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ANAEROBIC CO-DIGESTION OF EDIBLE AND 

INEDIBLE FOOD WASTE WITH SEWAGESLUDGE

Jianyuan Ni

ABSTRACT

Co-digestion processes of three specific mixing ratios of food waste (FW) with sewage 

sludge were tested in one-stage anaerobic digestion (AD)system induplicate to evaluate 

methane (CH4) and hydrogen sulfide(H2S) production. Two types of FW were considered in 

this study: a mixture of edible and inedible, termed “unsorted “and solely inedible FW. These 

two types of FW represent current observations of FW produced from the University of 

Missouri’s Campus Dining Services (CDS) and an idealized scenario in which all edible FW 

is avoided. Over the whole period, all trials were under mesophilic condition (35.5±1 °C) 

with a stable hydraulic retention time (28 days). Under steady-state conditions, daily methane 

yield was 405L/kg VSadded in trial 2(25% unsorted FW). The increase of unsorted FW from 25 

to 50% VS enhanced methane production in trial 1(50% unsorted FW), which was 460 L/kg 

VSadded. Trial 5 (50% unsorted FW) was also conducted to check the consistency of digestion 

process, showing that trial 1 and 5 produced similar methane yield in our study. Also, the 

daily methane yield in trial 4 (75% unsorted FW) was maintained at 438 L/kg VSadded, 

slightly lower than the one in trial 1. In addition, methane production was maintained at 349 

and 386 L/kg VSadded in trials fed with50% and 25% VS inedible FW, 31.81% and 

4.92%lower than those in trial 1 and 2, respectively. Also, the production of H2S in trials with 
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unsorted FW were approximately two times higher than those with inedible FW and further 

research is needed to explain this difference. 

In this study, energy potential output of unsorted and inedible FW from Columbia (MO) was 

calculated using an Anaerobic Digestion Development Iterative Tool (ADDIT model). The 

consideration of the cost of logistics, operations, maintenance and capital costs were also 

calculated in ADDIT model. It showed that this co-digestion of unsorted and inedible FW 

with sewage sludge could be able to produce 28,678,680 and 68,586 KWh/year total net 

energy. As a result, these co-digestion process will be able to take a desirable profit to 

Columbia city (MO) with an approximately $1,290,540 and $3086.4 annually income if all 

unsorted and inedible FW was sent to codigestion plant, assuming the average commercial 

electricity rate in MO is 4.50 ¢/kWh.
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LITERATURE REVIEW

1.1. Introduction

Food waste (FW) is organic waste discharged from various sources including commercial 

food processing plants, domestic kitchens, restaurants and so on(Uçkun Kiran, Trzcinski et al. 

2014).In 2013, approximately 1.3 billion metric tons of food are lost globally during food 

production and consumption processes, worth around US$1 trillion(UNEP 2013).In the 

United States (US), FW served as the second largest component of the waste stream by 

weight, around 37.1 million metric tons annually(EPA 2014). Of this wasted food, over 97% 

of FW ends up in a landfill and therefore upon decomposition process produces methane 

gas(EPA 2010), a potent greenhouse gas with a global warming potential 40, 84 times greater 

than carbon dioxide (CO2) on a 100, 20-year time scales, respectively in 2014(IPCC 

2014).Currently, there are around 1,908 active landfills in US and only approximately 649 

(34.0%), are participating in landfill gas (LFG) recovery projects showed in Figure 1 (EPA 

2015). In Figure 1, among these 649 landfills, approximately 67.6%, 439, of landfills used 

landfill gas (LFG) to produce electricity while 18.5% of them directly flare LFG(EPA 

2015).In addition, energy used to produce food, i.e., embodied energy, is wasted when edible 

food is not used for human nourishment and was estimated in 2010 to be equal to 2% of 

annual energy consumption in USA (Cuéllar and Webber 2010). In order to decrease the 

amount of required landfill volume, it is imperative to find alternative treatments for this 

waste to recovery energy and resources. 
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Figure 1. Number of landfills with different LFG usage(EPA 2015).

Currently, varieties of technologies are used to degrade FW shown in Table 1. As mentioned 

above, landfill can be used to degrade FW and recover energy if it has LFG recovery project. 

If some of them don’t have LFG recovery capacity, by putting food waste into a landfill, we 

are wasting a valuable resource. In addition, landfills in general need larger land resource 

compared to other treatments in Table 1and far from the location of waste collection (Lundie 

and Peters 2005). As an alternative to landfill, FW containing combustible material may be 

incinerated or combusted. Although incineration can usually be carried our near the point of 

waste collection, it has a much higher energy requirement costs than the one from compost 

technology (Murphy and McKeogh 2004). In addition, emitted levels of incineration process 

may still have an adverse effect on health (Faaij 2006). When properly processed, food scraps 

can generate renewable energy, enhance the soil as a fertilizer, and feed animals. Composting 

food waste produces a natural fertilizer, which can create healthier soil and reduce the need 

for synthetic fertilizers. However, it takes place under conditions, which leads to thermophilic 
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temperature due to biologically produced heat, and therefore, it has no energy recovery. In 

addition, depending upon the rate of reaction, composting requires large areas of land and it 

could produce volatile organic compounds (VOCs) to the atmosphere as well when FW was 

discard through thermophilic process (USCC 2007).

Table 1. Waste disposal methods advantages and disadvantages(Carter and Tsangaris 1994).

Technology Impact to the 

Environment

Energy 

recovery

Fertilized 

output

Water 

recovery

Heavy metal 

recovery

Landfill Less √ × × ×

Composting Less × √ × ×

Incineration More √ × × ×

Gasification Less √ √ × ×

AD Less √ √ √ √

Due to relatively high moisture content of FW, anaerobic digestion (AD)isregarded as a 

potential candidate to treat FW. Anaerobic digestion, biologically degrades organic waste, 

producing a mixture of carbon dioxide and methane (often called biogas) as well as nutrient 

slurry output shown in Table 1 (Kim and Oh 2011). Several papers have already conducted 

AD experiments to degrade FW, however, these studies have not fully categorized the 

characteristics of FW and none have explicitly investigated the difference between edible and 

inedible fractions of FW (Kim, Oh et al. 2006, Dai, Duan et al. 2013).This distinction is 

critical and need to conduct because even if edible FW can be avoided during consumption 

process, inedible FW still exists in the waste stream. Further, reduction of edible FW is the 

top priority of the EPA(EPA 2015) and numerous other organizations implying that this 

fraction of FW stream could be reduced in the future.
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Figure 2.Food Recovery Hierarchy (EPA 2015).

For waste mangers today, it is important to understand the potential operational differences as 

well as to consider this when designing new organic waste treatment systems. As waste 

managers consider treatment options, it is valuable to estimate the biogas potential of inedible 

FW for designing treatment systems if Americans succeed in implementing edible food waste 

reduction strategies.

Research Objectives

This study simulated FW recipes for use in the bench-scale trials based on the FW produced 

at the University of Missouri campus dining halls(Costello, Birisci et al. 2015). Two FW 

recipes were created: unsorted (edible plus inedible) and inedible FW, see Section 2.1.1 for 

more detail. The overall purpose of this project is to identify the quantity of methane 

produced from unsorted and inedible FW. This study will be able to supply relative 

information if waste managers need to design AD plant for degrading FW.
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1.2. Operating Conditions for Anaerobic Digestion

AD is carried out by microorganisms that can only live in an oxygen free environment mainly 

consisted of three stages. Firstly, high molecular compounds, such as lipids, carbohydrates 

and protein, are hydrolyzed by fermentative bacteria and produces smaller molecular and 

soluble organic substrates (fatty acids, glucose or amino acids). Secondly, these smaller 

molecular materials are degraded into volatile fatty acids (VFAs) along with the generation of 

by-products (like ammonia (NH3), CO2or H2S). Thirdly, VFA sare further digested into 

methane with the assistance of methanogens, which are sensitive to surrounding conditions 

and thus affect the performance of AD system (Park, Lee et al. 2005, Charles, Walker et al. 

2009). This sub-chapter will briefly discuss the effect of those factors with respect to the 

performance of digestion process.

1.2.1. Temperature

Common problems associated with anaerobic digesters are loss of heating capability and 

maintenance of optimum temperature in digesters. In Figure, an acceptable optimal 

temperature should be maintained in two temperature ranges: mesophilic range with an 

optimum temperature around 35 °C and the one in the thermophilic range about 55 °C (Mata-

Alvarez 2003). Many researchers have reported effects of temperature on the methane yield 

(De la Rubia, Perez et al. 2002, Bouallagui, Rachdi et al. 2009).For instance, using palm oil 

mill effluent as the substrate, Choorit and Wisarnwan (2007) demonstrated that when the 

digester was operated at thermophilic temperature (55 °C), the methane productivity was also 

higher than that of mesophilic (4.66 against 3.73 L/L/d). A similar study by Chae, Jang et al. 

(2008) indicated that higher temperature of 35 °C led to the highest methane yield as 

compared to 30 and 25 °C although the methane contents only changed slightly. 
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Consequently, the rate of methane production is relatively faster in thermophilic digesters 

than in mesophilic digesters (Fernández, Pérez et al. 2008, Ward, Hobbs et al. 2008).

Figure 3.Influence of temperature on the rate of AD process (Mata-Alvarez 2003).

However, it must also be remembered that an increase in methane yield or production rate 

from a thermophilic process has to be balanced against the increased energy requirement for 

maintaining the reactor at the higher temperature(Ward, Hobbs et al. 2008). It has been 

reported the heating requirements in thermophilic digestion are about twice those of 

mesophilic digestion due to the inflow sludge heating (Zupančič and Roš 2003). Also, 

thermophilic AD system was more sensitive to toxic substance and changes in operational 

parameters (Nath and Das 2004). As a result, mesophilic temperatures are usually the 

preferred choice for anaerobic treatment (Yacob, Shirai et al. 2006, Alawi, Zainuri et al. 

2009). Although it requires longer retention time, the stability of the mesophilic process 

makes it more popular in current anaerobic facilities (Zaher, Cheong et al. 2007). In summary, 
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a comparison of advantages and disadvantages of mesophilic and thermophilic digesters is 

presented in Table 2.

Table 2.Comparison of mesophilic and thermophilic digesters (Gerardi 2003).

Feature Mesophilic Digester Thermophilic Digester

Loading rates Lower Higher

Destruction pf pathogens Lower Higher

Sensitivity to toxicants Lower Higher

Operational costs Lower Higher

Temperature control Less difficult More difficult

Although some research indicated that AD processes are capable of operating successfully 

from below freezing to more than 57 °C, temperature fluctuation was also considered as a 

significant factor which can trigger system failure, including the inhibition of some anaerobic 

bacteria(Sánchez, Borja et al. 2001, Wu, Sun et al. 2006, Chae, Jang et al. 2008). It has been 

reported that temperature variations in mesophilic digester were suggested to be less than 

0.6°C/day to maintain a stable digestion (Appels, Assche et al. 2011). In thermophilic 

digesters, fluctuations as low as ±2°C can also result in 30% less biogas production 

(Zupančič and Jemec 2010). Also, experience with full-scale systems indicated that 

performance is adversely impacted by rapid temperature variations due to mixing or 

stratification factors impacted in the reactor (LaPara, Nakatsu et al. 2001). In summary, 

temperature maintenance is required to minimize short-term temperature variations and thus 

keep the performance of AD system stable.
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pH and VFAs

The pH in AD systems initially will decrease with the production of VFAs as mentioned 

above. However, as methane-forming bacteria consume the VFA sand thus alkalinity is 

produced, the pH in digesters eventually increased until be stabilized(Khanal, Chen et al. 

