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Fresh cut food processors, ranging from the small on-farm operations to large industrial settings, 

continue to raise concern with the lack of treatment options for the fruit and vegetable residue 

they generate.  Consequently, an experimental investigation was completed on methods to treat 

and dispose of vegetable solids which are produced in the peeling and cutting of fresh 

vegetables. In vessel composting and anaerobic digestion were used to treat the solids.  The 

anaerobic digestion resulted in 130 L of methane per kilogram of volatile solids for carrots and 

256 L of methane per gram of volatile solids for mixed vegetables. For the composting to be 

successful, the carrots and vegetables had to be dried first and extra nitrogen needed to be added 

to the pile.  Composting with a bulking agent was found to be the best method for small scale 

vegetable processors, and anaerobic digestion was found to be feasible for mixed vegetables, but 

not carrots alone. This is partly due to their higher C:N ratio. Anaerobic digestion effluent was 

found to have a high level of phytotoxicity and requires further treatment before land application.  

The compost at 21 days showed low phytotoxicity and requires some curing before land 

application. 
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1.0 Introduction 

Recently there has been a drive to reduce the amount of waste that is put in landfills, with the 

objective of diverting organic based wastes. In 2010, 28% of the total waste going to landfills 

was food waste or organic waste in the United States and approximately the same percentage in 

Canada (USEPA, 2012). The amount of organic waste diverted from landfills has been 

increasing from over 700,000 tonnes in Ontario in 2006 to one million tonnes in 2008 with total 

waste going to landfills of approximately 9.7 million tonnes both years (Statistics Canada, 2008), 

and this amount can be increased much further. Evidence of diversion efforts is seen in many 

parts of Europe, where the European Union has the Council Directive 1999/31/EC which 

mandates that biodegradable municipal waste going to landfills must be reduced to 75% of its 

1995 amount within five years of the directive, to 50% within eight years, and to 35% within 15 

years (European Union Council, 1999). In Germany alone, with a population of 82 million, there 

are 45 facilities for biological municipal waste treatment with a capacity of 5 million tonnes per 

year. Both Switzerland and Germany have had complete bans on untreated organic waste going 

to landfills since the mid-2000s (Steiner, 2007). A significant portion of the waste throughout 

Europe is treated thermally as well.  In Canada in 2012, approximately 28.8% (Antler, 2012) of 

organics were diverted from the landfill due to some form of treatment. 

Along with the initiatives to reduce organic wastes going to landfills, a reduction in water use 

has been a focus across all industries, especially the food processing sector due to environmental 

and cost competitiveness pressures. The food processing industry is a large water user, whether 

at the grower/producer level or in the industrial setting. Compounding the problem are concerns 

with high BOD levels in its washwater, along with a need to keep the water disinfected if water 
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reuse is considered. The 5 day biological oxygen demand (BOD5) of food washwater/wastewater 

waste tends to be in the range of 500-6000 mg/L, which is high enough that the water cannot be 

sent to the municipal treatment facility without sewer discharge surcharges and cannot be 

directly released into surface waters without pre-treatment. Another option is to dispose of the 

washwater on the land, which must follow O.Reg. 267/03 to ensure that the nutrients contained 

in the water do not enter nearby surface waters to cause environmental issues (Government of 

Ontario, 2003). 

Ideally, the washwater used in the process can be treated and reused, and the first step in this 

process would be to remove any solids which are present.  These solids need to be treated and 

disposed of properly, which is the focus of this thesis.  Rather than sending the solids to a 

landfill, the treated solids may be applied to the land in accordance with O.Reg. 267/03 or 

Nutrient Management Code 590 in the US (U.S. Natural Resources Conservation Service, 2006). 

For smaller facilities which peel, cut, and package local vegetables, meeting the regulations can 

be a problem. Often the treatment technologies that are economical for a large facility, which 

operate continuously are not feasible for facilities that operate 8 hours a day, and for only half of 

the year. In addition, there is very little data about the treatment of fruit and vegetable waste 

solids for processors of any size. Fresh cut food processors, ranging from small on farm 

operations to large industrial settings, continue to raise concern with the lack of treatment 

options for the fruit and vegetable residue that they generate. Along with looking at the ways in 

which the solids can be treated and disposed of from such a facility, a cost analysis was 

completed to choose the method which is the most economically feasible, while still meeting all 

applicable regulations. For this study, the majority of the work focused on carrot solids, but some 
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work was done on mixed vegetables to be able to extend the conclusions to fruit and vegetable 

processors in general. 

