (Ahn 

et al., 2010). The dissipation of the readily biodegradable organic materials may have caused 

the temporary methane production decrease on the following day (Ahn et al., 2010; Demirer 

et al., 2008). However, the mixture of inoculum with WS at 4% TS showed a completely 

different biogas production profile compared with the others. The methane production reached 

its peak value (87 mL/d) on day 2, then the methane production rate continuously decreased 

and almost ceased only after 11 days digestion period. The failure of reactors was probably 

attributed to the composition of biomass such as lignin content. Crop residues are primarily 

composed of cellulose, hemi-cellulose and lignin among which lignin is the least biodegradable 

material in anaerobic digestion. So the crop residues containing higher lignin content would 

limit the degradation of fibers and further caused the low yield of methane production. Future 

research can be conducted to analyze the lignin content of the crop residues used in the study. 

The pH value of the effluent was 4.88 which was low compared with the optimum range which 

was between 6.8 and 7.2 (Ward et al., 2008). This indicated the high concentration of volatile 

fatty acids (VFA) accumulated within the reactor. If the methanogens are inhibited by  
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unfavorable conditions, they will not use the acids as rapidly as the acids are produced, which 

results in an increase of the VFA concentration (Itodo et al., 1999).  

 

 

 

Figure 1. Average accumulated methane production of inoculum only and mixture of inoculum 

with SG and WS at initial 4% TS concentration in batch test. Error bars were obtained based 

on three replicates.  
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Figure 2. Average daily methane production of inoculum only and mixture of inoculum with 

SG and WS at initial 4% TS concentration in batch test. Error bars were obtained based on 

three replicates.  

 

The initial and final characteristics of digester contents at 4% TS concentration are shown in 

Table 6. The addition of SG had an important effect on parameters such as TSremoval, CODremoval 

and total accumulated methane production. Compared with the initial inoculum, the addition 

of SG to give a final 4% TS concentration resulted in 237%, 41%, 319%, and 18 times increase 

in TS, TKN, COD and TOC, respectively. After digestion, the TKN of the mixture of inoculum 

and SG increased by 24%, while the COD and TOC decreased by 33% and 90% compared 

with the initial concentration. The TSremoval and CODremoval efficiency were almost twice than 

that of the inoculum only. The total accumulated methane production for the mixture of SG  
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and inoculum was 1758 mL which was almost 4 times greater than that of inoculum only. The 

methane yield for the mixture of inoculum and SG was 0.104 m3/kg VSadded. The final pH in 

the reactors with inoculum only and mixture of inoculum with SG decreased by around 5%, 

but the values were still within the optimum range.  

 

Table 6. Characteristics of initial and final digester contents at initial 4% TS concentration 
(values are expressed as mean of triplicate samples) 

Parameters Units Inoculum only  Inoculum+WS  Inoculum+SG 

  Initial Final   Initial  Final  Initial  Final  

Initial and final composition  

TS % 1.10 0.89  3.85 3.89  3.71 2.46 

VSa % 80.00 75.56  92.00 92.61  91.00 86.14 

TKN mg/L 471 539  602 506  662 822 

COD mg/L 15260 12700  59100 53830  64000 42770 

TOC mg/L 830 753.2  15600 3642  15600 1631 

C/Nb - 1.76  25.92   23.56  

pH - 7.10 6.77  7.44 4.88  7.17 6.80 

Removal efficiency  

TSremoval % 19  -  34 

VSremoval % 24  -  37 

CODremoval % 17  9  33 
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Table 6 Continued 

Methane characteristics 

Total 

accumulated 

methane 

production 

 

 
 
 
 
mL 
 

 

 
 
 
 
401 
 
 

  

 
 
 
 
291 
 
 

  

 
 
 
 
1758 
 
 

Methane   

yield 

m3/kg 

VSadded 

0.091 

 

 -  0.104 

 

      a Values expressed as percent of TS 

      b C/N expressed as the ratio of TOC to TKN 

 

3.4 Performance of batch test at 3% TS 

The average accumulated methane production (mL) and daily methane production (mL/d) in 

the batch test with 3% initial TS concentration are shown in Figures 3 and 4, respectively. 

Methane production started immediately on the first day of digestion in all batch reactors. For 

the inoculum only, the methane production rate gradually reached its peak value (56 mL/d) on 

the fourth day of digestion and then gradually decreased to 5 mL/d on day 26 and finally ceased 

on day 30. For the mixture of inoculum with WS at 3% TS condition, the methane production 

rate increased to its peak value (192 mL/d) on the second day and then decreased to 114 mL/d 

on the third day. On day 4, the methane production rate increased again to another peak value 

which was 192 mL/d. After day 4, the daily methane production slowly decreased, with some  
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fluctuations, and almost ceased at day 25. For the mixture of inoculum with SG at 3% TS 

condition, the methane production level peaked (178 mL/d) after 4 days of digestion, thereafter, 

the methane production rate continuously decreased and almost ceased on day 25.  

 

 

Figure 3. Average accumulated methane production of inoculum only and mixture of inoculum 

with SG and WS at initial 3% TS concentration in batch test. Error bars were obtained based 

on three replicates.  
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Figure 4. Average daily methane production of inoculum only and mixture of inoculum with 

SG and WS at initial 3% TS concentration in batch test. Error bars were obtained based on 

three replicates.  