2004). Like all biochemical operations, pH has a significant impact on AD system as 

methanogens are affected to a greater extent than the other microorganisms in the microbial 

community (Wina, Muetzel et al. 2005). Therefore, there is a greater decrease in 

methanogenic activity as the pH deviate from their optimum value. Since methanogens 

requires a neutral pH (6.5<pH<7.5), the recommended optimal pH range for methanogens has 

been recommended from 6.8 to 7.2 (Huber, Thomm et al. 1982, Yang and Okos 1987). 

In a single-stage system, increased production of VFAs resulting in toxic conditions or even 

the failure of AD system due to a decrease pH (Wang, Kuninobu et al. 1999, Stronach, Rudd 

et al. 2012). Several chemicals can be used to adjust pH in an anaerobic digester because 

methane-forming bacteria require bicarbonate alkalinity, chemicals that release bicarbonate 

alkalinity directly are preferred (Gerardi 2003). Of these chemicals, sodium bicarbonate or 

potassium hydroxide are perhaps the best options because of their desirable solubility as well 

as their minimal adverse impacts potential. Sodium bicarbonate is preferred for pH 

adjustment because its impact on digester is long enough, while the addition of hydroxide 

ions is because the hydroxide ion reacts with CO2 to form bicarbonate alkalinity pose an 

increased pH(Yang 2011).

1.2.3. Retention time

There are two kinds of retention time in AD systems, including solids retention time (SRT) 

and HRT. The SRT is the average time that bacteria (solids) are in the anaerobic digester 

while The HRT is the time that the liquid influent is in the anaerobic digester. It has been 
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reported that  SRT is equal to HRT when there is no recycle in systems(Demirer and Chen 

2004). 

In mesophilic AD processes, hydrolysis of particulate carbohydrates and proteins to produce 

simple sugars and amino acids is a relatively rapid reaction which can be accomplished when 

SRT is more than three days(Abdelgadir, Chen et al. 2014). In contrast, methanosaeta grown 

relatively slowly and will not be able to survive unless the SRT is more than 12 days(Grady 

Jr, Daigger et al. 2011). Therefore, typical SRTs are recommended to maintain more than 12 

days while less than 10 days will significantly washout methane-forming bacteria faster than 

they grow since they favor the development of a concentrated biomass that allow them to 

attach to the media (Gerardi 2003). In addition, higher SRT could be able to not only 

maximize removal capacity but also provide better buffering capacity (Gerardi 2003). 

Although higher SRT are good for AD system, shortening the SRT/HRT period is also 

desired for reducing the size of the digester and thus reducing capital cost investment.

Figure 4.Typical SRT ranges for various biochemical conversions in AD systems at 35°C 

(Grady Jr, Daigger et al. 2011).
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Even through the volumetric organic loading rate (VOL) is not a fundamental parameter 

determining the performance of AD process, it has been reported that the VOL and HRT/SRT 

are inversely proportional to each other showed in Figure 4. Furthermore, the VOL is 

increased as the biomass concentration is made larger and thus reduced reactor volume under 

a fixed HRT (Grady Jr, Daigger et al. 2011). However, a rapid increased in VOL would pose 

a potential danger to hydrolysis and acidogenic bacteria because methanogenic bacteria 

cannot be able to consume the VFAs while intermediary products produced rapidly. 

Consequently, the accumulation of VFAs will lead to a pH drop and affect the activity of 

methanogenic bacteria as mentioned above, causing the digester failure.

Figure 5. Effects of HRT and influent waste concentration on the volumetric organic loading 

in AD process(Grady Jr, Daigger et al. 2011).

1.2.4. Nutrients

An optimum C/N ratio is required for anaerobic bacteria for their growth in anaerobic process. 

A ratio range of 20-25 is considered to be the optimum condition for an AD system(Vergara-
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Fernández, Vargas et al. 2008). When C/N is lower than 20, there is an C/N imbalance for 

anaerobic microflora leading to high total ammonia nitrogen released which is toxic to the 

bacteria(Speece 1996). A C/N higher than 30 leads to nitrogen deficiency, resulting in high 

VFAs accumulation in the digester and thus decrease the methanogen activity and cause 

possible failure of the AD process (Yen and Brune 2007, Chen, Cheng et al. 2008).Therefore, 

an adjustment of the C/N ratio is needed for stable AD in a long-term operation.

1.2.5. Particle Size

Particle size has a significant role during hydrolysis since a smaller particle size provides a 

greater area for enzymatic attachment(Palmowski and Mller 2000). It has been reported that 

an increased particle size of FW hinder the maximum substrate utilization rate coefficient in 

AD system as well (Kim, Kim et al. 2000). A study conducted by Mshandete, Björnsson et al. 

(2006) reported that the potential methane production of sisal fiber waste as well as total fiber 

degradation increased 20% and more than 50%, respectively due to the particle size reduction. 

Although various mechanical pretreatment methods seem to be very effective in breaking 

bacterial cells, most of them implicate high energy consumption (Tyagi and Lo 2011).

1.2.6. Inhibitions

A variety of inorganic and organic wastes can result in toxicity in anaerobic digesters due to 

chemicals present in the waste. Several inhibitors, like free ammonia, heavy metals and 

sulfide, will be briefly discussed in this section as followed.

Although ammonium ions are used by bacteria in the anaerobic digester as a nutrient source 

for nitrogen, free ammonia is inhibitory to AD system at higher concentrations (Fricke, 

Santen et al. 2007). For instance, free ammonia concentrations above 3000 mg/L becomes 

toxic enough to trigger digester failure due to the VFAs accumulation (Desai, Patel et al. 

1994). There are two strategies available for reducing free ammonia inhibition: reduce the 
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temperature and pH (Grady Jr, Daigger et al. 2011). For instance, reducing pH from 7.5 to 7.0 

during thermophilic digestion could increase the methane production by four times (Zeeman, 

Wiegant et al. 1985). In addition to that, it has been reported that ammonia was more easily 

inhibited and less stable at thermophilic temperatures than at mesophilic temperature (Braun, 

Huber et al. 1981, Parkin, Speece et al. 1983).

Heavy metals present in municipal sewage and sludge are of particular concern because they 

are not biodegradable and can accumulate up to potentially toxic concentrations (Sterritt and 

Lester 1980). The toxic effect of heavy metal elements is attributed to disruption of enzyme 

function in anaerobic organisms (Vallee and Ulmer 1972). It is generally believed that 

acidogens are more resistant to heavy metal toxicity than methanogens (Zayed and Winter 

2000).More specifically, the relative sensitivity of acidogenesis and methanogenesis to heavy 

metals is Cu > Zn > Cr > Cd > Ni > Pb and Cd > Cu > Cr > Zn > Pb > Ni, respectively(Lin 

1992, Lin 1993).Methods for mitigating heavy metal toxicity used generally is precipitation. 

For instance, reactor recovery from 20 mg/L of copper exposure was observed when sulfide 

was added after copper exposure(Jin, Bhattacharya et al. 1998). 

On the other hand, some concentration of heavy metals are essential to the functioning of the 

microorganisms(Gadd and Griffiths 1977). A study conducted by Zhang and Jahng (2012) 

found that the stabilization of anaerobic system with trace element addition enhanced the 

system compared to digestion of FW alone. For instance, the additional of iron salts at 

various concentrations [FeSO4 (50 mM), FeCl3 (70 µM)]have been found to enhance gas 

production rate(Patel, Desai et al. 1993, Preeti Rao and Seenayya 1994). Nickel ions 

enhanced biogas up to 54% due to the activity of Ni-dependent metallo-enzymes involved in 

biogas production(Geeta, Jagadeesh et al. 1990).So the addition of metal elements is an 

effective approach for improving the performance of AD system, and measures should also 

be taken to avoid the inhibition from overloading heavy metals.
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Sulfide is produced upon anaerobic process through the reduction of sulfate present in the 

influent and by the degradation of sulfur-containing organic matter like proteins (Lomans, 

van der Drift et al. 2002). Although soluble sulfides concentration less than 100 mg/L can be 

tolerated in AD system, concentrations great than 200 mg/L has been reposted to cause strong 

inhibition (Chen, Cheng et al. 2008). The primary inhibition is due to competition for 

substrates from sulfate reducing bacteria, which suppresses methane production(España-

Gamboa, Mijangos-Cortés et al. 2012).Moreover, when the input waste has low carbon 

oxygen demand (COD) compared to sulfate concentration, the system produces insufficient 

methane gas as consequence, allowing soluble sulfide to dissolve in the liquid phase. After 

accumulation of soluble sulfide concentrations, it will be toxic to AD process (Grady Jr, 

Daigger et al. 2011). Apart from increasing pH and temperature in AD system, a suitable way 

to get rid of sulfide is inputting iron salts to precipitate sulfide from solution(Jiang, Gutierrez 

et al. 2011).

1.3. Co-digestion of FW with sewage sludge

Co-digestion of FW with sewage sludge has been reported to improve the degradation 

efficiency and accelerate overall hydrolysis of input waste (Dohnyos, Zbransk et al. 2004). 

Multiple reasons can be explained as follows: (1)FW provides carbon resources to the 

digestion process which is essential for the improvement of digestion performance 

(Fernández, Pérez et al. 2010).For instance, the C/N ratio of FW is usually more than 30, 

while the C/N ratio of sewage sludge ranges from 6 to 9, thus the co-digestion of FW with 

sewage sludge could be able to maintain  C/N to desired levels(Stroot, McMahon et al. 2001). 

(2)FW consists of carbohydrates and lipids which have higher hydrolytic potential compared 

to sewage sludge rich in proteins (Lafitte-Trouqué and Forster 2002). Moreover, it has been 

reported co-digestion of FW with sewage sludge cannot only increase renewable energy 

generated, but also be able to dilute some potentially toxic compounds such as heavy and 
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light metal ions and organic compounds (Voulvoulis and Lester 2006). As a consequence, co-

digestion of FW with sewage sludge has been widely investigated showed in Table 3 

(Edelmann, Engeli et al. 2000, Forster-Carneiro, Pérez et al. 2008, Nagao, Tajima et al. 2012, 

Zhang and Jahng 2012, Dai, Duan et al. 2013, Molino, Nanna et al. 2013). 

From Table 3, we can conclude methane yield rate from co-digestion of FW with sewage 

sludge in one-stage process is in the range of 367 to 528 mL/g VSadded. Of this range, lab-

scale bioreactors has methane yield range from 400 to 490 mL/g VSadded. Experiments with 

smaller quantities of FW showed lower methane production rates, this may bebecauselarger 

amount of FW could be able to improvehydrolytic kinetic constant and thus accelerate rate-

limiting hydrolysis process (Kim, Han et al. 2003). Also, it looks like the addition of FW 

content can increase methane production. For instance, the methane yield is approximately 

400 mL/g VS when feed 33.3% VS FW, 13.8% lower than that when 50.0% FW was feed in 

the AD system (Forster-Carneiro, Pérez et al. 2008). This is because an increase in the 

fraction of FW increases the concentration of light metal ions and can increase VFA 

concentration due to acidification of soluble organic compounds in FW(Angelidaki and 

Ahring 1992).

