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ABSTRACT 

The purpose of this study was to investigate the production of useful biogas (methane) and system 

stability of anaerobic digesters for use in residential homes. Economic analysis and theoretical methane 

yield calculations were used to determine a hydraulic retention time (HRT) and volatile solids (VS) 

loading rate of 16 days and 4 g/L-day, respectively, for two 9L plug flow reactors using kitchen waste 

from a North campus dining hall. Although operating the reactors at these conditions led to high biogas 

production (greater than 15L/day), volatile fatty acid (VFA) accumulation after only one HRT rose to 

levels unfavorable to methanogens. The reactors were allowed to return to safe VFA levels by halting VS 

loading, and then more conservative conditions were used. An HRT of 27 days and a loading rate of 2.5g 

VS/L-day led to steady biogas production of 12L/day, but again led to high VFA levels and visible fat and 

oil accumulation after slightly more than one HRT. New substrate was obtained, and meats, fats, and oils 

were separated before being blended and fed at the same 27-day HRT and 2.5 g VS/L-day loading rate. 

This led to average biogas production just over 10L/day, and decreasing VFA concentrations after an 

initial spike at the start of the feeding period. It is possible this was due to the addition of trace metal 

solution to the feedstock, or may have been the result of a reasonable feeding rate that properly enriched 

for methanogens. 
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Introduction 

The U.S. produces 89.5 kg of food waste per person every year (Office of Solid Waste, 2006), half of 

which comes from residential disposal (Franklin Associates, 1999). Environmentally friendly individuals 

may choose to compost their food waste to acquire a useful fertilizer or soil amendment; however, this 

process does not allow a means to capture the energy that is locked up in waste. Many municipal waste 

management programs do attempt to harness organic waste energy through combustion in waste-to-

energy plants and methane collection from microorganism activity in landfills. While such systems make 

use of the energy available in food waste, they do not directly benefit the individuals who produce the 

waste, and may also involve additional costs to those individuals related to collection. 

A system that would allow individuals to take advantage of the energy content of the discarded food- 

perhaps as much as 225 kg for a household of four- would be very environmentally friendly. The 

conversion of residential food waste in an anaerobic digester would produce methane gas that could 

directly offset the use of propane or natural gas for a home’s heating or cooking gas needs. Although 

being environmentally friendly might be enough of an incentive for a select few to adopt this type of 

system, the most important issues for the typical person would be economic viability and ease of 

operation. 

If a product or system makes economic sense, people are very likely to adopt it. In the context of 

anaerobic digestion of food waste, this means that enough methane would have to be produced to offset or 

exceed the cost of the initial purchase and installation of the system as well as any ongoing operating 

costs. While the amount of methane that can be produced is obviously an extremely important factor in 

this decision, minimization of costs is just as important for making the system economically viable. For 

this reason, the reactor used in this type of system would almost certainly need to be operated at 

mesophilic temperatures (between 25°C and 40°C) to minimize heating costs. Even if the methane yield 

was better under thermophilic conditions (between 55°C and 60°C), it would very likely not be enough to 
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offset the cost of maintaining the reactors 15° to 30° hotter. Though the reactor itself would likely just be 

insulated and not directly heated, all the substrate would need to be heated to the proper temperature 

before it could enter the reactor. Since the substrate already contains a lot of water and it must also be 

further diluted, raising the temperature any more than is necessary is very likely to have a very negative 

impact on the economic balance for the system. To minimize both startup and operating costs, an 

unmixed plug flow reactor would probably be the best choice. An electric mixer would not only add an 

increased fixed cost, but would also add an additional operating cost in the form of a constant power 

requirement. 

Even if the economics work out beneficially, it would be important for the system to be easily maintained 

by an untrained homeowner. This means the reactor must be stable and not require any monitoring or 

cleaning, and that gas collection and storage must be safe. Again, an unmixed plug flow reactor would fit 

well here because there are no moving parts that can break or require maintenance or cleaning. 

For these reasons, we decided that a mesophilic, unmixed plug flow reactor would be used to test methane 

production and reactor stability, as this would be the most viable reactor type to use in this type of system 

for the typical homeowner.  
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Methods 

Two 9-L plug flow reactors were operated at identical conditions in a mesophilic chamber that was 

maintained between 35°C and 40°C. Both reactors were inoculated with diluted effluent from existing 

mesophilic anaerobic digesters that had been fed dairy manure. The reactors were fed equal amounts of 

substrate three times per week, on Tuesday, Thursday, and Saturday, according to the loading conditions 

at the time. The effluent was tested for pH with a pH electrode (Model Orion 4 Star, Thermo Scientific) 

every feeding and for volatile fatty acid (VFA) concentration at least once a week, excluding idle times 

when the reactors were not being fed new substrate. Total solids, volatile solids, soluble chemical oxygen 

demand, and total volatile fatty acids were performed according to Standard Methods (American Public 

Health Association (APHA), 1995). Biogas production was measured using gas displacement cylinders. 