 

The initial and final characteristics of digester contents at initial 3% TS concentration are 

shown in Table 7. Compared with the inoculum only, the addition of WS to give an initial 3% 

TS concentration resulted in 211%, 13%, 298%, and 13 times increase in TS, TKN, COD and 

TOC, respectively. After digestion, the TKN, COD and TOC of the mixture of inoculum and 

WS decreased by 6%, 59% and 90% compared with the initial concentration. The TSremoval and 

CODremoval efficiency were almost three times and twice greater than that of inoculum only, 

respectively. The methane yield for the mixture of inoculum and WS was 0.133 m3/kg VSadded.  
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The addition of SG to give an initial 3% TS concentration resulted in 183%, 18%, 385%, and 

13 times increase in TS, TKN, COD and TOC, respectively. After digestion, the COD and 

TOC of the mixture of inoculum and SG decreased by 61% and 28%, respectively. The 

TSremoval and CODremoval efficiency were almost three times and four times greater than that of 

inoculum only, respectively. The total accumulated methane production for the mixture of WS 

with inoculum and mixture of SG with inoculum were 1859 mL and 1471 mL, respectively, 

which was almost five times and four times greater than that of inoculum only. The methane 

yield for the mixture of inoculum and SG was 0.117 m3/kg VSadded. pH of the final reactor 

contents decreased by about 7%-10%, but was still within the optimum range.   

 

Table 7. Characteristics of initial and final digester contents at initial 3% TS concentration 
(values are expressed as mean of triplicate samples) 

Parameters Units Inoculum only  Inoculum+WS  Inoculum+SG 

  Initial  Final  Initial  Final   Initial  Final  

Initial and final composition  

TS % 0.99 0.88  3.08 1.90  2.80 1.87 

VSa % 77.78 73.93  91.01 85.27  89.67 84.51 

TKN mg/L 655 605  738 695  776 788 

COD mg/L 15850 10330  63100 25570  76800 30270 

TOC mg/L 757 493  10050 1038  10050 849 

C/Nb - 1.16  13.63  12.96 

pH - 7.62 6.87  7.32 6.82  7.17 6.80 
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Table 7 Continued 

Removal efficiency  

TSremoval % 11  38  33 

VSremoval % 16  42  37 

CODremoval % 35  60  61 

Methane characteristics 

Total 

accumulated 

methane 

production 

 

 

 

mL 

 
 
 

 
 
386 

  

 
 
 
 
1859 

  

 
 
 
 
1471 

Methane 

yield 

m3/kg 

VSadded 

0.1  0.133  0.117 

    a Values expressed as percent of TS 

b C/N expressed as the ratio of TOC to TKN 

 

3.5 Performance of batch test at 2% TS 

The average accumulated methane production (mL) and daily methane production (mL/d) in 

the batch test with initial 2% TS concentration are shown in Figures 5 and 6, respectively. 

Methane production started immediately on the first day of the digestion in all batch reactors. 

For the inoculum only, the methane production rate gradually reached its peak value (53 mL/d) 

on the second day of digestion, then gradually decreased to 26 mL/d on the fourth day, and 

reached another peak value (41 mL/d) on the fifth day. The methane production rate  
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continuously decreased and finally ceased on day 23. For the mixture of inoculum with WS at 

initial 2%TS condition, the methane production rate increased to its peak value (230 mL/d) on 

the second day, and then decreased to 92 mL/d in two days. It increased again to another peak 

value (131 mL/d) on day 5. After day 5, the daily methane production slowly decreased with 

some fluctuations, and almost ceased at day 21. For the mixture of inoculum with SG at initial 

2% TS condition, the methane production level peaked (151 mL/d) after 2 days of digestion 

and reached another peak value (118 mL/d) on the fifth day. Thereafter, the methane 

production rate continuously decreased and finally ceased on day 23.   

 

Figure 5. Average accumulated methane production of inoculum only and mixture of inoculum 

with SG and WS at initial 2% TS concentration in batch test. Error bars were obtained based 

on three replicates.  
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Figure 6. Average daily methane production of inoculum only and mixture of inoculum with 

SG and WS at initial 2% TS concentration in batch test. Error bars were obtained based on 

three replicates.  

 

The initial and final characteristics of digester contents at initial 2% TS concentration are 

shown in Table 8. The addition of WS to give an initial 2% TS concentration resulted in 104%, 

8%, 209%, and 6 times increase in TS, TKN, COD, and TOC compared with those of inoculum 

only. After digestion, the COD and TOC decreased by 56% and 90% while the TKN increased 

by 11% compared with initial concentration of the mixture of inoculum and WS. The TSremoval 

and CODremoval efficiencies were almost four times and three times greater than that of 

inoculum only.  

Compared with inoculum only, the addition of SG to give an initial 2% TS concentration  
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resulted in 86%, 11%, 91%, and 6 times increase in TS, TKN, COD, and TOC, respectively.  

After digestion, the COD and TOC decreased by 29% and 90% while the TKN increased by 

22% in comparison with the initial concentration of the mixture of inoculum and SG. The 

higher TKN concentration in the final digester content was probably caused by the sampling 

error and slight evaporation of water into the biogas. The TSremoval and CODremoval efficiencies 

were almost three times and 1.5 times greater than that of inoculum only.  