On ther other hand, two-stage anaerobic process showed a higher methane production 

capacity than one stage due to the separation of anaerobic process stage (Ward, Hobbs et al. 

2008). So two-stage systems allow the selection and enrichment of different bacteria in each 

phase as well as optimized biomass concentration for each stage (Demirer and Chen 2005). 

For instance, A two-stage process with 50% VS FWand 50% VS sewage sludge showed 

approximately 15% higher methane yield than single stage processes (Zhang and Jahng 2012).

Table 3.Methane production from co-digestion of FW with sewage sludge.
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However, it has been reported that the single-phase digestion showed slightly better than that 

of two-phase one with a 4.1 % increase of methane production, when the OLR was lower 

Waste/Reactor 

Type

Reactor Condition HRT

(d)

OLR

(kg VS/m3 d)

CH4 yield

(mL/g VSadded) Reference

FW(70%) +SS

Single stage

Thermophilic 

condition

NA NA 490

(Forster-

Carneiro, Pérez 

et al. 2008)

FW(50%) +SS

Batch

Semi-continuous with 

150 mL working vol. 

Trace element 

addition

20 6.64 450

(Zhang and 

Jahng 2012)

FW (50%) +SS

Single stage

CSTR with 3.0 L 

working vol.

16 9.2 455

(Dai, Duan et 

al. 2013)

FW (33.3%)+SS

Single stage

CSTRs with 2.0 L 

working vol.

NA NA 400

(Gou, Yang et 

al. 2014)

FW (50%)+SS

Single stage Pilot scale reactor 15 8.0 367

(Liu, Wang et 

al. 2012)

FW (50%) +SS

Single stage 

Pilot scale reactor + 

thermal pretreatment 25 NA 528

(Koch, Plabst 

et al.)

FW (32.4%)+SS

Two stage

Bioreactor with 5.0 L 

working vol.

13 5.7 370

(Dinsdale, 

Premier et al. 

2000)

FW (73.4%)+SS

Two stage

4.0 L working vol. 10 NA 497

(Siddiqui, 

Horan et al. 

2011)

FW (50%)+SS

Two stage

Semi-continuous with 

5.0 L working vol.

12.5 NA 522 (Zhu, Parker et 

al. 2011)
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than 2.0 gVSadded /L/d(Shen, Yuan et al. 2013). Multiple solutions were used to improve 

methane production. For instance, pilot-scale reactorsindicated lower methane yield than lab-

scale bioreactors without pretreatment(Liu, Wang et al. 2012).Also, with the help of thermal 

pretreatment process, methane production in pilot-scale reactors can be more than that in lab-

scale (Koch, Plabst et al.).However, for expense alone, it seems undesirable to have thermal 

pretreatment method ahead of anaerobic digestion process due to high energy installation 

requirement. Other strategies like either a decreased HRT more than 12 days or increased 

ORL less than maximum OLR of 10.5 kg VSadded/m3 d could improved methane yield as well 

(Kim, Oh et al. 2006, Nagao, Tajima et al. 2012).
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METHODOLOGY

2.1. Waste characteristics

2.1.1. Feedstock

Food Waste

Food wasteused in this study waas modeled after FW observed during an audit of four 

different campus dining hall facilities at the University of Missouri (MU) in Columbia 

(MO)over a three-month period. Both pre-consumer (56 unique collections) and post-

consumer FW (48 unique collections) were audited.Pre-consumer and Post-consumer 

samples were separated and weighed into the following categories: grains, fruits and 

vegetables, meat and protein, and dairy, both edible and inedibleshown in Figure5 (Costello, 

Birisci et al. 2015).Post-consumer FW was sorted into categories that are more detailed: beef, 

poultry, pork, dairy, eggs, fish, grains, fruits and vegetables, each of these foods were sorted 

into edible and inedible, for a total of 18 individual categories.Costello, Birisci et al. 

(2015)found no statically significant differences in the quantities of individual food waste 

categories across different sampling days, for a constant facility and meal and no statistically 

significant differences were observed across different facilities, over all days, for a constant 

meal.According to the average weights observed in each category over the sampling period, a 

recipe was created to simulate the composition of FW.
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Figure 6. Weight of pre- and post-consumer FW by food category in edible and inedible 

waste stream(Costello, Birisci et al. 2015).

All food items were purchased from a local Walmart store,and thencategorized into two types: 

unsorted and inedible FW. Detailed component information about this recipe was shown in 

Table 4. Each food item was prepared and ground in a CuisineArt food processor and then 

thoroughly mixed in a five-gallon bucket. FW was then manually separatedinto plastic zip 

bags, labeled with recipe type and date and then stored at -18 °C for further use. Less than 

two days before its use for feeding preparation, a zip bag of thisFW mixture was transferred 

to 4 °C each time.Over the whole digestion period, simulated FW was prepared for two time 

showed in Table 5.VS/TS of FW was measure in triplicate and thus influent feeding ratio was 

adjusted to maintain OLR at 2 g VSadded/L/d. However, OLR of first three trials mentioned in 

section 2.1.2were not stabilized at 2 g VSadded/L/d and actually in the range from 1.7 to 2.1 g 

VSadded/L/d by feeding mistakes.
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Table 4.Food Recipe Composition.

Food Type Composition Ingredient Weight (g)
Strawberry tops 1020

Orange peels 3580
Banana peels 2609

Cantaloupe rinds 532
Pineapple rinds 451

Fruit and Vegetables

Apple cores 216

Inedible

Misc. Egg shells 29
Pasta (Boiled for 12 min) 763
White wheat flour tortillas 880

Nature’s own whole wheat bread 1352
Wonder bread, white 1305

Grains

hamburger buns 973
Ground beef (85% lean, 15% fat)a 809

Boneless chicken tenders 921
Thin sliced smoked ham (97% fat free) b 253

Eggs (Cooked on medium heat) 259

Meat and Protein

Fish (tilapia)a 99
Fries 78

Iceberg lettuce 145
Tomatoes 440

Broccoli (Boiled for 5 min) 675
Carrots (Boiled for 10 min) 488

Orange 468
Apple 646

Fruit and Vegetables

Banana 564

Edible

Dairy American cheese (sandwich-mate brand) 120
      Great value brand.
a   Cooked at 350 °F for 1 hour.
b   Cooked at 350 °F for 35 min.

Sewage Sludge

Sewage sludge was collected six times from the Columbia WWTP, dewatered manually to 

prevent excess water and then stored at -18 °C for further use. After dewatering the sludge, 

VS/TS measurements in triplicate were conducted to adjust feeding ratio accordingly showed 

in Table 5.Note that, during the first three trials period mentioned in section 2.1.2, OLR was 

below 2 g VSadded/L/d, approximately in the range from 1.7 to 2 g VSadded/L/d. After revising 

the feeding mistakes, OLR in the second trials period was maintained at 2 g VSadded/L/d. Less 
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than two days before sewage sludge used for feeding preparation, dewatered sludge was then 

transferred to 4 °C overnight for further use.

Table 5. Sewage sludge profiles over whole digestion period.

Feeding Date Days TS (%) VS (% of TS)

07/07/2015 0 9.50 83.80

08/06/2015 30 7.28 79.21

08/24/2015 48 9.37 71.24

10/04/2015 89 7.13 82.32

11/25/2015 141 11.32 80.58

Sewage sludge

01/19/2016 196 11.30 87.24

07/07/2015 0 34.1 95.96Unsorted FW

12/02/2015 148 33.18 95.91

07/07/2015 0 12.80 91.90Inedible FW

12/02/2015 148 11.83 93.64

2.1.2. Semi-continuous digestion design

The anaerobic digestion process was carried out in duplicate, using six lab-scale anaerobic 

digesters with four-liter (L) working volume. The digesters were maintained at 96±2 °F 

(35.5±1 °C) in a water bath using a Bucket Heater (Model 742G, 1000 Watts, 120 Volts, 60 

Hz) showed in Figure 6.Meanwhile, a UV filtration pump was also put in the water bath to 

not only aerate air but also sterilize water.
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Figure 7. Experimental set-up of six anaerobic digesters.

The AD effluent from a primary mesophilic digester located at a local municipal wastewater 

treatment plant in Columbia, MO [4900 West Gillespie Bridge Road, Columbia, MO 65203], 

was used as seed for digester trials. Four liters of this effluent were placed into each of the six 

digesters, sparged with nitrogen gas (N2), to create an anaerobic environment. After that, each 

digester was starved for two weeks until no more biogas was produced. 

Once the digesters were established, continuously daily feeding began according to the 

feeding ratios from 07/07/2015 to 02/02/2016. Note that it was only possible to complete 

three trials at a time, the first three trials, 1, 2 and 3, took place from 07/07/2015 to 

11/01/2015.After winter break, from 1/04/2016, trials 4, 5 and 6 began and lasted until 

02/02/2016.Trials 1 and 5 were conducted at the same 50% unsorted FW mixing ratio (UF50) 

to determine the consistency of digestion trials. Biogas volume data was collected from the 

whole operation but we only use data over these periods mentioned above. In addition, only 

two mixing ratios of inedible: 50% inedible FW (IF50) and 25% inedible FW (IF25) were 

able to conduct. Daily feeding is described as follows: prior to each discharge, an equivalent 

volume of influent was prepared showed in Table 6 and then manually mixed for at least 30 

Influent

Effluent

Biogas 
bag



22

secs using a stainless steel hand blender (200 Watts). Then each discharge was conducted and 

effluent digestates were place into plastic cups and stored at -18 °C, labeled with date and 

trial number. After each discharge, influent was fed through the influent from the top of 

digesters showed in Figure 6. All digesters were mixed manually for more than 30 secs 

before individually placed into water bath. Biogas bags were taken off before each discharge 

and daily collected using a five- or ten-L Teldar sampling bags. Biogas volume released from 

digesters was measured using a 3.0 L volumetric syringe after each feeding procedure.

Table 6. Reactor characteristics for AD.

Parameters

Unsorted + 

Sludge (Trial 

1&5)

Unsorted + 

Sludge (Trial 

2)

Inedible 

+Sludge (Trial 

3)

Unsorted + 

Sludge (Trial 

4)

Inedible 

+Sludge (Trial 

6)

Working volume 

(L)

4 4 4 4 4

HRT (d) 28 28 28 28 28

Sludge loading 

(% of total OLR)

50 75 50 25 75

FW loading (% of 

total OLR)

50 25 50 75 25

FW (g mass/d) 

(wet basis)

12.2 6.1 34.0 18.9 18.1

Sludge (g mass/d) 

(wet basis)

20.3 75.4 50.2 21.1 65.9

Water (g mass/d) 

(wet basis)

80.0 61.0 59.0 102.0 59.0
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2.2. Gas composition and chemical analysis

Methane content in the biogas was analyzed by a gas chromatography (Bruker456, Freemont, 

CA) with FID and PFPD detectors to quantify methane and hydrogen sulfide, helium gas as 

carrier gas. The GC operating parameters were as follows: injection temperature, 150°C; flow 

rate, 2 mL/min;column temperature, held at 85°C for 2 min, then the FID was held at 200 °C 

with make-up (helium).Flow rate of H2 and airflows is 25mL/min, 30.0mL/min and 

300ml/min while the PFPD was held at 250 °C with air-1, air-2 and H2 and flows of 

17mL/min, 10.0mL/min and 13mL/min. The FID identification and quantification of the 

gasses was done by reference to calibration curves using authentic standards in nitrogen 

(Industrial Safety Equipment, Millcreek, UT). 