Methane and carbon dioxide content of the biogas was determined with an SRI 8610C (SRI Instruments, 

Torrance, CA) gas chromatograph equipped with a thermal conductivity detector (TCD), using Helium as 

a carrier gas in a .3-m HaySep-D packed Teflon® column under isothermal conditions at 105°C. 
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Figure 1. View of 9-L plug flow reactors 

The first batch of food waste (henceforth referred to as Substrate A) was obtained from Appel Northstar 

Dining in early November. It consisted of food that was discarded by the cooking staff during meal 

preparation. The food was fed through a pulper/shredder on site at the dining hall, which decreased 

particle size and homogenized the mixture, allowing the waste to be fed into the reactor without any 

additional treatment in the lab. The waste was picked up in the late afternoon, and so presumably 

consisted of scraps coming mostly from the preparation of dinner. 

The waste was tested for total solids (TS) and volatile solids (VS) to determine dilution necessary for 

operating conditions. The reactors were first loaded at 4 g VS/L-day with a 16-day hydraulic retention 

time (HRT), maintained for the first 13 days of the operating period. Each feeding consisted of 656 mL 
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each of both substrate and water. Feeding was briefly paused when the reactors reached unstable VFA 

concentrations, and on day 18 a new, more conservative feed schedule began. This time the same 

substrate was fed at 2.5 g VS/L-day with 27-day HRT. This loading meant each feed required 410 mL of 

substrate with 367 mL of water, and these conditions were kept through day 40 of the operating period. 

The reactors were then monitored until the VFA concentration decreased to close to zero, and a new 

substrate could start being fed. 

The second batch of food waste (henceforth referred to as Substrate B) was again from Appel Northstar 

Dining; this time early in the morning so that the waste would be from breakfast preparation, on the 

assumption that this waste would be less fatty than that obtained during dinner time. This food waste was 

taken to the lab before it could be shredded on site, and particularly fatty food items were separated 

before the food was blended and mixed in the lab. Substrate analysis was performed again for this batch 

of food, and the VS was used to determine dilution required for the same 2.5 g VS/L-day and 27-day 

HRT that was used for Substrate A. This amounted to 280 mL substrate and 497 mL of water per feeding. 

This schedule continued from day 126 to day 152 of the operating period, when 2 mL of trace metal 

solution was added to each feed for the remainder of the study.  

Table 1 Trace metal solution components 

Component Concentration (mg/L) 

FeCl2·H2O 2000 

MnCl2·4H2O 500 

CaCl2·6H2O 2000 

NiCl2·6H2O 142 

ZnCl2 50 

Na2SeO3 123 

AlCl3·6H2O 90 

(NH4)Mo2O24·H2O 50 

CuCl2·2H2O 38 

Resazurin 200 

H3BO3 50 

EDTA 1000 
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Results 

All 2.5g VS, 27-day HRT conditions with both substrates produced similar average daily biogas 

production results. Average per reactor production for the three different conditions ranged between 9 and 

11 L biogas/day, with the highest peak values exceeding 15 L biogas/day for all conditions. The 

conservative loading condition with substrate A (2.5 g VS/L-day, 27-day HRT) showed the most stable 

gas production rate, with a standard deviation of just over 2 L/day compared to more than 3 L/day for all 

other conditions. Complete biogas production data is shown below. The four loading conditions are 

labeled sequentially, with unlabeled time intervals corresponding to periods of no feeding. The two 

reactors are labeled as ‘1’ and ‘3’, holding with a prior convention when four reactors were operated for a 

previous study. 

 

Figure 2. Biogas production data 

However, none of the reactors were allowed to reach even a pseudo-steady state condition. Before the 

completion of a single hydraulic retention time at either loading condition with Substrate A, volatile fatty 

acid concentrations rose to levels that can be lethal to methanogens, and Substrate B saw a similar 

problem initially before VFAs started to decrease but did not reach steady state. VFA concentrations rose 

for almost all periods the reactors were being fed except for loading condition 4, when trace metal 

solution was added to the feed. For the final four weeks, the VFA concentrations show a downward trend. 
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This may have been due to the addition of trace metals, but could have been for a variety of reasons. It 

may have been that this was the first time the reactor was not overloaded, and that after an initial 

methanogen lag phase when the VFA concentration spiked, they were able to degrade them to lower the 

concentration. Complete VFA data is shown below. 