The total accumulated methane production for the mixture of WS and inoculum and the 

mixture of SG and inoculum were 1149 mL and 1047 mL, respectively, which was almost 

three times of that of the inoculum only. The methane yield for the inoculum only, mixture of 

inoculum with WS, and mixture of inoculum with SG were 0.104, 0.133 and 0.137 m3/kg VSadded, 

respectively. pH of final reactor contents decreased by about 5%-10% but was still within the 

optimum range.  

 

Table 8. Characteristics of initial and final digester contents at initial 2% TS concentration 
(values are expressed as mean of triplicate samples) 

Parameters Units Inoculum only  Inoculum+WS  Inoculum+SG 

  Initial  Final   Initial  Final   Initial  Final  

Initial and final composition  

TS % 0.95 0.87  1.94 1.28  1.77 1.40 

VSa % 76.80 73.84  89.35 80.26  86.46 83.16 

TKN mg/L 575 621  618 687  638 775 

COD mg/L 13500 10770  41700 18410  25725 18290 
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Table 8 Continued 

TOC mg/L 994 481.7  5856 592.0  5853 585.9 

C/Nb - 1.73  9.48  9.18 

pH - 7.16 6.80  7.42 6.74  7.24 6.44 

Removal efficiency  

TSremoval % 8   32   21  

VSremoval % 12   41   24  

CODremoval % 20   56   29  

Methane characteristics 

Total 

accumulated 

methane 

production  

 

 
 
 
 
mL  

 

 
 
 
 
380 

   

 
 
 
 
1149 

   

 
 
 
 
1047 

 

Methane 

yield 

m3/kg 

VSadded 

0.104   0.133   0.137  

      a Values expressed as percent of TS  

      b C/N expressed as the ratio of TOC to TKN 

 

3.6 Statistical analysis  

3.6.1 Inoculum at different TS concentrations 

The significance of the differences in methane production of the inoculum at different TS 

concentrations was performed using proc glm procedure. The SAS code and ANOVA table 

were shown in  
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Appendix E. The results indicated that the inoculum at different TS concentration (2%, 3%, 

4%) were not significantly different (p = 0.3503, which was much higher than 0.05).  

3.6.2 Methane yield of the mixture of inoculum and WS at different TS concentrations 

The significance of differences of the methane yield of the mixture of inoculum and WS at 2% 

and 3% TS was performed using proc glm procedure. The SAS code and ANOVA table were 

shown in Appendix E. The results indicated that the methane yield of the mixture of inoculum 

and WS at 2% and 3% TS were not significantly different (p = 0.9509).  

3.6.3 Methane yield of the mixture of inoculum and SG at different TS concentrations 

The significance of differences of the methane yield of the mixture of inoculum and SG at 

different TS concentrations was performed using proc glm procedure. The SAS code and 

ANOVA table were shown in Appendix E. The results indicated that the methane yield of the 

mixture of inoculum and SG at 2%, 3%, 4% TS concentrations were significantly different (p 

= 0.0232).  

3.7 Discussion of batch experiments  

The present study showed that anaerobic co-digestion of SG and WS with digested swine 

wastewater under different TS concentrations. Similar studies were also conducted by other 

researchers focusing on the TS concentration effect on the biogas yield. However, the 

substrates they used were different. Igoni et al. (2007) investigated the effect of TS 

concentration of municipal solid waste on the biogas production in batch mode and the result 

showed that the optimum biogas production occurred at 20% TS concentration. Forster- 
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Carneiro et al. (2008) analyzed the influence of TS (20%, 25%, 30%) and inoculum contents  

on the biomethanization process of food waste. It was found that the best performance was 

achieved when the reactor contained 20% of TS and 30% of inoculum. Itodo et al. (1999) 

studied the effect of TS concentration (5%, 10%, 15%, 20%) of poultry, cattle and piggery 

waste on biogas yield. The results indicated that the gas yield increased with the decreasing TS 

concentration of the slurries. Similar trend was observed when the SG was co-digested with 

digested SWW in our study. The highest methane yield was achieved at 2% TS.  

The methane yield of WS with digested SWW was 0.133 m3/kg VSadded in the present study. 

Past studies had been conducted on the production of methane from the combinations of wheat 

straw and swine manure under different operational conditions. Fischer et al. (1983) reported 

the biogas yield was 0.38-0.40 m3/kg VSadded when the swine manure was co-digested with 

wheat straw under mesophilic temperature in a 20 L digester with an organic loading rate (OLR) 

of 4g VS/L/d and a HRT of 15 days. Wang et al. (2013) found that the methane potential was 

0.156-0.234 m3/kg VSadded when the dairy manure, chicken manure were mixed under different 

ratios (100:0, 0:100, 50:50) and co-digested with wheat straw.  

The methane yield of SG with digested SWW were in the range of 0.104-0.137 m3/kg VSadded 

in the present study. Frigon et al. (2012) studied the anaerobic co-digestion of dairy manure 

with mulched switchgrass using methane potential assays. The result showed that a methane 

yield of 0.262 m3/kg VSadded was achieved when the dairy manure was co-digested with the 

mulched switchgrass. The reason for the higher methane yield was attributed to the differences 

in feedstock characteristic. The TS concentration of the dairy manure was between 14.4% and 

15.3% which was much higher than the TS concentration of substrates used in the present  
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study. Similar results were also found by Ahn et al. (2010) when they co-digested swine 

manure with SG under dry (15% TS) and thermophilic (55℃ 	conditions. The results 

indicated that the swine manure-switchgrass mixture gave a methane yield of 0.337 m3/kg 

VSadded . The higher methane yield in their study was probably because the high TS 

concentration of the feedstock and thermophilic temperature.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

60 

3.8 Kinetic study 

Figure 7 shows the plot of Eq. (2) for the batch tests in this study. The slope of the linear 

regression lines fits to hydrolysis constants well. Table 9 summarizes the results of the first-

order kinetic model using linear regression analysis.  