The pH of effluent digestate were monitored daily using a FiveEasy pH meter (Mettler 

Toledo, Columbus, OH) to keep track healthy of all digesters. The digesters were maintained 

at a pH between 6.7 and 7.6.Total solids (TS) and volatile solids (VS)in triplicate were 

determined according to the Standard Methods(EPA 2001). In order to measure VS and TS of 

sample, approximately 20 g samples were put into crucibles and then placed into a 105 °C 

oven overnight. Dried residues were then transferred into a glass vacuum desiccators and 

weight them until they cooled down to room temperature to calculate TS value. After that, 

these dried residues were placed into a 550 °C furnace for more than 4 hours, cool down 

again to room temperature in a desiccators and weight them to calculate VS estimation. Note 

that, after steady state of each trials, 6 samples were collected evenly collected and calculated 

mean VS/TS estimations over two months. Alkalinity and total VFAs (TVFAs)was measured 

by a titration method using a burette filled with 0.1 N HCl as described in previous literature 

(Wan, Zhou et al. 2011). A 5-mL sample was diluted with 50 ml DI water, and then titrated 

with 0.1 N HCl solution. The volumes of HCl consumed at pH values of 5.0 and 4.4 were 
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recorded. The following equations were used for TVFAs and alkalinity calculations 

according toNordmann (1977): TVFAs (mg/L as HAc) = ((mL of acid consumed between pH 

5 and pH 4.4) 6.64–0.15)×500; alkalinity (mg/L as CaCO3) = (mL of acid consumed from 

start to pH 5)×1000. Thus, alkalinity in this study specifically referred to alkalinity at pH 5. 

The VFA/Alkalinity was defined as a ratio between total VFAs and alkalinity to assess the 

stability of the digesters(Lossie and Pütz 2008).

2.3. Faulty bags test

Over the operational period, some of Teldar sampling bags were observed to have lower 

biogas volume than expected ones. Other indicator measurements, i.e., pH and 

VFA/alkalinity were stable and consistent with reactors producing expected levels of biogas 

and methane mentioned in Result Section. In order to determine whether the biogas volume 

was in fact low or if it was a function of the Tedlar bag, a faulty bag examination was 

conducted on Sep. 19th (starting at day 74of Trials 1-3).This examination was conducted as 

follows, 3-L of air was injected by a 3.0 L volumetric syringe and each bag was left overnight. 

On Sep. 20th, volume measurements of the air remaining in each bag were made. According 

to faulty bags test results, biogas volume associated with recognized faulty bags were 

removed, regardless of volume ranges. All data points that removed due to faulty bags were 

shown in AppendixⅠ. In addition, biogas volume in some of less filled bags was consistent 

due to collection error even they were not recognized faulty bags showed in 

AppendixⅡ.Moreover, any volumes due to skip feeding occasionally were removed 

accordingly showed in Appendix Ⅲ.Each skipping date was still account for feeding date in 

this study in order to maintain HRT equals to 28 days. Note that, biogas volume which was 

out of two standard deviation from mean were also remove (Kim, Cho et al. 2007). However, 
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in this study, no biogas volume data was found to beyond two standard deviation from mean 

value.

2.4. Energy potential of FW

In order to conduct energy potential of FW in Columbia city, FW from CDS in this study was 

assumed to represent the FW characteristics across the whole city. 

Table 7.Mean solids and elemental contents of FW (Wet Weight Basis).

Element Units Edible FW Unsorted FW Inedible FW

TS % 33.2±0.0 29.0 13.1±0.64

VS % of TS basis 95.9±0.1 95.4±0.1 93.6±0.1

C/N ratio - 11.4 22.1 30.2

Total Carbon (C) % 15.8±0.1 13.6ª 5.8±0.2

Total Nitrogen (N) % 1.4±0.0 1.1 ª 0.2±0.0

Total Phosphorus (P) % 0.10±0.0 0.3 ª 0.02±0.0

Total Potassium (K) % 0.2±0.0 0.3 ª 0.3±0.0

Total Calcium (Ca) % 0.2±0.0 0.2 ª 0.2±0.0

Total Magnesium (Mg) % 0.2±0.0 0.2 ª 0.02±0.00

Total Zinc (Zn) ppm 9.4±1.5 8.9 ª 2.9±1.3

Total Iron (Fe) ppm 23.2±5.1 23.2 ª 10.5±0.3

Total Manganese (Mn) ppm 4.2±0.2 4.2 ª 3.9±0.0

Total Copper (Cu) ppm 1.6±0.4 1.6 ª 0.9±0.1

Total sulfur % < 0.1 < 0.1 < 0.1

Crude Protein* % 10.66 8.57 ª 1.16

Crude Fat % 2.89 2.38 ª 0.56

Crude Fiber % 0.65 1.02 ª 2.33

Ash % 1.53 1.93 ª 3.35

Estimated formula - C14.0H28.4O8.9N C18.8H40.4O12.9N ª C35.7H82.9O27.1N
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Theoretically CH4 yield L/kg VSadded - 688 ª 492

ª Estimated value upon the ratio of edible and inedible FW reported in Costello, Birisci et al. 

(2015)

The chemical and physical characteristics of FW were measured in duplication from Soil and 

Plant Testing Lab at MU shown in Table 7.

Note that, sulfur contents of FW in this study were both less than 0.1% (wet weight basis) 

and was thus omitted in this study. According to element contents of FW, estimated chemical 

formula were calculated and, in principle, the yield of biogas can be predicted using the 

following empirical equation 1shown in Table 7 (Curry and Pillay 2012):

CaHbOcNd + ( ) H2O→ ( ) CH4+ ( ) CO2+ dNH3   (1)
4𝑎 ‒ 𝑏 ‒ 2𝑐+ 3𝑑

4
4𝑎+ 𝑏 ‒ 2𝑐 ‒ 3𝑑

8
4𝑎 ‒ 𝑏+ 2𝑐+ 3𝑑

8

In this study, energy potential output of unsorted and inedible FW from Columbia (MO) was 

calculated using a Anaerobic Digestion Development Iterative Tool(MSU 2015). ADDIT was 

used to estimate methane and electricity production and value for of unsorted and inedible 

FW generated in Columbia over a year. In addition, with the moisture, TS and VS 

characteristic of unsorted and inedible FW, investment cost, including logistics, operations, 

maintenance and capital costs, were predicted by ADDIT. After these estimations, total net 

profit as well as payback period were invested. Aside default value in ADDIT model, 

methane yield and methane content of biogas value were used from this study.

2.5. Statistical analysis

Analysis of variance (ANOVA) tests were then performed using JMP software (Version 12, 

SAS Institute Inc., Cary, NC, USA). First, a spreadsheet was created, including biogas 

production, methane content and H2S concentration. A random date (day 190) was selected to 

give a sense of how data were organized, Table 8.These data were input to JMP software, a 
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one-way ANOVA was conducted at a 5% level of probability (α=0.05), where X-axis was 

treatment day. Factors, such as H2S, biogas production, methane content in biogas, which 

were Y-axis. Then, Tukey honest significant difference (HSD) tests were analyzed to give the 

differences of every measurement for every time point as well as the mean values for all 

treatments. In a one-way ANOVA, if p-value more than 0.05, which indicate the factor is not 

a significant effect on the measured response. At the same time, a significant factor with a p-

value less than 0.05 will have a 95% certainty that the effect that the factor has on the 

response is caused by the factor rather than being caused by errors or noise in the experiment.

Table 8. Example data input of JMP software (day 190).

Treat

ment

Treatm

ent #

FW 

(%)

Sorted 

Yes/No

Rea

ctor

day

s

Biogas 

production

Metha

ne %

H2S 

(ppm)

Methan

e yield

Treatm

ent day

U75 4 75 0 1 190 5.20 64.8 2156.8 480.8 U75190

U75 4 75 0 2 190 5.35 65.2 2088.2 489.3 U75190

U50 5 50 0 3 190 5.70 68.2 2085.6 540.8 U50190

U50 5 50 0 4 190 5.75 66.4 2097.6 491.0 U50190

I25 6 25 1 5 190 4.9 58.9 963.1 462.5 I25190

I25 6 25 1 6 190 1.95 66.6 1691.0 479.0 I25190
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RESULTS

3.1. Biogas production

As mentioned above, the first three trials, 1, 2 and 3, took place from 07/07/2015 to 

11/01/2015. From 1/04/2016, trials 4, 5 and 6 began and lasted until 02/02/2016.Biogas 

production of trial 1increased gradually during the first10 days and then decreased until day 

30 (Figure 7) and trial 2 also has this trend shown in Figure 8. Thereafter, biogas production 

still fluctuated in trials due to not properly accounting for changes in VS associated with new 

sludge feedstock showed in table 5.Such feeding mistakes, leading to lower OLRs, were 

revised until the beginning of second digestion period (120 days). However, although OLRs 

were not stabilized, after 60days,daily biogas production of trial 1 (UF50)was stable, 

approximately 5.14±0.42L/day while trial 2 (UF25) showed a lower mean biogas production 

rate at 4.57±0.49L/day. In addition, biogas production of trial 4, which fed with75% unsorted 

FW, maintained at 5.44±0.31L/day, significantly higher than the ones in trial 1 and 2 

(p<0.05).This result was consist with previous research indicating that an increased FW 

proportion results in a increasing biogas production(Heo, Park et al. 2004).

In terms of inedible FW, co-digestion of this FW with sewage sludge predictably resulted in 

less biogas production. In trial 6 (IF25) and 3 (IF50), which fed 25% and 50% VS inedible 

FW with sewage sludge, biogas production were 4.92±0.21and 4.29±0.68L/day, respectively. 

Increasing inedible FW content from 25 to 50%, however, lead to a significant decrease 

biogas production (p<0.05).

From Figure 9, the biogas production of trial 1 (UF50) has a significantly higher (p<0.05), 

20.09% than biogas production in trial 3 (IF50), indicating unsorted FW could be able to 

generate more biogas than inedible FW. In contrast, the biogas of trial 2 (UF25) showed a 
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significant decrease (p<0.05), 14.95%compared to trial 6 (IF25), which was not consistent 

with trial 1 and 3.In addition, trial 1 (UF50) and 5 (UF50) had same mixing ratio of influent, 

however, biogas production in trial 1 was 5.14±0.42 L/day, a significantly lower than the one 

in trial 5 (p<0.05), which was 5.64±0.24 L/day. These two trials failed to prove the 

consistency of biogas production eventually. As mentioned above, OLRs in all trials were not 

fixed at 2 g VS/L/d over the first digestion period, for instance, the OLRs in trial 1 and 5 

were 1.7 and 2.1 g VS/L/d, respectively. This might be the reason why trial 1 produced less 

biogas as less OLR resulted in less amount of VS in feeding and thus lead to less biogas 

production(Gunaseelan 2004).
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Figure 8.Biogas production of trial 1 (UF50).
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Table 9.ANOVA analysis of different treatments.