The treatment methods examined were composting and anaerobic digestion with the aim of land 

application.  Samples were collected from two industrial partners and these were tested at the 

bench-scale. Phytotoxicity, carbon and nitrogen levels, and the number of fecal coliform present 

were measured in the composting trials to see how long the composting takes to complete. This 

was done while the bulking agent, amount of bulking agent, and carbon to nitrogen ratio were 

changed to find the optimal composting mixture. The information gathered from this was used to 

find the cost and difficulty of composting carrot waste and vegetable waste in general. 

Anaerobic digestion testing was completed using continuous stirred tank reactors and was tested 

for variables including gas production, soluble COD in the effluent, MLVSS, carbon and 

nitrogen amounts, and fecal levels. The variables that were adjusted were temperature and 

retention time. This information was then used to determine the viability of this type of treatment 

for both industrial partners, as well as for vegetable processors in general. Solids that were 

removed from the washwater by dissolved air flotation (DAF) in a companion study after the 

bulk of solids had been removed by screens were also analysed for their ability to undergo 

composting and anaerobic digestion. This was done to identify if the chemicals used in the DAF 

process would adversely affect the land application of the treated solids. 

The format of the thesis is traditional.  The background and literature review will be followed by 

the methods chapter that describes the procedures used to run the tests and analyse samples.  

After this the results from all the tests are shown, with a discussion of what the results mean and 

the conclusions that can be drawn. 
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2.0 Background 

Dumping organic solids at a landfill is an option which is not desirable. The cost of 

transportation and for tipping fees would be too high as well as the negative environmental 

impact. Other options for disposing of organic solids are land application, where the solids are 

disposed of on the land to act as a nutrient source, using the solids as feed for animals, 

lagooning, or taking the solids to composting or anaerobic digestion facilities. To dispose of the 

solids in these ways some pre-treatment may be necessary. Biological treatments are thought to 

be the best option for food wastes due to nutrients they contain.  Due to the high moisture 

content, heat treatment is impractical.  There is little information about how waste is currently 

disposed of in the food processing sector, but our industrial partners dispose of them directly on 

land without treatment, and ship them to farms for animal feed.  

If the water for washing the vegetables is kept separate from the water used for peeling, it can 

help to ensure that the vegetable solids will be clean enough to be used as feed for animals 

without treatment. Nutritional requirements and whether the animals can digest the vegetable 

depend on the animal and the specific vegetable. Heat treatment can disinfect the solids as well 

as improve their digestibility (Esteban, 2007), but is not always necessary. One of the research 

partners for this project was able to send all of their solids to cattle operations without treatment.  

Because of a lack of expertise in the area of animal nutrition and availability of livestock for 

testing, this method was not tested in depth, but it was compared to the other options in terms of 

its financial viability. 

In lagoons, stabilization ponds and wetlands, sedimentation and biological oxidation act to purify 

the water. This would not just be a solids treatment method and so is outside the scope of this 
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project. Issues with odour and outdoor temperatures being quite low in the late fall also make 

these method not reasonable at this time. 

Anaerobic digestion is a process where organic compounds are degraded by anaerobic bacteria, 

producing methane. The methane can then be used to produce energy to operate the digester and 

other processes. Because the waste being dealt with was food waste, it should contain many of 

the nutrients required for microorganisms to grow, and would contain enough water for this 

process. This process was studied as a potential solution for the waste. 

Aerobic digestion is similar to anaerobic digestion except that the degradation takes place in the 

presence of oxygen and no methane is produced. Aerobic digestion has the benefit of not 

producing such strong odours as anaerobic digestion and the effluent may not need further 

treatment before land application as anaerobic effluent does. Providing oxygen to a reactor is 

energy intensive, and with this process does not produce any energy, there is no offset to the 

oxygen cost, making this a much more costly process. Hence, it was not studied as a solution. 

Composting is a very simple form of aerobic digestion. The waste is mixed with a bulking agent 

and in many cases other wastes as well. This is done to change the carbon to nitrogen ratio, 

moisture, and amount of aeration in the compost pile. These variables are all interrelated and 

have an effect on the temperature of the pile. Vegetable wastes are well suited to this type of 

treatment, and have been treated this way for hundreds of years. This is an inexpensive treatment 

and was studied as part of this research. 
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2.1 Literature Review 

2.1.1 Land Application 

Land application of the solids would provide nutrients to the soil and may reduce fertilizer costs.  

No transportation would be needed as opposed to some other disposal methods, and no disposal 

fees would need to be paid. The requirements for successful land application is that the solids 

meet the regulations set out in O. Reg. 267/03 (Government of Ontario, 2003), and that the solids 

cannot be harmful to the crops which will be grown there.  

Unfortunately, the solids cannot be directly applied to the land without some negative impacts. 

Organic matter which has not yet decomposed would undergo the decomposition process in the 

soil releasing ammonia and other products that inhibit growth (de Bertoldi, 1983). To decompose 

the solids so that they may be applied, composting, anaerobic or aerobic digestion can be done.  