 

 

Figure 7. Linear regression analysis using first-order kinetic model  

 

Table 9. Results of kinetic study using linear regression analysis 

Sample type Hydrolysis constant 

(khyd, day-1) 

R2 

Inoculum + SG (4% TS) 0.06 0.9761 
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Table 9 Continued 

Inoculum + SG (3% TS) 0.14 0.986 

Inoculum + SG (2% TS) 0.16 0.99 

Inoculum + WS (3% TS) 0.14 0.9808 

Inoculum + WS (2% TS) 0.19 0.9947 

 

As shown in Table 9, the R2 values for all evaluated cases are close to 1. This means that the 

linear regression analysis fits well to the estimation of hydrolysis constants. The khyd of the 

mixture of inoculum and SG at 4% TS increased by 133% compared with that at 3% TS. The 

khyd of the mixture of inoculum and SG at 3% TS increased by 14% compared with that at 

2% TS. For the mixture of inoculum and WS, the khyd increased by 36% at 2% TS in 

comparison with that at 3% TS.  

The Excel Solver was used to determine the least squares best estimate of khyd for all 

evaluated cases. The appearance of spreadsheets after Solver had finished its operation were 

shown in Appendix E. A summary of the results are shown in Table 10.  

 
 

Table 10. Results of kinetic study using non-linear least squares  

Sample type Hydrolysis constant 

(khyd, day-1) 

Inoculum + SG (4% TS) 0.06 

Inoculum + SG (3% TS) 0.12 
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Table 10 Continued 

Inoculum + SG (2% TS) 0.15 

Inoculum + WS (3% TS) 0.12

Inoculum + WS (2% TS) 0.19

 

By comparing the data from Table 9 and Table 10, we can find that estimates of hydrolysis 

constant using linear regression and non-linear least squares are very close. Using both 

methods confirm the accuracy of the data.  

A wide range of values of the first-order rate coefficients for different substrates had been 

reported by other researchers. Kafle et al. (2013) reported that khyd constants were in the 

range of 0.032-0.072 day-1 when the swine manure was co-digested with apple waste under 

different mix ratios. Parameswaran et al. (2012) found that the khyd contants were between 

0.024, 0.03 and 0.05 day-1 when the pig waste and paper sludge were mixed at 3:1, 1:1 and 

1:3 ratio. Xie et al. (2011) studied the hydrolysis process at different pig manure/grass silage 

ratios using first-order model and found that the khyd constants were between 0.34 and 0.56 

day-1. Llabrés-Luengo et al. (1987) did kinetic study of the anaerobic digestion of pig manure 

and wheat straw mixture using first-order kinetic model and found that the khyd constants 

were between 0.0174-0.0198 day-1. The wide range of values can be explained by different 

experimental conditions, different substrates and the lumped effect of disintegration and 

hydrolysis (Vavilin et al., 2008).  
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4. Conclusions  

Switchgrass and wheat straw were anaerobically treated with digested swine wastewater under 

different TS concentrations (2%, 3%, 4%) at mesophilic temperature in batch mode. The 

digested swine wastewater was used as the inoculum and it was taken from the steady-state 

effluent of a CSTR operated at an HRT of 25 days with an organic loading rate (OLR) of 0.924 

kg VS/m3/d. The addition of WS resulted in an increase in total accumulated methane 

production, but a further increase in TS concentration to 4% had a negative synergistic effect 

due to the rapid accumulation of VFA and drop in pH. The methane yield of mixture of 

inoculum and WS were 0.133 m3/kg VSadded at 2% and 3% initial TS concentrations. The highest 

methane yield (0.137 m3/kg VSadded) occurred when the mixture of inoculum with SG were 

anaerobically digested at 2% TS concentration. The first-order kinetic model was evaluated in 

the experiment and the results indicated that the model fitted well to the experimental data. It 

can be concluded that anaerobic batch co-digestion of swine waste with SG and WS at 2-3% 

initial TS concentration is recommended for application.  
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CHAPTER 3 RTI’S BIOGAS CO-DIGESTER CREATOR 

In the spring 2013, I am very honored to work as an intern in the Global Climate Change and 

Environmental Sciences (GCCES) department of RTI International. During my internship in 

RTI, I was involved in the process of developing RTI’s co-digester creator software, version 

3.0. In this chapter, I will mainly introduce the toolkit, the work I did during my intern period 

and future directions in improving the software.  

Anaerobic co-digestion has gained much attention in recent years. Through the joint 

combination of different substrates, the C/N ratio will be balanced and the methane production 

will be improved. The purpose of RTI’s co-digester creator toolkit is to help the user balance 

the C/N ratio by selecting from different kinds of substrates including:   

 Brown wastes (dairy manure, cattle manure, chickens manure, pig manure and people 

wastes)  

 Green wastes (corn stover, fruit wastes, grass, rice straw, water hyacinth, wheat straw 

and corn stalk)  

 Food wastes (either the fats, oil and grease (FOG) from grease traps or food scraps)  

After the selection is made, the user can enter the number of units to balance the C/N ratio. 