Biogas production (L/day) Methane content of biogas 
(%)

H2S concentration 
(ppm)

Treatment Mean SD Mean SD Mean SD

R1 4.8a 0.77 70.7a 6.67 1909.6a 544.4

R2 5.4a 0.66 68.3a 7.27 1829.8a 464.5

R3 4.8ac 1.03 71.2b 8.40 1695.4ac 411.4

R4 4.2ac 0.87 69.3b 10.46 1577.8ac 498.6

R5 4.25ab 1.03 62.3ab 5.14 1010.3abc 448.6

First three 
trials

R6 4.5ab 1.26 67.2ab 6.64 709.9abc 364.4

R1 5.2ac 0.48 64.9ab 5.13 2052.8c 145.1

R2 5.5ac 0.56 64.0ab 6.15 1983.9c 190.8

R3 5.5a 0.53 66.3 6.16 1922.6 266.4

R4 5.4a 0.58 65.8 5.80 1916.6 198.0

R5 5.0ab 0.54 62.8ab 7.56 919.0abc 455.7

Second 
three trials

R6 4.8ab 0.45 63.5ab 8.72 1205.6abc 516.0

P value <0.05 <0.05 <0.05

* Means with different letters indicates significant differences (ANOVA) within each column.

Methane yield

In order to compare biogas productions across all trials under different OLRs, methane yields 

need to be calculated then as it represents the volume of methane per mass of VS added 

which can eliminate the effect of OLRs on methane production. Since we already knew 

biogas productions as well as OLRs of all trials, the only one we need to know is methane 

content in biogas. According to Figures 14 to 17, the methane content of the first three trials 

were not stable in first HRT period. After 30 days, methane content from these trials still 

demonstrated a fluctuation period due to decreased OLRs mentioned above. Methane content 

reached a steady state at approximately 71.61±6.05%, 70.96±7.29%, 65.15±5.76% in these 



37

trials, Figure 20. As a result, methane content from first two trials fed unsorted FW were all 

higher than the one from trial 3(IF50). In addition, methane content was stable at 

64.45±5.26%, 65.76±5.80% and 62.69±7.25% in trial 4, 5 and 6, respectively showed in 

Figure 18 to 20. The addition of unsorted FW content from 25 to 50% resulted in a slightly 

increase (p>0.05) while an increase FW content from 25to 75% lead to a significantly 

decrease (p<0.05) which agreed with previous results (Kim, Han et al. 2003).Also, the 

methane content in 25% and 50% unsorted trials were significantly higher than the methane 

yield in trial 3 (p<0.05).Correspondingly, the average daily methane yield based on VS added 

during the steady state was around 460, 405,349, 438, 463and 386 L/kg VSadded/d for trial 1, 2, 

3, 4, 5 and 6, respectively. Less methane content in the biogas production of inedible FW, 

coupled with the lower biogas production potential of inedible FW, indicating inedible FW 

has lower energy content compared to unsorted FW.
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Figure 15.Methane content (a) and its methane yield (b) of trial 1(UF50).
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Figure 16. Methane content (a) and its methane yield (b) of trial 2(UF25).
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Figure 17. Methane content (a) and its methane yield (b) of trial 3(IF50).
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Figure 18. Methane content (a) and its methane yield (b) of trial 4(UF75).
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Figure 19. Methane content (a) and its methane yield (b) of trial 5(UF50).
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Figure 20. Methane content (a) and its methane yield (b) of trial 6(IF25).



44

1 2 3 4 5 6
0

20

40

60

80

100

62.6965.7664.4565.1570.96

M
et

ha
ne

 co
nt

en
t (

%
)

Trial number

 Methane content

76.61

Figure 21.Mean and SD value of methane content in all trials after steady stage.



45

1 2 3 4 5 6
0

500

1000

1500

2000

2500

3000

1090.63

1919.601983.92

991.52

1629.47

H2
S 

co
nc

etr
ati

on
 (p

pm
)

Trial number

 H2S concetration

1829.84

Figure 22.Mean and SD value of H2S concentration in all trials after steady stage.

Hydrogen sulfide concentration

The average H2S concentration in trial 2(UF25) after steady state was 1629.5 ppm, in trial 1 

(UF50) average H2S concentration was 1829.8 ppm and in trial 4 (UF75) 1983.9 ppm in 

Figure 21 which consistent with the range (1000-3000 ppm) reported from previous research 

(Angelidaki, Ellegaard et al. 2003). These results indicated that H2S concentration increases 

with increasing content of unsorted food waste. In addition, the average H2S concentration 

from trial 3 and 6 were significantly lower(p<0.05) than the ones in trial 1 and 2, showing 

that inedible FW released nearly half H2S concentration compared to that of unsorted FW. 

The low H2S concentration could also be due in part to precipitation through the formation of 

iron sulphides as the iron content in edible FW was approximately 2 times higher than in the 
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unsorted FW shown in Table 7(Tampio, Ervasti et al. 2014).Less protein content (1.16% wet 

weight basis) in inedible FW compared to the one in unsorted FW (8.57% wet weight basis) 

shown in Table 7, which leads to a lower H2S, might be another reason (Straka, Jenicek et al. 

2007). In addition, O'Flaherty, Mahony et al. (1998) showed that sulphate-reducing bacteria 

(SRBs) have an optimum pH slightly higher than that of methanogenic archaea, hence the 

higher pH in the unsorted FW trials may have favored the growth of SRBs causing increased 

H2S concentrations shown in Figure 23.Moreover, the H2S concentration compared to OLR 

in trial 5 was 994.48 ppm/kg VSadded, slightly higher than the one in trial 1 (p<0.05), which 

was 941.10 ppm/kg VSadded. The similar methane yield as well as H2S concentration indicated 

trials fed 50% unsorted FW (1 and 5) performed unbiased.

3.3. VS reduction

According to Table 5, the VS of feeding influent was 3.76%. The VS content(TS basis) in 

effluent withdrawn from each trial were 42.15%, 50.02%, 47.19%, 53.04%, 41.57% and47.24% 

of influent VS content after steady state, respectively, shown in Figure 12. Correspondingly, 

about 69.3%, 59.0%, 55.6%, 62.1%, 68.7% and 47.5% of total VS were degraded in the trial 

1, 2 ,3, 4, 5 and 6, respectively shown in Table 8.It can be seen that by increasing the amount 

of unsorted FW in the substrate from 25 (trial 2) to 50% (trial 1), a 14.86% increase in VS 

reduction was achieved which is consistent with previous report, indicating higher VS 

reduction was observed in reactors with higher methane yields (Dai, Duan et al. 2013). 

However, the addition of FW from 50 (trial 1) to 75% (trial 4) resulted in a 10.39% decrease 

in VS reduction which is agreed with previous, showing a higher FW fraction would decrease 

VS reduction (Heo, Park et al. 2004).As mentioned above, trial 1 and 5 were conducted to 

check determine the consistency of digestion trials and results showed that VS reduction of 

two trials were similar (69.3% VS 68.7%). In addition, VS reduction in inedible FW trials 
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(trial3 and 6) were lower than these in unsorted FW trials, and it implied that the lower 

methane yield of inedible might due to the less VS destruction rate compared to unsorted FW.

Table 10. Average TS and VS content in effluent from each trials after steady state.

Trial number TS% VS% (TS basis)

1 2.74 42.15

2 3.08 50.02

3 3.54 47.19

4 2.69 53.04

5 2.83 41.57

6 3.70 53.40

3.4. Reactor characteristics

The variations of influent as well as effluent pH over the digestion process were showed in 

Figure 13. No matter the variation of influent pH, effluent pH values in all trials decreased in 

the first 10 days as FW underwent the acetogenesis process. Afterwards, methaneogens 

rapidly consumed those acids, leading to an increased pH and then stabilized digester 

performance. Since the C/N ratio of feeding in all trials were around 22.1, the pH values in all 

treatments finally reached between 7.0 to 7.5, which agreed with the previous study 

indicating methanogenic activity occurs at pH values between 6.2 and 8.0(Wang, Yang et al. 

2012). Also, the effluent pH was always higher than 6.8, showing the methaneogensis wasn’t 

inhibited as methanogenesis will be potentially inhibited as the pH was lower than 6.8 and 

thus all digesters were performed well over the whole period (Ward, Hobbs et al. 2008). In 

addition, the effluent of inedible FW were higher than the ones from unsorted FW, leading to 

a higher increased H2S concentrations which agreed with previous study (O'Flaherty, 

Mahony et al. 1998).
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The stability criterion for anaerobic digestion is often expressed by the ratio of total VFA to 

the buffering capacity measured as alkalinity-total VFA/alkalinity ratio (Koch, Lübken et al. 

2010).As seen in Figure14, all VFA/alkalinity ratios were stabilized at 0.25±0.03, 0.30±0.03, 

0.43±0.04, 0.37±0.02, 0.28±0.03 and0.41±0.02, respectively. Since all ratios were less than 

0.6, showing a healthy buffering capacity in all three trials as a ratio exceeding 0.6 is 

regarded as indicative of overfeeding (Lossie and Pütz 2008).
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3.5. Estimated energy analysis of Columbia City (MO)

According to Census Bureau, the city of Columbia (MO) has an estimated 116,906 people in 

2014 (Census 2014). According to a survey conducted by Buzby, Farah-Wells et al. (2014), 

every person in American produced 194.62 kg FW in 2014. Consequently, the total FW 

produced in Columbia city is about 22,752.25unsorted metric tons/year with a default 90% 

feedstock purity(Molino, Nanna et al. 2013).At the same time, if all unsorted FW in waste 

stream can be avoided, inedible FW produced from Columbia city is 5005 metric tons/year. 

Of unsorted and inedible FW, if we feed them with sewage sludge at 1:1 and 1:3 mixing ratio 

in this study, it will produce 83,391,441 and 6,826,722 ft3 biogas/year, assuming these waste 

produces the same methane yield (460 and 386 L/kg VSadded) as the ones in trial 1 and 6.The 
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average energy content generated from unsorted and inedible FW are calculated as 39.1 and 

6.2 MJ/m3upon Equation 1. According to ADDIT model, total net energy are 28,678,680 and 

68,586 KWh/year shown in Table 11 and investment cost, including capital cost and O&M 

cost are $3,019,446 and $1,190,475 when codigestion of unsorted and inedible FW with 

sewage sludge. As a result, these co-digestion process will be able to take a desirable profit to 

Columbia city (MO) with an approximately $1,290,540 and $3086.4 annually income if all 

unsorted and inedible FW was sent to codigestion plant, assuming the average commercial 

electricity rate in MO is 4.50 ¢/kWh(EIA 2015).