The solids before treatment would be considered agricultural source material (ASM). If the 

solids undergo anaerobic digestion they can still be ASM if more than 50% of the volume of 

waste treated was from the same farm as the digester. If 50% or more of the volume fed to the 

digester is from other farms then it is considered non-agricultural source material (NASM). The 

ASM would require a nutrient management plan (NMP) and NASM requires a NMP as well as a 

NASM plan. If the waste is composted and follows the Ontario Compost Quality Standards 

(Ontario MOE, 2004) then it is not considered ASM or NASM and does not need to follow O. 

Reg. 267/03. As much compost can be applied as is desired unless it is used in conjunction with 

ASM or NASM. To meet the guideline the compost needs to have reached 55°C for 15 days, 

during which the pile must be turned 5 times.  
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For waste that has not been composted, or does not follow the guidelines, there are limits on how 

much nitrogen, phosphorus, and metals can be applied per year, as well as limits for pathogens. 

The total amount of nitrogen that can be applied is less than or equal to the uptake of nutrients by 

the crops grown in the field to a maximum amount of 200 kg/ha/yr. The total phosphorus that 

can be applied is less than the amount removed from the field by plant uptake each year plus 390 

kg/ha/yr. The amount of E. coli allowable is less than 1000 MPN per gram of dry solids, for 

Salmonella the limit is three MPN for every four grams of solids, and there cannot be any 

indication of Giardia or Cryptosporidium. 

In addition to the carrot waste solids being applied to the land, the washwater may also be 

disposed in this way so long as it meets the necessary criteria for land application of aqueous 

waste in O.Reg. 267/03.  

2.1.2 Composting 

Compost is beneficial for land application because it improves soil structure, provides slowly 

released nutrients, acts as a pH buffer, and encourages worms and microbial activity (Alexander, 

2007). 

There are three main types of composting that are practised at a scale of over a few tons per day.  

They are aerated static piles (Huang, 2000), turned windrows (Alexander, 2007), and in-vessel 

composting (Vallini, 1993). When looking at what would be the best option for study, it is 

important to know what the costs and benefits are for each. The in-vessel and aerated static piles 

cost more for the structures and equipment needed, but provide a more consistent and 

controllable product and so many feel this is worth the increase in cost (Goldstein, 2003). The 

cost break down for each process is about $25 per ton of compost produced by turned windrows, 
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$35 by aerated piles, and $47 for in-vessel compost. If the compost was to be sold then these 

more costly systems might be considered, but if the compost is to be land applied on the 

composter's field, consistency in final product is not important and the extra costs are not 

justified. 

The conditions required for composting are very well known. Moisture content of the pile needs 

to be less than 80% and is ideally between 50 and 70%. This is important because excess 

moisture will keep the pile cooler and can lead to less oxygenation as it fills the void spaces. The 

initial C:N ratio of the pile should be between 20:1 and 40:1, although some researchers (de 

Bertoldi, 1983) found that C:N ratios above 35:1 will slow decomposition due to bacteria 

oxidizing excess carbon until a more appropriate C:N ratio is reached. The particle size should be 

between 1.3 and 7.6 cm and free air space should be around 30% (Chang, 2006). 

Properly composted materials will also reduce pathogens levels. If throughout the pile a 

temperature of 70°C is maintained for 30 minutes or 65°C for several hours, the pathogen levels 

will be low enough for use. The Ontario Compost Quality Guidelines require that a pile be at 

55°C for a total of 15 days, during which time the pile must be turned every three days, to ensure 

that all parts of the pile achieve the needed pathogen destruction (Ontario MOE, 2004). The pile 

must also be large enough to sustain the needed temperatures. Studies have shown that a pile 

must be at least one cubic metre in size to reach the needed temperatures, although sometimes 

even that is not large enough (Alexander, 2007). The amount of finished compost generally 

added to a compost pile to initiate biodegradation is about 5% of the wet mass (Chang, 2006) or 

about 30% of the total dry mass (Huang, 2000).  Depending on the bulking agent used, different 

ratios will be used with respect to the amount of vegetable waste in the pile. The ratios 
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commonly used range from 2-4 times the dry weight of the vegetable mass composted of dry 

bulking agent (Vallini, 1993; BCMOAFF, 1996; Cecchi, 1990). 