The C/N ratio of influent codigester waste varies based on the substrate selected and the value 

can be observed directly on the input page. Then the climate (tropical, subtropical, temperate) 

and retention time information are added according to the users’ need. The user can choose 

from either the plug flow digester (bag digester) which is ideal for smaller flows or the Chinese 

dome digester which is ideal for larger family backyard and small commercial operations. By 
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clicking the “Create Biogas Codigestor” icon, a sketch of digester and its dimension will be 

shown.  

Here is an example. On the input page (Figure 1), suppose 20 pigs’ wastes are mixed with 9 

kg of wheat straw in a codigester to achieve a desirable C/N ratio of 21.2. The climate is 

tropical and the detention time is 30 days. The type of biogas codigester is selected as dome 

codigester.  

 

 

Figure 1. RTI’s co-digester creator - Toolkit input page. 
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When the users click the “Parameters” icon, a parameter sheet will come out showing the 

characteristics of the substrates. Variables such as TS, VS, moisture, %C, %N of the feedstock 

can be viewed and edited based on the user’s needs. A screenshot of parameters page is shown 

in Figure 2.  

 

 

Figure 2. RTI’s co-digester creator - Parameters page. 
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The output page is shown in Figure 3. The result is a dome biogas digester, the dimensions of 

the chamber is 1.93 meters high by 2.66 meters in diameter while the dimensions of hydraulic 

chamber is 0.57 meters high by 4.09 meters in diameter. The volume of the upper dome, cross 

sectional and lower dome are 1.55m3, 5.90 m3 and 0.94 m3, respectively. The toolkit also 

determines the energy potential and in this example the average methane volume, power and 

stove hours are 11.88 m3, 1.65 KW and 21.38 hours per day, respectively. The energy potential 

is significant and it demonstrates the application of co-digestion of pig manure with wheat 

straw can produce enough methane for heat and electricity generation.  

 

 

Figure 3. RTI’s co-digester creator- Toolkit output page.  
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During my internship, my main duty was to provide the lab-scale data to calibrate parameters 

of the toolkit and made them function well. They are very interested in the data related with 

the characteristics of biomass such as TS%, VS%, moisture content, %C and %N.  

Table 1 showed the data I obtained in the lab of different kinds of biomass and provided to 

RTI in order to calibrate parameters such as TS, VS, moisture, %C and %N of the toolkit.  

 

Table 1. Chemical characteristics of biomass  

Biomass TS (%) VSa (%) Moisture 

(%) 

%C %N 

Corn stover 92.04 95.23 7.96 40.37 0.71 

Switchgrass 95.48 96.03 4.52 45.50 0.59 

Rice straw 91.41 81.47 8.59 36.42 0.71 

Wheat straw 92.09 96.95 7.91 43.88 0.39 

Bermudgrass 92.70 94.34 7.30 43.20 0.97 

Cocoa husk 93.35 87.95 6.65 44.97 1.36 

                   a Values expressed as percent of TS  

 

Besides providing these lab-scale data, I also provided them with many recent research articles 

in anaerobic co-digestion. They found useful information in these articles especially the one 

which was written by Wu et al. (2010). They used the C/N ratio- gas increase data of the swine  
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waste with three crop residues (wheat straw, corn stalks, oat straw) to test the effectiveness of 

the toolkit.  

However, the software is still in development testing phase. There is very much a work in 

progress. The version 3.0 is intended to present a basic concept. By far, the toolkit only works 

under two circumstances: (1) combination of brown waste with wheat straw, corn straw or oat 

straw when the C/N ratio is between 14 and 25; (2) combination of swine manure and FOG 

wastes when the C/N ratio is between 14 and 20. Future directions will lie in getting more 

feedstock characteristics data and finding the relationship between C/N ratio and gas 

production.  
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APPENDIX 
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Appendix A. Raw data, 4% TS batch test 

 

 

 

C1 C2 C3 WS1 WS2 WS3 SG1 SG2 SG3
2/5/2013 0 0 0 0 0 0 0 0 0 0 0
2/5/2013 1 1 2 5 5 7 12 13 16 19 16
2/5/2013 1 3 10 13 10 37 27 44 47 53 43
2/5/2013 1 7 10 15 10 67 37 74 74 79 73
2/6/2013 2 15 20 25 25 147 100 161 127 133 121
2/6/2013 2 27 28 35 35 157 113 170 189 188 161
2/7/2013 3 39 53 65 67 177 147 194 257 255 231
2/7/2013 3 51 91 105 99 195 172 218 313 308 276
2/8/2013 4 66 133 150 150 220 202 241 392 380 344
2/9/2013 5 90 166 180 196 238 247 264 482 464 413