Table 11.Economic analysis of unsorted and inedible FW

Item Unit Unsorted FW Inedible FW

FW as collected Wet ton/year 22,752 5005

Biogas production 

potential

ft3 biogas/year 83,391,441 6,826,722

Total net energy KWh/year 28,678,680 68,586

Investment cost $ 3,019,446 1,190,475

Total net profit $/year 1,290,540 3086.4

Payoff period year 2.34 385.7
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CONCLUSION AND DISCUSSION

In this study, methane yield from inedible FW trials were less than in unsorted FW trials. 

According to Table 7, it can be seen that both protein and fat were richer in unsorted FW 

while inedible FW had more crude fiber percentage than unsorted FW upon FW recipe 

analysis. In addition, inedible FW had higher ash contents than the unsorted FW and this may 

be due to the presence of more refractory component, such as eggshells or pineapple rinds 

shown in Table 4. This might be the reason why inedible FW produces less methane 

production compare with the one in unsorted FW. For instance, it has been reported that 

banana peels has more crude fibre than banana (31.7% verse 2.4%) and thus could be able to 

produce more methane because crude fibre did not give much methane in AD process (Amon, 

Kryvoruchko et al. 2004, Anhwange, Ugye et al. 2009).In table 9, physic and composition 

analysis of FW was compared to previous studies. The methane yield reached between 71.7% 

and 90.3% of the theoretical methane production and consistent with this study.

Table 12.Comparison with previous calculations of theoretical methane production and batch 

methane potential tests of food waste.

Composition (% 
of TS)Reference TS (%) VS (% 

of TS)

Theoretical 
methane 
production

Measured 
methane 
yield

Fat Protein

(Davidsson, 
Gruvberger et al. 
2007)

28 92 591 495 18 16

(Davidsson, 
Gruvberger et al. 
2007)

17-37 85-87 530-545 380-566 14-
17

15-17

(Schott, Vukicevic et 
al. 2013) 33 86 442 399 13 16
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Composition analysis also supported that lower H2S concentration released from inedible FW 

was the result of less proportion of protein. For instance, meat, cheese and broccoli are rich in 

both protein and lipids, therefore leading to a higher protein content in edible FW (Iacovidou, 

Ohandja et al. 2012). These variation was mainly due to the different FW recipes and finally 

resulted in higher H2S release (Straka, Jenicek et al. 2007).

Over the whole digestion period, there were no indication of failure such low pH or 

accumulated VFAs in any of the digesters. Estimated energy analysis of FW in Columbia 

(MO) showed a co-digestion process of unsorted and inedible FW with sewage sludge has a 

desiable profit, approximately $1,290,540and $3525.3annually.
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FUTURE RESEARCH

When unsorted FW was feed in the digesters, both 25, 50and 75% proportion FW with 

sewage sludge performed well. However, for inedible FW, one of the trials (trial 3) failed to 

establish a stabilized phase due to faulty bags. As a result, one more trial fed 50% inedible 

FW need to run again in our ongoing research. In addition, some of the operational 

parameters in our study were not in the recommended range, in order to maximum biogas 

production, changing some operational parameters are also need to be considered. For 

example, the HRT in our system was 28 days, which is longer than the optimum range 

reported in the literature.  ORLs is also lower than the range previously reported. Therefore, 

questions as to “How to maximum biogas production?”, and “what are the optimum 

operational parameters of our study?” remain need for further research.  



54

Appendix Ⅰ. Biogas volume of faulty bags

Trial 1 Trial 2 Trial 3

Date day

R1
Bag 

ID
R2 Bag ID R3 Bag ID R4 Bag ID R5 Bag ID R6 Bag ID

7/9 2 0.15 1a   0.10 3a   1.25 5a   

7/15 8         0.00 5c   

7/16 9 0.55 1a   0.20 3a       

7/17 10         0.10 5c   

7/18 11 1.05 1a   0.00 3a   1.20 5a   

7/20 13         0.50 5c   

7/21 14 1.25 1a   0.20 3a   0.80 5a   

7/22 15         0.05 5c   

7/24 17 1.90 1c           

7/27 20 0.25 1a   0.10 3a   0.25 5a   

7/29 22           0.50 6b

7/30 23 0.20 1d           

7/31 24 1.85 1a   0.10 3a   0.50 5a   

8/3 27 0.75 1a   0.10 3a   0.30 5a   

8/5 29     0.10 3a   0.20 5a   

8/7 31         0.00 5d   

8/8 32 0.00 3a 0.00 1a 0.00  5a 0.00 6b   0.00 4d

8/9 33         0.25 5d   

8/10 34 1.30 1c           

8/11 35       1.85 4b     

8/13 37         1.90 5e   

8/17 41 0.05 1c         2.25 6c

8/18 42         2.10 2a   

8/19 43     1.60 3b       

8/22 46           3.00 6c

8/23 47       2.80 4a   0.00 6d

8/24 48     1.50 3b       

8/25 49 1.15 1c 1.75 2c 1.80 3c     0.95 6c

8/26 50       2.65 4a   0.15 6d
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8/27 51 0.70 3c         1.75 6c

8/28 52           0.70 6d

8/29 53     1.60 3b       

8/30 54           1.35 6d

8/31 55 2.75 1b   0.75 3b   2.20 5e   

9/1 56           0.40 6d

9/2 57           0.90 6c

9/3 58           0.20 6d

9/4 59       0.75 4f     

9/5 60           2.05 6c

9/6 61       0.15 4f     

9/8 63           2.10 6c

9/9 64         0.70 4f   

9/10 65           1.50 6c

9/11 66           0.00 6d

9/13 68           2.10 6c

9/14 69       0.00 4a 1.20 2a 1.20 6d

9/18 73           1.30 6c

9/19 74 1.90 1b   2.35 3b 2.35 4b 1.55 5e   

9/20 75 2.00 1c     2.30 4c   1.30 6c

9/24 79 2.20 1c           

9/26 81         0.00 2b 0.00 4b

9/28 83       1.85 4a 1.90 2a   

10/2 87 2.35 1c

11/29 145 0.25 3g 1.7 4g

01/16 193 0.7 1h

01/27 204 0.15 5g 1.25 6g

01/30 207 2.4 6k 0 2h
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Appendix Ⅱ.Constant lowervolume of bags

Trial 1 Trial 2 Trial 3

Date day

R1
Bag 

ID
R2 Bag ID R3 Bag ID R4 Bag ID R5 Bag ID R6 Bag ID

7/8 1     1.10 3d       

7/10 3     0.15 3d       

7/14 7     1.05 3d       

7/19 12     0.00 3d 0.00 4d     

7/23 16       0.00 4d     

7/26 19       0.00 4d     

7/27 20           0.85 6a

7/28 21       0.05 4d     

7/30 23     0.15 3d 0.05 4d     

8/9 33     0.30 3d       

8/11 35           1.20 6a

8/13 37           1.00 6a

8/18 42     1.40 3d       

8/19 43           2.70 6a

8/21 45           2.05 6a

8/22 46       0.45 4c 0.60 5b   

8/23 47       2.80 4a     

8/24 48           1.40 6a

8/25 49       1.05 4c 0.10 5b   

8/26 50       2.65 4a     

8/27 51       2.75 4c 0.05 5b   

8/29 53           2.50 6a

8/31 55           2.55 6a

9/2 57         0.10 5b   

9/5 60         0.00 5b   

9/7 62           1.55 6a

9/8 63         0.00 5b   

9/9 64         0.70 4f   

9/10 65         0.80 5b   
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9/14 69     0.60 3d       

9/19 74   2.20 2b       0.35 6a

9/20 75   2.90 2c         

9/21 76           1.80 6a

12/03 149 2 4k

12/05 151 2.35 4k

01/26
203 1.25 4h

01/30
207 0.75 4h
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Appendix Ⅲ Feeding skip and followed date

Trial 1 Trial 2 Trial 3

Date
day

R1
Bag 

ID
R2

Bag 

ID
R3

Bag 

ID
R4

Bag 

ID
R5

Bag 

ID
R6

Bag 

ID

7/25 18 0.00  0.00  0.00  0.00  0.00  0.00  

7/26 19 7.15 1d 8.00 2d 7.55 3d 0.00 4d* 3.80 5d 7.20 6d

8/1 25 0.00  0.00  0.00  0.00  0.00  0.00  

8/2 26 5.45 1c 7.20 2c 7.60 3c 5.45 4b 4.60 5b 5.50 6c

11/6
122 0.7 1k 0.85 2k 0.8 3k 0.45 4k 0.95 5k 0.85 6k

12/18 164 0 0 0 0 0 0

12/19 165 0 0 0 0 0 0

12/20 166 0 0 0 0 0 0

12/21 167 5.05 1h 9.15 8.9 3h 5.15 4h 8.8 5h 9.75 6h

12/22 168 0 0 0 0 0 0

12/23 169 5.4 1g 5.75 2g 6.05 3k 6.05 1k 7.65 5g 7.45 6g

12/24 170 1.75 1h 4.65 2h 1.75 3h 1.55 4h 1.85 5h 1.55 6h

12/25 171 4.25 1g 0 2g 3.15 3k 3.55 1k 3.35 5g 3 6g

01/05 182 0 0 0 0 0 0

01/06 183 6.7 1g 7 2g 7 3h 7 4h 7.5 5h 7.6 6h

 * Bag 4d was a faulty bag.



59

REFERENCES

Abdelgadir, A., X. Chen, J. Liu, X. Xie, J. Zhang, K. Zhang, H. Wang and N. Liu (2014). 

"Characteristics, process parameters, and inner components of anaerobic bioreactors." 

BioMed research international2014.

Alawi, S., B. Zainuri, T. Meisam, Y. Shahrakbah, A.-A. Suraini, H. Mohd Ali and Y. Shirai 

(2009). "The effect of higher sludge recycling rate on anaerobic treatment of palm oil mill 

effluent in a semi-commercial closed digester for renewable energy." American Journal of 

Biochemistry and Biotechnology5(1): 1-6.

Amon, T., V. Kryvoruchko, B. Amon, W. Zollitsch and E. Pötsch (2004). "Biogas production 

from maize and clover grass estimated with the methane energy value system." 

Web.<http://www. boku. ac. at/fileadmin/_ H93.

Angelidaki, I. and B. K. Ahring (1992). "Effects of free long-chain fatty acids on 

thermophilic anaerobic digestion." Applied Microbiology and Biotechnology37(6): 808-812.

Angelidaki, I., L. Ellegaard and B. K. Ahring (2003). Applications of the anaerobic digestion 

process. Biomethanation II, Springer: 1-33.

Anhwange, B., T. Ugye and T. Nyiaatagher (2009). "Chemical composition of Musa 

sapientum (banana) peels." Electronic Journal of Environmental, Agricultural and Food 

Chemistry8(6): 437-442.

Appels, L., A. V. Assche, K. Willems, J. Degrève, J. V. Impe and R. Dewil (2011). 

"Peracetic acid oxidation as an alternative pre-treatment for the anaerobic digestion of waste 

activated sludge." Bioresource Technology102(5): 4124-4130.

http://www/


60

Bouallagui, H., B. Rachdi, H. Gannoun and M. Hamdi (2009). "Mesophilic and thermophilic 

anaerobic co-digestion of abattoir wastewater and fruit and vegetable waste in anaerobic 

sequencing batch reactors." Biodegradation20(3): 401-409.