The targets of concern are that the compost meets regulations for nutrient and pathogen content, 

is applied only in the time periods allowed, and does not inhibit plant growth.  For the compost 

to not inhibit plant growth it must be both stable and mature. The stability refers to the stage of 

decomposition of the organic matter, and the maturity refers to the impact of other chemical 

properties of the compost which can be phytotoxic (CCQC, 2001). There are many ways to 

measure the maturity and stability of compost. A biological test for maturity that is quite 

commonly used is the phytotoxicity test, where seeds are germinated in water that has been 

extracted from a compost sample. For the compost to be considered not phytotoxic an extract 

which has been diluted to 30% strength must result in a Germination Index (GI) of greater than 

60% (Vallini, 1993), and for it to be considered mature an undiluted sample must result in a GI 

of over 80% (CCQC, 2001). In general it takes between 1-3 weeks for compost to reach the point 

where it is no longer phytotoxic. Tests for stability include CO2 evolution, oxygen demand, and 

Dewar self-heating. Maturity tests other than the phytotoxicity test are ammonia:nitrate, 

ammonia concentration, and volatile organic acid concentration. The C:N ratio is also important 

as a ratio greater than 20 leads to competition between the plant roots and soil microbes for the 

nitrogen. 

2.1.3 Anaerobic Digestion 

Anaerobic digestion takes place with no oxygen present. The compounds NO3 or SO4 are used 

by the microorganisms rather than oxygen for degradation of the solids, which results in the 

production of either N2 or H2S, as well as CO2, and biomass. Less energy is produced for the 
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organisms by these reactions, the result being that the growth of anaerobes is slower, the 

breakdown of organics is slower, and fewer nutrients are required when compared to the aerobic 

process. Some anaerobes produce methane which can be collected and used as a fuel. These are 

referred to as methanogens and the pathways for methane production are (Metcalf and Eddy, 

2003): 

Aceticlastic methanogens: H
+
 + acetate → CO2 + CH4 

Hydrogen-utilizing methanogens: 4H2 + CO2 → CH4 + 2H2O 

There are a number of different designs which are used for anaerobic digestion. The reactor can 

be; continuous, or batch; a membrane bioreactor; and mesophilic (20-45°C), thermophilic (over 

45°C), or temperature phased (TPAD, which uses mesophilic and thermophilic temperatures). If 

a batch reactor is used, the reactor volume will have to be larger than for a continuous system, 

and if there are issues with inhibitory chemicals the concentrations would be higher because 

there is no feed to dilute it. Mesophilic treatment is better for cost than thermophilic as less 

heating is required. There is a greater reduction of volatile solids (Reusser, 2004), and greater 

methane production per gram of solids, but mesophilic temperatures may not be capable of 

reducing pathogen levels enough. If the waste which is fed to digestion has pathogen levels of 

less than 105 MPN/g it is likely that mesophilic treatment will reduce pathogens sufficiently. If 

the pathogen levels are greater than 105MPN/g thermophilic treatment may be needed. In some 

cases when thermophilic temperatures are used ammonia levels can reach levels that inhibit 

anaerobes. The nitrogen levels in the carrot solids were much lower than expected, and so this 

should not become a problem (Bocher, 2008). Temperature phased anaerobic digestion (TPAD) 
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is becoming popular due to its ability to reduce pathogens, and greater volatile destruction rates 

at lower detention times than mesophilic digesters (Reusser, 2004). 

In previous research it has been shown that the solids loading rate does not affect the amount of 

methane produced per gram of volatile solids fed to the reactor (Zhang, 2007), so the loading rate 

will not be a parameter that will be studied in detail. A solids content of around 5% is generally 

used for lab experiments, but when looking at research which analyse working anaerobic 

digesters, the solids levels are much higher. Lack of trace minerals can affect growth of bacteria 

and slow treatment, but these are rarely deficient and the ideal range of C:N is 20-30:1 (USEPA, 

2012b). For anaerobic digesters, steady state may not be truly achieved in terms of the 

microorganism composition even after a year of operation (Bocher, 2008). For this testing, after 

gas production rates and concentrations in the effluent became stable it was considered steady 

state and analysis was done. 

Some typical results for different wastes undergoing anaerobic digestion are listed in Table 2.1. 

Table 2.1: Methane production from organic wastes (Qiao, 2011) 

 

From the compilation of data in Nasir (2012), for over 30 lab and pilot scale reactors, the gas 

production ranges from 100-500 L/kgVS of CH4 and the percentage of the gas being methane is 

generally 56-72% of the total gas. This was for digestion of a wide variety of substrates like 

municipal solid waste (MSW), sewage, the organic fraction of MSW, manure, fruit and 

vegetable waste, and different mixtures of these wastes. 

 Cow manure Pig manure Sludge Fruit and 

vegetable waste 

Food waste 

% CH4 66.6 65.9 76.9 63.4 68.0 

CH4 production 

(L/kgVS) 

139.8 253.8 155.5 280.9 531.3 
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After anaerobic digestion the effluent can be applied to the land if it meets the criteria, or it can 

be dewatered and used for composting as commonly done for digested municipal waste 

(Weiland, 2000). Odour must be less than 4500 odour units per cubic metre, with a larger 

application area and less restrictions for less odorous wastes. The water produced from 

dewatering may be reused in the plant if it can be treated to meet the necessary criteria. 