 

 Figure 3. VFA concentration data  

pH values remained above 7 throughout the duration of the experiment despite the occurrence of high 

VFA concentrations in the reactors. Downward trends in pH can be observed that correspond to the 

highest levels of VFAs near the end of each of the first three loading conditions, but these reversed when 

feeding ceased and when trace metals were co-fed with substrate during the final operating condition. 
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Figure 4. pH data 

Methane content of the biogas produced by both reactors remained fairly high throughout the study, 

ranging from 50% to just under 70%. Substrate B produced gas with a methane content lower than that of 

Substrate A, but the addition of trace metals to the feed was once again beneficial and raised the methane 

content. 

 

Figure 5. Biogas methane content  
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Conclusions 

The instability clearly exhibited by the first three operating conditions was likely the result of overloading 

and under designing. If VFA accumulation were to occur so rapidly in a residential system, any 

population of methanogens occupying the reactor would surely be killed off. Homeowners would be 

unable to monitor the effluent for a warning when the reactor was approaching high VFA levels. Even if 

they could, cutting off the feed to allow the reactor to stabilize, as is possible in a laboratory setting, 

defeats the whole purpose of having a system of this type. For these reasons, a large safety factor should 

be used in the design of any type of residential system. Additionally, the initial loading conditions should 

be very conservative to allow time for methanogen enrichment. Inoculating with sludge from an existing, 

stable food waste reactor would also greatly reduce the chance of failure. 

The trace metal addition lasted less than one hydraulic retention time, and the results do not show the 

effect conclusively. It is plausible that they may have contributed to the decreasing VFA concentration 

and elevated biogas production exhibited by reactor 1 (reactor 3 most likely had a leak in the gas tubing 

during this period), but it could have been a variety of other factors as well. Throughout the entire feeding 

period of Substrate B, the biogas production was showing a slight trend upward, and this could be a 

continuation of this as opposed to an effect actually caused by the trace metal addition. The VFAs had 

already started decreasing before the trace metals were added, so the initial VFA spike may have been due 

to a methanogenic lag phase at the initial feeding of Substrate B, followed by rapid VFA consumption 

after enrichment. In retrospect, VFAs should have been tested more often during the first twenty days of 

Substrate B feeding, as this may have elucidated a clearer trend. 

These results are far from demonstrating any sort of feasibility for the implementation of a residential 

system because the reactors were operated incorrectly. However, to remain in line with the original goal 

of the project, a simple economic analysis can still be performed assuming that biogas production results 

would actually be typical of a real system.  
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Gas production from these operating conditions reached a peak less than 16 L/day, corresponding to .71 

L/g VS loaded. Generously assuming that steady state biogas production could achieve a level this high 

with a methane content of 60%, and using the volatile solids content of Substrate B as a typical value for 

food waste, a family of four could only produce about 10,000 L (10 m
3
) of methane per year from their 

kitchen waste. With the price of natural gas being approximately $.35 per m
3
 (U.S. Energy Information 

Administration, 2011), this amounts to an offset of only about $3.50 worth of natural gas (an optimistic 

assumption since natural gas typically contains some higher energy hydrocarbons as well, so the 

volumetric offset would not be 1:1). This almost inconsequential amount would probably not justify the 

fixed cost of purchasing and installing the basic requirements of this system, before even considering the 

cost of the heating. However, further research must be done before actually considering this analysis 

because of its basis on failing, unhealthy reactors. 

To definitively prove the viability of this type of system one way or another, more extensive experiments 

would certainly need to be run. These experiments were intended to investigate steady state biogas 

production levels that could be achieved with a typical food waste substrate, but reactor stability became 

such an issue that the focus really turned to controlling VFA levels. In the future, reactors should be run 

conservatively with a proper startup period, and a safety factor should be included. This will require a 

much larger reactor volume, and would probably make a system of this type fit more for warmer climates 

to minimize costs associated with heat loss. Different substrate compositions could be compared to see if 

any yield higher methane production. Because so many different factors are at work and the economic 

balance is so fragile, improvements need to be investigated for all aspects of this type of system before it 

has any chance of becoming a widespread option. 
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