2/10/2013 6 114 194 216 232 238 257 264 561 534 474
2/11/2013 7 138 230 246 266 238 257 264 634 622 566
2/12/2013 8 162 239 261 278 241 259 271 690 667 624
2/13/2013 9 186 253 279 290 247 259 274 717 709 657
2/14/2013 10 210 263 289 301 260 262 284 762 754 699
2/15/2013 11 234 273 304 318 260 262 284 805 799 732
2/16/2013 12 258 295 316 328 260 262 284 850 849 767
2/17/2013 13 282 300 321 334 261 262 284 883 889 812
2/18/2013 14 306 302 322 337 265 265 287 938 939 867
2/19/2013 15 330 307 332 350 268 266 290 1003 1014 946
2/20/2013 16 354 313 337 359 268 266 290 1044 1064 1001
2/21/2013 17 378 319 343 362 268 266 290 1084 1114 1036
2/22/2013 18 402 324 348 369 268 266 290 1119 1145 1069
2/23/2013 19 426 329 352 374 268 266 290 1151 1186 1104
2/24/2013 20 451 340 365 386 273 266 295 1203 1233 1169
2/25/2013 21 475 345 371 391 273 266 295 1238 1263 1199
2/26/2013 22 499 355 380 399 273 266 297 1276 1298 1234
2/27/2013 23 523 367 395 412 275 266 307 1330 1343 1275
2/28/2013 24 547 371 398 418 285 270 311 1367 1386 1300
3/1/2013 25 571 373 398 418 290 273 311 1393 1411 1332
3/2/2013 26 595 375 400 421 290 273 311 1428 1446 1362
3/3/2013 27 621 375 400 421 290 273 311 1453 1472 1382
3/4/2013 28 645 375 400 421 290 273 311 1478 1496 1402
3/5/2013 29 669 378 403 421 290 273 311 1513 1536 1437
3/6/2013 30 693 378 403 421 290 273 311 1525 1545 1443
3/7/2013 31 717 378 403 421 290 273 311 1548 1566 1477
3/8/2013 32 741 378 403 421 290 273 311 1573 1591 1522
3/9/2013 33 765 378 403 421 290 273 311 1593 1621 1582

3/10/2013 34 789 378 403 421 290 273 311 1615 1646 1647
3/11/2013 35 813 378 403 421 290 273 311 1638 1671 1707
3/12/2013 36 837 378 403 421 290 273 311 1666 1696 1768
3/13/2013 37 861 378 403 421 290 273 311 1678 1711 1790
3/14/2013 38 885 378 403 421 290 273 311 1691 1726 1790
3/15/2013 39 909 378 403 421 290 273 311 1701 1749 1800
3/16/2013 40 933 378 403 421 290 273 311 1709 1758 1808
3/17/2013 41 957 378 403 421 290 273 311 1709 1758 1808

Date
Time 

(days)
Time 

(hours)
Accumulated methane production (mL) 
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Appendix B. Raw data, 3% TS batch test 

 

 

 

C1 C2 C3 WS1 WS2 WS3 SG1 SG2 SG3
3/20/2013 0 0 0 0 0 0 0 0 0 0 0
3/20/2013 1 1 5 5 3 20 15 12 5 8 4
3/20/2013 1 3 10 10 8 35 32 32 25 30 22
3/20/2013 1 7 15 15 15 75 65 67 57 60 52
3/21/2013 2 18 38 27 31 180 175 167 145 155 135
3/21/2013 2 30 60 45 54 265 263 255 220 234 217
3/22/2013 3 43 80 64 71 362 394 370 301 317 313
3/23/2013 4 69 136 117 130 556 586 559 463 491 510
3/24/2013 5 93 170 169 183 732 775 739 594 625 648
3/25/2013 6 115 206 213 220 868 901 878 691 716 758
3/26/2013 7 139 231 238 255 1003 1040 1013 785 812 863
3/27/2013 8 163 246 259 270 1138 1192 1149 872 896 955
3/28/2013 9 188 252 269 282 1228 1294 1276 947 974 1055
3/29/2013 10 212 257 279 287 1293 1377 1359 1024 1040 1109
3/30/2013 11 236 264 284 297 1358 1435 1434 1079 1094 1160
3/31/2013 12 260 280 301 311 1426 1511 1509 1129 1152 1220
4/1/2013 13 284 288 307 322 1478 1565 1572 1169 1197 1270
4/2/2013 14 308 293 316 325 1521 1608 1618 1200 1212 1298
4/3/2013 15 332 300 321 328 1555 1642 1656 1230 1238 1335
4/4/2013 16 356 307 326 331 1589 1678 1699 1248 1268 1373
4/5/2013 17 381 315 336 336 1610 1713 1739 1268 1298 1403
4/6/2013 18 405 317 341 338 1626 1733 1760 1287 1314 1421
4/7/2013 19 428 320 346 340 1654 1752 1794 1305 1332 1438
4/8/2013 20 452 325 351 345 1682 1763 1821 1317 1348 1465
4/9/2013 21 476 330 358 350 1707 1776 1844 1327 1366 1484

4/10/2013 22 500 335 362 355 1722 1792 1869 1337 1379 1503
4/11/2013 23 524 340 368 360 1733 1804 1887 1345 1392 1510
4/12/2013 24 548 350 375 368 1747 1818 1899 1350 1409 1528
4/13/2013 25 573 355 377 373 1752 1823 1907 1355 1421 1528
4/14/2013 26 597 360 382 378 1759 1831 1917 1357 1436 1538
4/15/2013 27 620 365 386 382 1767 1836 1927 1376 1448 1543
4/16/2013 28 644 375 391 387 1777 1840 1932 1382 1456 1553
4/17/2013 29 668 375 396 387 1786 1848 1942 1392 1463 1558
4/18/2013 30 692 375 396 387 1786 1848 1942 1392 1463 1558
4/19/2013 31 716 375 396 387 1786 1848 1942 1392 1463 1558