2.2 Industrial Partners 

2.2.1 Partner A 

Industrial partner A (IPA) is a processor who farms carrots and has carrots delivered from other 

farms in the area. Less than 50% of the total amount being processed is produced by the farmer, 

so the waste will be considered NASM under O. Reg. 267/03 if it is anaerobically digested. The 

farm size is 142 ha and the processing facility produces approximately 980 tonnes of wet carrot 

solids waste each year. During processing, water which has been used for dirt removal is mixed 

with the water used during peeling and cutting.  This mixed water is then treated by removing the 

solids, generating the solids loading that contains both carrot peelings and cuttings, and dirt. The 

carrot waste collected had a C:N ratio over 50:1, whereas the ideal range of C:N is 20-30:1 for 

anaerobic digestion (USEPA, 2012b), with a percent solids between 4 and 5%. 

It can be determined whether land application is a viable option for a producer of this size by 

looking at the limits for maximum nitrogen and phosphorus addition to the land from O.Reg. 

267/03. The maximum amount of nitrogen is 200 kg/ha/yr or the amount of uptake by the crops, 

whichever is less. The uptake of nitrogen for carrots per hectare depends on the yield and the 

type of carrots but is generally between 180-255 kg/ha/yr (Hart, 2012; Salo, 2002). 

Conservatively choosing 180 kg/ha/yr and knowing that the field is approximately 142 ha, then a 
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total of 25,200 kg of nitrogen can be applied in a year. Each year approximately 98,000 kg of 

carrot waste solids are produced and lab analysis shows a nitrogen content of up to 0.56% of the 

dry mass. The carrot waste solids are approximately 95% water by weight, leading to a total 

nitrogen content in the waste per year of 27.44 kg which is less 1% of the maximum amount. 

This means that the limits for nutrients will not be an issue and would not be unless there was a 

significant increase in the size of the business.  

In this specific case land application without treatment may not be an issue as the carrot planting 

is staggered so that there is a consistent amount of carrots being produced throughout the season. 

The carrot solids that are removed from the water could be placed on the land which has already 

been harvested, and enough time would be allowed so that by the time of next planting it would 

be well composted. Doing so would mean that only category 2 NASM limits need to be met, 

requiring that the amount of E. coli only has to be less than 2 million MPN per gram of dry 

solids which is already met without any treatment. The only requirement is that a NASM plan 

needs to be made, and this can be done once every five years. For other producers this may not 

be the case and so category 1 limits would need to be met. 

The washwater from after solids removal at the facility was analysed and was found to have a 

TN value of 6.8 mg/L and a suspended solids content of 3.5 g/L. Assuming the solids in the 

separated water have the same nitrogen content as those in the waste solids, the total amount of 

nitrogen in the washwater each year, given a flow of 105,000 L/day, is 500 kg of nitrogen each 

year. If the washwater continues to be disposed of on the land this amount added to the 27.44 kg 

from applying the solids is just over 2% of the total allowable nitrogen. 
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The carrot solids taken from IPA had a water content of between 95-96.5%, TOC of 36% of the 

mass of the dry solids, TN of 0.56% of dry solids, and 12 mg phosphorus per gram of dry solids. 

This means a C:N ratio of 75:1.  

2.2.2 Partner B 

Industrial Partner B (IPB) is a processor who does not produce any of their own vegetables, but 

has them all shipped in, and operates all year long. They produce between 1.4 and 1.8 million 

kilograms of fruit and vegetable waste per week and are located in Mississauga near a major 

highway on property that is completely developed . The water which is used for peeling and 

cutting the vegetables is never mixed with the water used for removing dirt and so there is no dirt 

in the vegetable waste solids. At this point in time 100% of the vegetable waste is shipped to 

farms to be used as feed for cattle, but due to plans for expansion this will not be possible 

indefinitely. Because this processor does not have land to dispose of the waste on, land 

application is not an option. Lack of land also prohibits composting as an option for treatment. 