Braun, R., P. Huber and J. Meyrath (1981). "Ammonia toxicity in liquid piggery manure 

digestion." Biotechnology Letters3(4): 159-164.

Buzby, J. C., H. Farah-Wells and J. Hyman (2014). "The estimated amount, value, and 

calories of postharvest food losses at the retail and consumer levels in the United States." 

USDA-ERS Economic Information Bulletin(121).

Carter, G. W. and A. Tsangaris (1994). Municipal solid waste disposal process, Google 

Patents.

Census (2014). "Census Bureau Quickfacts." Retrieved May 13, 2016 from 

https://www.census.gov/quickfacts/table/PST045215/00.

Chae, K. J., A. Jang, S. K. Yim and I. S. Kim (2008). "The effects of digestion temperature 

and temperature shock on the biogas yields from the mesophilic anaerobic digestion of swine 

manure." Bioresource Technology99(1): 1-6.

Charles, W., L. Walker and R. Cord-Ruwisch (2009). "Effect of pre-aeration and inoculum 

on the start-up of batch thermophilic anaerobic digestion of municipal solid waste." 

Bioresource Technology100(8): 2329-2335.

Chen, Y., J. J. Cheng and K. S. Creamer (2008). "Inhibition of anaerobic digestion process: A 

review." Bioresource Technology99(10): 4044-4064.

Choorit, W. and P. Wisarnwan (2007). "Effect of temperature on the anaerobic digestion of 

palm oil mill effluent." Electronic Journal of Biotechnology10(3): 376-385.



61

Costello, C., E. Birisci and R. G. McGarvey (2015). "Food waste in campus dining operations: 

Inventory of pre- and post-consumer mass by food category, and estimation of embodied 

greenhouse gas emissions." Renewable Agriculture and Food SystemsFirstView: 1-11.

Costello, C., E. Birisci and R. G. McGarvey (2015). "Food waste in campus dining operations: 

Inventory of pre-and post-consumer mass by food category, and estimation of embodied 

greenhouse gas emissions." Renewable Agriculture and Food Systems: 1-11.

Cuéllar, A. D. and M. E. Webber (2010). "Wasted Food, Wasted Energy: The Embedded 

Energy in Food Waste in the United States." Environmental Science & Technology44(16): 

6464-6469.

Curry, N. and P. Pillay (2012). "Biogas prediction and design of a food waste to energy 

system for the urban environment." Renewable Energy41: 200-209.

Dai, X., N. Duan, B. Dong and L. Dai (2013). "High-solids anaerobic co-digestion of sewage 

sludge and food waste in comparison with mono digestions: Stability and performance." 

Waste Management33(2): 308-316.

Davidsson, Å., C. Gruvberger, T. H. Christensen, T. L. Hansen and J. l. C. Jansen (2007). 

"Methane yield in source-sorted organic fraction of municipal solid waste." Waste 

Management27(3): 406-414.

De la Rubia, M., M. Perez, L. Romero and D. Sales (2002). "Anaerobic mesophilic and 

thermophilic municipal sludge digestion." Chemical and biochemical engineering 

quarterly16(3): 119-124.



62

Demirer, G. and S. Chen (2004). "Effect of retention time and organic loading rate on 

anaerobic acidification and biogasification of dairy manure." Journal of Chemical 

Technology and Biotechnology79(12): 1381-1387.

Demirer, G. N. and S. Chen (2005). "Two-phase anaerobic digestion of unscreened dairy 

manure." Process Biochemistry40(11): 3542-3549.

Desai, M., V. Patel and D. Madamwar (1994). "Effect of temperature and retention time on 

biomethanation of cheese whey-poultry waste-cattle dung." Environmental Pollution83(3): 

311-315.

Dinsdale, R. M., G. C. Premier, F. R. Hawkes and D. L. Hawkes (2000). "Two-stage 

anaerobic co-digestion of waste activated sludge and fruit/vegetable waste using inclined 

tubular digesters." Bioresource Technology72(2): 159-168.

Dohnyos, M., J. Zbransk, J. Kutil and P. Jenek (2004). "Improvement of anaerobic digestion 

of sludge." Water Science & Technology49(10): 89-96.

Edelmann, W., H. Engeli and M. Gradenecker (2000). "Co-digestion of organic solid waste 

and sludge from sewage treatment." Water Science and Technology41(3): 213-221.

EIA (2015). "Electric Power Monthly." Retrieved May 13, 2016 from 

http://www.eia.gov/electricity/monthly/.

EPA (2001). "METHOD 1684 Total, Fixed, and Volatile Solids in Water, Solids, and 

Biosolids."

EPA (2010). "Municipal Solid Waste Generation, Recycling, and Disposal in the United 

States: Facts and Figures for 2010."



63

EPA (2014). "The Estimated Amount, Value, and Calories of Postharvest Food Losses at the 

Retail and Consumer Levels in the United States."

EPA (2015). "Landfill Methane Outreach Program." Retrieved May 13, 2016 from 

https://www3.epa.gov/lmop/.

España-Gamboa, E. I., J. O. Mijangos-Cortés, G. Hernández-Zárate, J. A. D. Maldonado and 

L. M. Alzate-Gaviria (2012). "Methane production by treating vinasses from hydrous ethanol 

using a modified UASB reactor." Biotechnol Biofuels5(1): 82.

Faaij, A. P. (2006). "Bio-energy in Europe: changing technology choices." Energy 

policy34(3): 322-342.

Fernández, J., M. Pérez and L. I. Romero (2008). "Effect of substrate concentration on dry 

mesophilic anaerobic digestion of organic fraction of municipal solid waste (OFMSW)." 

Bioresource Technology99(14): 6075-6080.

Fernández, J., M. Pérez and L. I. Romero (2010). "Kinetics of mesophilic anaerobic digestion 

of the organic fraction of municipal solid waste: Influence of initial total solid concentration." 

Bioresource Technology101(16): 6322-6328.

Forster-Carneiro, T., M. Pérez and L. I. Romero (2008). "Influence of total solid and 

inoculum contents on performance of anaerobic reactors treating food waste." Bioresource 

Technology99(15): 6994-7002.

Fricke, K., H. Santen, R. Wallmann, A. Hüttner and N. Dichtl (2007). "Operating problems in 

anaerobic digestion plants resulting from nitrogen in MSW." Waste Management27(1): 30-43.

Gadd, G. and A. Griffiths (1977). "Microorganisms and heavy metal toxicity." Microbial 

Ecology4(4): 303-317.



64

Geeta, G. S., K. S. Jagadeesh and T. K. R. Reddy (1990). "Nickel as an accelerator of biogas 

production in water hyacinth (Eichornia crassipes solms.)." Biomass21(2): 157-161.

Gerardi, M. H. (2003). The microbiology of anaerobic digesters, John Wiley & Sons.

Gou, C., Z. Yang, J. Huang, H. Wang, H. Xu and L. Wang (2014). "Effects of temperature 

and organic loading rate on the performance and microbial community of anaerobic co-

digestion of waste activated sludge and food waste." Chemosphere105: 146-151.

Grady Jr, C. L., G. T. Daigger, N. G. Love and C. D. Filipe (2011). Biological wastewater 

treatment, CRC Press.

Gunaseelan, V. N. (2004). "Biochemical methane potential of fruits and vegetable solid waste 

feedstocks." Biomass and Bioenergy26(4): 389-399.

Heo, N. H., S. C. Park and H. Kang (2004). "Effects of Mixture Ratio and Hydraulic 

Retention Time on Single-Stage Anaerobic Co-digestion of Food Waste and Waste Activated 

Sludge." Journal of Environmental Science and Health, Part A39(7): 1739-1756.

Huber, H., M. Thomm, H. König, G. Thies and K. Stetter (1982). "Methanococcus 

thermolithotrophicus, a novel thermophilic lithotrophic methanogen." Archives of 

Microbiology132(1): 47-50.

Iacovidou, E., D.-G. Ohandja and N. Voulvoulis (2012). "Food waste co-digestion with 

sewage sludge – Realising its potential in the UK." Journal of Environmental 

Management112: 267-274.

IPCC (2014). "Climate Change 2014 Synthesis Report ". Retrieved May 13, 2016 from 

http://www.ipcc.ch/report/ar5/syr/.



65

Jiang, G., O. Gutierrez, K. R. Sharma, J. Keller and Z. Yuan (2011). "Optimization of 

intermittent, simultaneous dosage of nitrite and hydrochloric acid to control sulfide and 

methane productions in sewers." Water Research45(18): 6163-6172.

Jin, P., S. K. Bhattacharya, C. J. Williams and H. Zhang (1998). "EFFECTS OF SULFIDE 

ADDITION ON COPPER INHIBITION IN METHANOGENIC SYSTEMS." Water 

Research32(4): 977-988.

Khanal, S. K., W.-H. Chen, L. Li and S. Sung (2004). "Biological hydrogen production: 

effects of pH and intermediate products." International Journal of Hydrogen Energy29(11): 

1123-1131.

Kim, D.-H. and S.-E. Oh (2011). "Continuous high-solids anaerobic co-digestion of organic 

solid wastes under mesophilic conditions." Waste Management31(9–10): 1943-1948.

Kim, H.-W., S.-K. Han and H.-S. Shin (2003). "The optimisation of food waste addition as a 

co-substrate in anaerobic digestion of sewage sludge." Waste management & research21(6): 

515-526.

Kim, I., D. Kim and S. Hyun (2000). "Effect of particle size and sodium ion concentration on 

anaerobic thermophilic food waste digestion." Water Science and Technology41(3): 67-73.

Kim, J. K., B. R. Oh, Y. N. Chun and S. W. Kim (2006). "Effects of temperature and 

hydraulic retention time on anaerobic digestion of food waste." Journal of Bioscience and 

Bioengineering102(4): 328-332.

Kim, S. D., J. Cho, I. S. Kim, B. J. Vanderford and S. A. Snyder (2007). "Occurrence and 

removal of pharmaceuticals and endocrine disruptors in South Korean surface, drinking, and 

waste waters." Water Research41(5): 1013-1021.



66

Koch, K., M. Lübken, T. Gehring, M. Wichern and H. Horn (2010). "Biogas from grass 

silage – Measurements and modeling with ADM1." Bioresource Technology101(21): 8158-

8165.

Koch, K., M. Plabst, A. Schmidt, B. Helmreich and J. E. Drewes "Co-digestion of food waste 

in a municipal wastewater treatment plant: Comparison of batch tests and full-scale 

experiences." Waste Management.

Lafitte-Trouqué, S. and C. F. Forster (2002). "The use of ultrasound and γ-irradiation as pre-

treatments for the anaerobic digestion of waste activated sludge at mesophilic and 

thermophilic temperatures." Bioresource Technology84(2): 113-118.

LaPara, T. M., C. H. Nakatsu, L. M. Pantea and J. E. Alleman (2001). "Aerobic Biological 

Treatment of a Pharmaceutical Wastewater:: Effect of Temperature on COD Removal and 

Bacterial Community Development." Water Research35(18): 4417-4425.