Date
Time 
(days)

Time 
(hours)

Accumulated methane production (mL) 
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Appendix C. Raw data, 2% TS batch test 

 

 

 

C1 C2 C3 WS1 WS2 WS3 SG1 SG2 SG3
4/25/2013 0 0 0 0 0 0 0 0 0 0 0
4/25/2013 1 1 10 5 13 27 28 18 6 2 5
4/25/2013 1 3 17 15 27 49 51 51 26 11 25
4/25/2013 1 7 27 20 40 87 88 86 56 16 55
4/26/2013 2 19 47 50 70 212 213 209 146 76 145
4/26/2013 2 31 70 80 95 315 326 310 211 159 210
4/27/2013 3 44 97 105 123 433 446 427 326 254 285
4/27/2013 3 55 112 130 145 505 521 502 371 310 340
4/28/2013 4 68 137 155 172 592 616 597 431 365 400
4/29/2013 5 92 182 190 215 712 744 743 533 495 523
4/30/2013 6 116 222 225 253 786 829 827 608 600 608
5/1/2013 7 141 252 245 278 838 892 892 663 705 683
5/2/2013 8 164 257 260 293 873 937 935 703 780 738
5/3/2013 9 188 268 271 300 900 974 972 741 840 783
5/4/2013 10 213 282 280 313 927 1012 1006 769 895 818
5/5/2013 11 237 295 290 323 950 1047 1036 796 940 850
5/6/2013 12 261 307 305 338 970 1072 1061 818 985 883
5/7/2013 13 285 317 310 343 987 1092 1083 836 1005 903
5/8/2013 14 308 322 312 346 1000 1102 1089 846 1015 923
5/9/2013 15 332 328 316 351 1005 1112 1104 856 1035 938

5/10/2013 16 356 342 325 358 1022 1126 1113 876 1060 962
5/11/2013 17 380 342 325 358 1032 1140 1122 886 1085 972
5/12/2013 18 404 357 335 373 1049 1155 1139 884 1115 992
5/13/2013 19 428 359 340 373 1055 1160 1147 891 1130 1003
5/14/2013 20 452 367 345 378 1065 1175 1157 906 1150 1017
5/15/2013 21 476 377 355 386 1075 1185 1166 916 1162 1027
5/16/2013 22 500 384 362 393 1085 1190 1172 926 1177 1037
5/17/2013 23 524 384 362 393 1085 1190 1172 926 1177 1037
5/18/2013 24 548 384 362 393 1085 1190 1172 926 1177 1037
5/19/2013 25 572 384 362 393 1085 1190 1172 926 1177 1037

Date
Time 

(days)
Time 

(hours)
Accumulated methane production (mL) 
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Appendix D. SAS code and ANOVA table 

Inoculum at different TS concentration 

data inoculum; 
input TS production; 
datalines; 
4 378 
4 403 
4 421 
3 375 
3 396  
3 387 
2 384 
2 362 
2 393 
run; 
proc glm data=inoculum; 
class TS; 
model production= TS; 
run; 
 

 
Methane yield of the mixture of inoculum and WS at different TS concentration 

data WS; 
input TS yield; 
datalines; 
3 0.127 
3 0.132 
3 0.139 
2 0.125 
2 0.137 
2 0.135 
run; 
proc glm data=WS; 
class TS; 
model yield= TS; 
run; 
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Methane yield of the mixture of inoculum and SG at different TS concentration 

data SG; 
input TS yield; 
datalines; 
4 0.101 
4 0.104 
4 0.107 
3 0.110 
3 0.117 
3 0.124 
2 0.121 
2 0.154 
2 0.136 
run; 
proc glm data=SG; 
class TS; 
model yield= TS; 
run; 
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Appendix E. Spreadsheets after Solver finished its operation  

Inoculum+SG (4% TS) 

 

 
 
 

Time(t) Y Y(calc) Y(calc)-Y[Y(calc)-Y]^2 parameters
0 0 0 0 0 k= 0.06
1 75 97 22 467
2 179 189 9 85
3 299 275 -24 571
4 372 357 -15 228
5 453 434 -19 355
6 523 507 -16 250
7 607 576 -31 972
8 660 641 -19 361
9 694 703 9 74
10 738 761 23 519
11 779 816 37 1400
12 822 868 46 2119
13 861 917 56 3112
14 915 963 49 2384
15 988 1007 20 386
16 1036 1049 12 153
17 1078 1088 10 97
18 1111 1125 14 190
19 1147 1160 13 161
20 1202 1193 -9 80
21 1233 1224 -9 89
22 1269 1253 -16 256
23 1316 1281 -35 1213
24 1351 1307 -44 1895
25 1379 1332 -46 2149
26 1412 1356 -56 3160
27 1436 1758 322 103899
28 1459 1758 299 89600
29 1495 1758 263 68994
30 1504 1758 254 64347
31 1530 1758 228 51832
32 1562 1758 196 38416
33 1599 1758 159 25387
34 1636 1758 122 14884
35 1672 1758 86 7396
36 1710 1758 48 2304
37 1726 1758 32 1003
38 1736 1758 22 499
39 1750 1758 8 64
40 1758 1758 0 0
41 1758 1758 0 0