The characteristics of the carrot solids taken from IPB are water content of 97-98%, TOC of 

36.7% of the mass of the dry solids, TN of 0.99% of dry solids, and 96 mg phosphorus per gram 

of dry solids. This means a C:N ratio of 43:1.  These solids were taken before mixing with the 

other vegetable waste streams and were separated from the washwater stream by hand with a 

strainer. Because they were strained by hand, the carrots contained more moisture than would 

normally be found. The characteristics of the mixed vegetables taken from IPB are moisture 

content of 95%, TOC of 35.7% of the dry mass, TN of 2.84% of the dry mass, 3.9 mg 

phosphorus per gram of dry solids, and 44 mg of potassium per dry gram of solids.  The C:N 
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ratio is 14.7. The waste is primarily composed of iceberg lettuce, broccoli, carrots, green 

peppers, celery, and other leafy greens. 
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3.0 Methods 

3.1 Apparatus 

3.1.1 Composting 

The initial composters were plastic garbage containers with dimensions of 44 cm by 36 cm, and 

a height of 64 cm. This size was chosen based on literature showing that the hot zone of the 

compost was located at a depth of between 46 cm to 60 cm (Cecchi, 1990). Unfortunately, the 

volume of the composters was insufficient to heat the compost properly. Trials using styrofoam 

containers to help insulate the compost were also unable to reach necessary temperatures.  

Further literature review led to the conclusion that the size of composters needed to naturally 

reach 55°C would be too large to have in the lab.  Larger reactors would need to be built offsite, 

increasing cost and making regular maintenance and control difficult. The results of these initial 

tests showing the inability of the compost to heat itself is shown in Chapter 4. 

A second design was used to mimic conditions that would be found in a compost pile of 

sufficient size to heat itself. This set of reactors was made with aluminum and had a diameter of 

14 cm and a height of 46 cm and is shown in Figure 3.1. Three one inch holes were placed along 

the length of the tube for sampling and for temperature measurement. A thermocouple was 

placed so that it took the temperature at the centre of the pile, with heat supplied by heating tape 

connected to a controller to maintain a temperature of 55°C.  
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Figure 3.1: Aluminum composting apparatus 

 
 

The controllers were not able to maintain a constant temperature as they were simple on/off 

controllers, and the time between the centre of the pile reaching 55°C and the edge reaching 

55°C was significantly different. This led to the edges of the compost burning while the centre 

remained cool.  Due to these issues another method of heating the compost was sought. 

The third set of composters was 3 glass jars each with a height of 25 cm and a diameter of 50 cm 

and these are shown in Figure 3.2. The jars were submerged halfway up in a water bath. The 

temperature of the bath was maintained at 55°C.  This version of composters worked well and 

the various set points could easily be maintained.   
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Figure 3.2: Composting jars and water bath 

In all cases the substrates were first mixed in a large bucket in the amounts required then poured 

into a clean composter, and mixed again. In the second and third trials the compost was mixed 

manually before taking samples and at no other time mixed. The amount of material used for the 

first set of composters is shown in Table 4.1 in the results section, and approximately 1.5 kg of 

material was used in each test for the second and third set of composters. Mixing was carried out 

every third day for the first set of composters due to their larger size. Larger piles require turning 

to aerate the entire mass. Water was added to compost that had a moisture content of less than 

50% which was determined at each sampling event. The compost was not seeded and 

degradation occurred with naturally occurring microorganisms.  
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The moisture content of the carrot waste was too high to compost so both pressing and drying 

were tested. It was found that pressing the water out of the carrot solids removed significant 

amounts of the nitrogen, making the C:N ratio even higher and worse for composting. Drying 

had no effect on the C:N ratio and so this method was used for all subsequent tests. The carrot 

waste was dried at approximately 60⁰C for 15 hours to reach the necessary moisture levels and 

water was added after words if necessary.  The C:N ratio to begin each trial was 25:1 and the test 

was carried out for 21 days.  The bulking agent to carrot ratio was adjusted for different tests as 

was the type of bulking agent.  Wood chips, wood shavings, and straw were used for bulking 

materials. 

The composting trials which were completed are shown in Table 3.1. This shows the bulking 

agents used for each ratio of vegetable to bulking agent. An additional set of trials was 

completed with mixed vegetables and wood shavings at a ratio of 0.5:1. Replicates were 

performed only for the vegetable trial and for the wood shavings trial at a ratio of 0.5:1. 

Table 3.1: Composting trials 

Ratio 

(veg/bulking) 

0.5:1 1:1 2.5:1 5:1 

Bulking Agents WS/WS WC S/WS/WC S/WS 

S – straw, WS - wood shavings, WC - wood chips 

3.1.2 Anaerobic Digestion 

The anaerobic digestion apparatus is shown in Figure 3.3 and was designed to permit both batch 

and continuous operation. The chamber was constructed of 0.6 cm thick aluminum with the top 

and bottom plates being 1.3 cm thick, and the inner diameter and height were 16.5 cm and 23.5 

cm respectively. The influent and effluent fittings were stainless steel, with a copper feed tube 
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extending into the chamber. The stainless steel impeller was positioned to be 6.4 cm from the 

bottom of the chamber and was 6.4 cm in diameter. A temperature probe was inserted to 

approximately 3.5 cm below the liquid surface. 