Lin, C.-Y. (1992). "Effect of heavy metals on volatile fatty acid degradation in anaerobic 

digestion." Water Research26(2): 177-183.

Lin, C.-Y. (1993). "Effect of heavy metals on acidogenesis in anaerobic digestion." Water 

Research27(1): 147-152.

Liu, X., W. Wang, Y. Shi, L. Zheng, X. Gao, W. Qiao and Y. Zhou (2012). "Pilot-scale 

anaerobic co-digestion of municipal biomass waste and waste activated sludge in China: 

Effect of organic loading rate." Waste Management32(11): 2056-2060.

Lomans, B. P., C. van der Drift, A. Pol and H. J. M. Op den Camp (2002). "Microbial cycling 

of volatile organic sulfur compounds." Cellular and Molecular Life Sciences CMLS59(4): 

575-588.



67

Lossie, U. and P. Pütz (2008). "Targeted control of biogas plants with the help of FOS/TAC." 

Practice Report Hach-Lange.

Lundie, S. and G. M. Peters (2005). "Life cycle assessment of food waste management 

options." Journal of Cleaner Production13(3): 275-286.

Mata-Alvarez, J. (2003). "Fundamentals of the anaerobic digestion process." 

Biomethanization of the organic fraction of municipal solid wastes: 1-20.

Molino, A., F. Nanna, Y. Ding, B. Bikson and G. Braccio (2013). "Biomethane production by 

anaerobic digestion of organic waste." Fuel103: 1003-1009.

Mshandete, A., L. Björnsson, A. K. Kivaisi, M. S. T. Rubindamayugi and B. Mattiasson 

(2006). "Effect of particle size on biogas yield from sisal fibre waste." Renewable Energy 

31(14): 2385-2392.

MSU (2015). "ADDIT." Retrieved May 13, 2016 from http://mibiomass.rsgis.msu.edu/.

Murphy, J. D. and E. McKeogh (2004). "Technical, economic and environmental analysis of 

energy production from municipal solid waste." Renewable Energy29(7): 1043-1057.

Nagao, N., N. Tajima, M. Kawai, C. Niwa, N. Kurosawa, T. Matsuyama, F. M. Yusoff and T. 

Toda (2012). "Maximum organic loading rate for the single-stage wet anaerobic digestion of 

food waste." Bioresource Technology118: 210-218.

Nath, K. and D. Das (2004). "Biohydrogen production as a potential energy resource-present 

state-of-art." Journal of scientific and industrial research63: 729-738.

Nordmann, W. (1977). "Die Überwachung der Schlammfaulung." KA-Informationen für das 

Betriebspersonal, Beilage zur Korrespondenz Abwasser3(77): 77.



68

O'Flaherty, V., T. Mahony, R. O'Kennedy and E. Colleran (1998). "Effect of pH on growth 

kinetics and sulphide toxicity thresholds of a range of methanogenic, syntrophic and 

sulphate-reducing bacteria." Process Biochemistry33(5): 555-569.

Palmowski, L. and J. Mller (2000). "Influence of the size reduction of organic waste on their 

anaerobic digestion." Water Science and Technology41(3): 155-162.

Park, C., C. Lee, S. Kim, Y. Chen and H. A. Chase (2005). "Upgrading of anaerobic 

digestion by incorporating two different hydrolysis processes." Journal of Bioscience and 

Bioengineering100(2): 164-167.

Parkin, G. F., R. E. Speece, C. H. J. Yang and W. M. Kocher (1983). "Response of Methane 

Fermentation Systems to Industrial Toxicants." Journal (Water Pollution Control 

Federation)55(1): 44-53.

Patel, V., M. Desai and D. Madamwar (1993). "Thermochemical pretreatment of water 

hyacinth for improved biomethanation." Applied Biochemistry and Biotechnology42(1): 67-

74.

Preeti Rao, P. and G. Seenayya (1994). "Improvement of methanogenesis from cow dung and 

poultry litter waste digesters by addition of iron." World Journal of Microbiology and 

Biotechnology10(2): 211-214.

Sánchez, E., R. Borja, P. Weiland, L. Travieso and A. Martı́n (2001). "Effect of substrate 

concentration and temperature on the anaerobic digestion of piggery waste in a tropical 

climate." Process Biochemistry37(5): 483-489.



69

Schott, A. B. S., S. Vukicevic, I. Bohn and T. Andersson (2013). "Potentials for food waste 

minimization and effects on potential biogas production through anaerobic digestion." Waste 

management & research31(8): 811-819.

Shen, F., H. Yuan, Y. Pang, S. Chen, B. Zhu, D. Zou, Y. Liu, J. Ma, L. Yu and X. Li (2013). 

"Performances of anaerobic co-digestion of fruit &amp; vegetable waste (FVW) and food 

waste (FW): Single-phase vs. two-phase." Bioresource Technology144: 80-85.

Siddiqui, Z., N. J. Horan and M. Salter (2011). "Energy optimisation from co-digested waste 

using a two-phase process to generate hydrogen and methane." International Journal of 

Hydrogen Energy36(8): 4792-4799.

Speece, R. E. (1996). Anaerobic biotechnology for industrial wastewaters. Anaerobic 

biotechnology for industrial wastewaters.

Sterritt, R. M. and J. N. Lester (1980). "Interactions of heavy metals with bacteria." Science 

of The Total Environment14(1): 5-17.

Straka, F., P. Jenicek, J. Zabranska, M. Dohanyos and M. Kuncarova (2007). Anaerobic 

fermentation of biomass and wastes with respect to sulfur and nitrogen contents in treated 

materials. Proceedings of the11th International Waste Management and Landfill Symposium.

Stronach, S. M., T. Rudd and J. N. Lester (2012). Anaerobic digestion processes in industrial 

wastewater treatment, Springer Science & Business Media.

Stroot, P. G., K. D. McMahon, R. I. Mackie and L. Raskin (2001). "Anaerobic codigestion of 

municipal solid waste and biosolids under various mixing conditions—I. digester 

performance." Water Research35(7): 1804-1816.



70

Tampio, E., S. Ervasti, T. Paavola, S. Heaven, C. Banks and J. Rintala (2014). "Anaerobic 

digestion of autoclaved and untreated food waste." Waste Management34(2): 370-377.

Tyagi, V. and S.-L. Lo (2011). "Application of physico-chemical pretreatment methods to 

enhance the sludge disintegration and subsequent anaerobic digestion: an up to date review." 

Reviews in Environmental Science and Bio/Technology10(3): 215-242.

Uçkun Kiran, E., A. P. Trzcinski, W. J. Ng and Y. Liu (2014). "Bioconversion of food waste 

to energy: A review." Fuel134: 389-399.

UNEP (2013). "Think, Eat, Save: UNEP, FAO and Partners Launch Global Campaign to 

Change Culture of Food Waste."

USCC (2007). "Keeping Organics Out of Landfills ".

Vallee, B. L. and D. D. Ulmer (1972). "Biochemical effects of mercury, cadmium, and lead." 

Annual review of biochemistry41(1): 91-128.

Vergara-Fernández, A., G. Vargas, N. Alarcón and A. Velasco (2008). "Evaluation of marine 

algae as a source of biogas in a two-stage anaerobic reactor system." Biomass and 

Bioenergy32(4): 338-344.

Voulvoulis, N. and J. N. Lester (2006). "Fate of organotins in sewage sludge during 

anaerobic digestion." Science of The Total Environment371(1–3): 373-382.

Wan, C., Q. Zhou, G. Fu and Y. Li (2011). "Semi-continuous anaerobic co-digestion of 

thickened waste activated sludge and fat, oil and grease." Waste Management31(8): 1752-

1758.



71

Wang, Q., M. Kuninobu, H. I. Ogawa and Y. Kato (1999). "Degradation of volatile fatty 

acids in highly efficient anaerobic digestion." Biomass and Bioenergy16(6): 407-416.

Wang, X., G. Yang, Y. Feng, G. Ren and X. Han (2012). "Optimizing feeding composition 

and carbon–nitrogen ratios for improved methane yield during anaerobic co-digestion of 

dairy, chicken manure and wheat straw." Bioresource Technology120: 78-83.

Ward, A. J., P. J. Hobbs, P. J. Holliman and D. L. Jones (2008). "Optimisation of the 

anaerobic digestion of agricultural resources." Bioresource Technology99(17): 7928-7940.

Wina, E., S. Muetzel, E. Hoffmann, H. P. S. Makkar and K. Becker (2005). "Saponins 

containing methanol extract of Sapindus rarak affect microbial fermentation, microbial 

activity and microbial community structure in vitro." Animal Feed Science and 

Technology121(1–2): 159-174.

Wu, M.-c., K.-w. Sun and Y. Zhang (2006). "Influence of temperature fluctuation on 

thermophilic anaerobic digestion of municipal organic solid waste." Journal of Zhejiang 

University SCIENCE B7(3): 180-185.

Yacob, S., Y. Shirai, M. A. Hassan, M. Wakisaka and S. Subash (2006). "Start-up operation 

of semi-commercial closed anaerobic digester for palm oil mill effluent treatment." Process 

Biochemistry41(4): 962-964.

Yang, F. (2011). "Mesophilic anaerobic digestion conducted in single unit reactor at 

increasing ammonia concentrations."

Yang, S. T. and M. R. Okos (1987). "Kinetic study and mathematical modeling of 

methanogenesis of acetate using pure cultures of methanogens." Biotechnology and 

Bioengineering30(5): 661-667.



72

Yen, H.-W. and D. E. Brune (2007). "Anaerobic co-digestion of algal sludge and waste paper 

to produce methane." Bioresource Technology98(1): 130-134.

Zaher, U., D.-Y. Cheong, B. Wu and S. Chen (2007). "Producing energy and fertilizer from 

organic municipal solid waste." Department of Biological Systems Engineering, Washington 

State University.

Zayed, G. and J. Winter (2000). "Inhibition of methane production from whey by heavy 

metals – protective effect of sulfide." Applied Microbiology and Biotechnology53(6): 726-

731.

Zeeman, G., W. M. Wiegant, M. E. Koster-Treffers and G. Lettinga (1985). "The influence of 

the total-ammonia concentration on the thermophilic digestion of cow manure." Agricultural 

Wastes14(1): 19-35.

Zhang, L. and D. Jahng (2012). "Long-term anaerobic digestion of food waste stabilized by 

trace elements." Waste Management32(8): 1509-1515.

Zhu, H., W. Parker, D. Conidi, R. Basnar and P. Seto (2011). "Eliminating methanogenic 

activity in hydrogen reactor to improve biogas production in a two-stage anaerobic digestion 

process co-digesting municipal food waste and sewage sludge." Bioresource 

Technology102(14): 7086-7092.

Zupančič, G. D. and A. Jemec (2010). "Anaerobic digestion of tannery waste: Semi-

continuous and anaerobic sequencing batch reactor processes." Bioresource 

Technology101(1): 26-33.

Zupančič, G. D. and M. Roš (2003). "Heat and energy requirements in thermophilic 

anaerobic sludge digestion." Renewable Energy28(14): 2255-2267.