RSS= 491351
Note:
Y=observed cumulative methane production at time t
Y(calc)=Ymax*[1-exp(-k*t)]
RSS=Residual sum of squares
Cell E44 is the sum of cells E2 to E43
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Inoculum+SG (3%TS)  
 

 

 
 
 

Time(t) Y Y(calc) Y(calc)-Y [Y(calc)-Y]^2 parameters
0 0 0 0 0 k= 0.12
1 56 170 114 13007
2 224 321 97 9477
3 310 454 144 20703
4 488 572 84 7054
5 622 676 54 2892
6 722 768 47 2164
7 820 850 30 875
8 908 922 14 193
9 992 985 -7 46
10 1058 1041 -16 262
11 1111 1091 -20 391
12 1167 1135 -32 1011
13 1212 1174 -38 1436
14 1237 1208 -28 794
15 1268 1239 -29 828
16 1296 1266 -31 934
17 1323 1290 -33 1119
18 1341 1311 -30 906
19 1358 1329 -29 852
20 1377 1346 -31 967
21 1392 1360 -32 1039
22 1406 1373 -33 1115
23 1416 1384 -31 984
24 1429 1394 -35 1201
25 1435 1403 -31 989
26 1444 1411 -33 1062
27 1456 1418 -38 1418
28 1464 1424 -40 1561
29 1471 1430 -41 1716
30 1471 1434 -37 1341
31 1471 1439 -32 1049

RSS= 79386
Note:
Y=observed cumulative methane production at time t
Y(calc)=Ymax*[1-exp(-k*t)]
RSS=Residual sum of squares
Cell E34 is the sum of cells E2 to E33
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Inoculum+SG (2%TS) 
 

 
 
 
 
 

Time(t) Y Y(calc) Y(calc)-Y [Y(calc)-Y]^2 parameters
0 0 0 0 0 k= 0.15
1 42 145 102 10477
2 193 269 76 5784
3 340 377 37 1333
4 399 469 71 5010
5 517 549 32 1041
6 605 618 13 162
7 684 677 -6 40
8 740 728 -12 142
9 788 772 -16 242
10 827 810 -17 287
11 862 843 -19 358
12 895 871 -24 579
13 915 896 -19 366
14 928 916 -12 133
15 943 935 -8 72
16 966 950 -16 254
17 981 963 -18 308
18 997 975 -22 484
19 1008 985 -23 531
20 1024 994 -31 949
21 1035 1001 -34 1162
22 1047 1007 -39 1551
23 1047 1013 -34 1149
24 1047 1018 -29 851
25 1047 1022 -25 630

RSS= 33895
Note:
Y=observed cumulative methane production at time t
Y(calc)=Ymax*[1-exp(-k*t)]
RSS=Residual sum of squares
Cell E28 is the sum of cells E2 to E27
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Inoculum+WS (3% TS) 
 

 
 
 
 
 

Time(t) Y Y(calc) Y(calc)-Y[Y(calc)-Y]^2 parameters
0 0 0 0 0 k= 0.12
1 69 216 147 21543
2 261 407 146 21172
3 375 575 200 39907
4 567 724 157 24688
5 749 856 107 11488
6 882 972 90 8092
7 1019 1075 57 3197
8 1160 1166 7 42
9 1266 1247 -19 376
10 1343 1318 -25 641
11 1409 1381 -28 811
12 1482 1436 -46 2111
13 1538 1485 -53 2829
14 1582 1529 -54 2894
15 1618 1567 -51 2578
16 1655 1601 -55 2974
17 1687 1631 -57 3199
18 1706 1657 -49 2408
19 1733 1681 -53 2773
20 1755 1701 -54 2911
21 1776 1720 -56 3136
22 1794 1736 -58 3421
23 1808 1750 -58 3348
24 1821 1763 -59 3429
25 1827 1774 -53 2851
26 1836 1784 -52 2689
27 1843 1793 -51 2580
28 1850 1800 -49 2441
29 1859 1807 -52 2662
30 1859 1813 -46 2076
31 1859 1818 -40 1619

RSS= 186887
Note:
Y=observed cumulative methane production at time t
Y(calc)=Ymax*[1-exp(-k*t)]
RSS=Residual sum of squares
Cell E34 is the sum of cells E2 to E33
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Inoculum+WS (2%TS) 
 

 
 
 

Time(t) Y Y(calc) Y(calc)-Y[Y(calc)-Y]^2 parameters
0 0 0 0 0 k= 0.19
1 87 201 114 12911
2 317 366 49 2423
3 509 503 -6 41
4 602 616 14 197
5 733 709 -24 584
6 814 786 -28 801
7 874 849 -25 619
8 915 901 -14 183
9 949 945 -4 16
10 982 980 -1 2
11 1011 1010 -1 1
12 1034 1034 0 0
13 1054 1054 0 0
14 1064 1071 7 50
15 1074 1084 11 115
16 1087 1096 9 75
17 1098 1105 7 49
18 1114 1113 -2 3
19 1121 1119 -2 3
20 1132 1124 -8 65
21 1142 1129 -13 180
22 1149 1132 -17 284
23 1149 1135 -14 194
24 1149 1138 -11 132
25 1149 1140 -9 90

RSS= 19018
Note:
Y=observed cumulative methane production at time t
Y(calc)=Ymax*[1-exp(-k*t)]
RSS=Residual sum of squares
Cell E28 is the sum of cells E2 to E27