In the initial design an air-lock was used to prevent pressure build-up in the chamber, and a 

stopper was used to facilitate taking gas samples with a syringe. A barbed fitting near the top of 

the cylinder was used for both a flow of nitrogen to purge oxygen at the beginning of each run, 

and to measure the rate of gas production in the chamber. After the first run changes were made 

so that the airlock was no longer used and a Tedlar® bag was attached to the barbed fitting to 

collect gas for both volume and composition measurements. The second reactor that was 

constructed differs from the first in that the diameter is 14 cm rather than 16.5 due to material 

availability.  

To start the reactors the first time, anaerobic digestion sludge from the Guelph Wastewater 

Treatment Plant was used to fill the reactor half way and the rest was filled with carrot solids 

from IPA. The 2 L of sludge added had a solids content of 21.6 g/L and a volatile solids content 

of 12.7 g/L, and the 2 L of carrot solids had a solids content of 45 g/L. After securing the reactor 

lid down, a nitrogen purge of the air inside the reactor was done. The mixer and heating 

apparatus were always running to ensure consistent temperature and mixing.  A sample was 

taken from the reactor, and the reactor was fed with vegetable solids, once daily.  
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Figure 3.3: Anaerobic digestion apparatus 

The carrots were not changed in any way before adding them to the reactor, but the mixed 

vegetables were blended in a laboratory blender to reduce their size before adding them. The 

reactor was considered to be at steady state when the gas production rate and the solids levels 

were no longer changing significantly and the pH value was greater than 6.2. This generally took 

one retention time to achieve. Once all the necessary parameters were measured the reactor was 

opened to measure the liquid level of the reactor to ensure the SRT calculated was correct. If 

necessary, carrot solids were added to the reactor to reach the required level and the reactor was 

then closed and purged with nitrogen. A new test was started by changing the feed rate and/or 

temperature of the reactor. 
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To start the mixed vegetable waste run, the vegetables were put in a blender to reduce their size.  

They were blended for about one minute, and the end result was similar in size to the carrots 

with a particle size of about 1 mm. The reactor started with 50% of the volume being the liquid 

from the previous carrot experiment to act as a seed material and the other 50% being blended 

mixed vegetable waste. The reactor was purged with nitrogen and operated as usual, removing 

effluent and feeding the reactor once per day and changing the Tedlar® bag as necessary. 

Table 3.2 shows the 8 anaerobic digestion trials which were completed to obtain data for two 

different temperatures and three different SRTs. Nutrients were only added for one trial since no 

difference was found in trials where it was added and where it was not. An additional trial not 

shown in Table 3.2 was completed using mixed vegetable solids from IPB at 36°C for an SRT of 

15 days with no nutrient added to change the C:N ratio. Tests 2 and 3 in Table 3.2 were 

completed with the same operating conditions to show reproducibility and the results can be 

found in Chapter 4. 

Table 3.2: Anaerobic digestion trials 

Trial 1 2 3 4 5 6 7 8 

Temp (°C) 36 36 36 36 36 36 50 50 

SRT (days) 21 21 21 21 14 30 21 30 

Carrot source  IPA IPA IPA IPB IPB IPB IPB IPB 

Nutrient (C:N) 30:1 - - - - - - - 

“-” means no nutrient was added.  Nutrient level is that of the carrot alone. This is 75:1 for IPA and 43:1 for IPB. 

3.2 Procedures 

3.2.1 Sampling 

When sampling from the composters for any test, the compost was mixed and samples were 

taken from multiple random locations throughout the pile to ensure a representative sample. 

Sampling from the anaerobic digester took place before influent was added to the reactor. 
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3.2.2 Gas Sampling and Analysis 

Gas was collected in a Tedlar® bag attached with tubes to the anaerobic digester. The gas 

volume was found by removing the bag from the reactor and removing 60 mL of the gas at a 

time from the bag with a syringe until the bag was empty. To analyse the gas, an Agilent 6890N 

series GC with electronic pneumatics control (EPC) and a Thermal Conductivity Detector (TCD) 

was used. The GC column and method are described in Table 3.3. The method gave results for 

nitrogen, methane, and carbon dioxide at 2.7, 3, and 4 minutes respectively, and was calibrated 

using 4 points for each gas.  

Table 3.3 – GC experimental conditions 

 

GC  Agilent 6890N GC with EPC 

Column J & W Scientific GS-CARBOPLOT, Catalogue # 1133132, 30 m x 0.320 mm, 1.50 micron 

film thickness 

Carrier Argon, 1.5 mL/min, constant flow 

Oven 30°C for 7 min 

Inlet 150°C, split mode (split ratio 10:1) 

Split Flow 14.9 ml/min 

Detector TCD at 150°C 

Reference Flow Argon, 20 ml/min 

  
Every time that the GC was used, a duplicate was run for the sample that was injected. Fortified 

blanks were used to ensure that the calibration curve being used was still valid for analysing the 

gas. 

3.2.3 Solids 

The test for total solids was taken from the total solids method 2540B in Standard Methods 

(APHA, 1999). Aluminum pans were weighed, filled with sample, and dried at 105°C for one 

hour.  They were allowed to cool and then weighed. The pans were then put back into the oven 
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for another hour, cooled and weighed to ensure all moisture had been removed. The test used for 

total suspended solids was the same, but with the sample first being filtered through a Whatman 

934-AH filter which had been weighed, and the retained solids and filter both being dried. The 

retained solids were washed with DI water to ensure that all dissolved solids were removed 

before drying. 

3.2.4 Volatile Solids 

This method was adapted from Standard Methods method 2540E (APHA, 1999). The samples 

which had undergone the solids test were placed in a muffle furnace and allowed to burn for one 

hour at 550°C. Volatile solids tests were performed with aluminum pans which had already 

undergone the process to ensure no mass was lost from the pans during the test. For total volatile 

suspended solids tests, the filters as well as the pans had already undergone the process to 

remove any volatile solids they may have contained before using them for this test. 

3.2.5 COD 

Hach® 16 mm Test ’N Tube high range COD solutions were used for all COD tests and 

analyzed with a DR 5000™ UV-Vis Spectrophotometer. The method used was the Hach reactor 

digestion method. For total COD tests, 2 mL of diluted sample was added to a vial, shaken until 

well mixed, and heated to 150°C for 2 hours. After heating it was shaken again and left to cool to 

room temperature at which time it was measured using the spectrophotometer. For tests to 

determine the soluble COD (sCOD) the samples were first filtered through a 0.45 micron 

membrane. 
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3.2.6 Ammonia 

Ammonia tests were carried out using Hach® TNTplus high range vials. For each test, 0.2 µL of 

sample was added to each vial, shaken, and left at room temperature for 15 minutes and analysed 

with the spectrophotometer. To measure 0.2 µL of sample it was necessary to first filter the 

sample to remove suspended solids. 

3.2.7 Fecal Coliform  

As stated previously, the fecal coliform test was used rather than an E. coli test. This decision 

was due to its simplicity, as literature has shown the similarity between fecal coliform and E. coli 

numbers in this type of sample (Dogan-Halkman, 2003), and because regulations in the United 

States use fecal coliform as the criteria for determining the biosolids class rather than E. coli 

which is used in Canada. The method used was adapted from Standard Methods method 9221E 

(APHA, 1999). The components of the solutions are described in Appendix A. All solutions and 

glassware were autoclaved before being used in this test. 10 mL of the A-1 broth was added to 

the test tubes as well as a smaller inverted tube to show gas production. These test tubes were 

autoclaved and, when at room temperature, 1 mL of diluted sample was added to each test tube.   

Five replicates of each dilution of the sample were used.  The tubes were then incubated at 35°C 

for 3 hours followed by 44.5°C for 21 hours. Any tubes which showed gas production  were 

considered positive for fecal coliform, and MPN tables were used to calculate the amount of 

coliform present.  
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3.2.8 Phytotoxicity 

The method used to evaluate phytotoxicity of the samples was adapted from the method used by 

Zucconi (1981), and others (Selim, 2012; Carballo, 2009). Iceberg lettuce (Lactuca sativa L. 

capitata) seeds were used as opposed to cress used in the Zucconi paper because lettuce seeds 

have been shown in other papers (Carballo, 2009) to be more sensitive to toxicity, though it does 

not grow as quickly. Each sample which was used in the test was mixed with water at a 10:1 

ratio of water to dry solids and left for at least an hour. The sample was then filtered through a 

Whatman 934-AH filter. Each petri dish had a piece of filter paper with 1 mL of the water and 6-

10 lettuce seeds. The dishes were covered and stored in a drawer to keep away any light. After 

three days the length of the seeds was measured to find a germination index which is calculated 

as follows: 

GI   
     

       
                                  (1) 

where Ls is the length of the seeds exposed to the sample, Lsc is the length of the seeds in the 

control, and Gs and Gsc are the percentages of the seeds that have germinated in the sample and 

the control. A water baseline was done each time in case the viability of the seeds decreased 

significantly over time. The justification for choosing to wait three days before measuring the 

seeds is further explained in the Results chapter. 

3.2.9 Alkalinity 

Alkalinity was determined using method 2320B from Standard Methods (APHA, 1999) and the 

solutions that were used can be found in Appendix A. Samples were taken from the digesters and 

the volume was measured. The samples were then titrated with a 0.1N HCl solution which was 
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verified by titrating a solution of sodium carbonate. The sample was titrated until a pH of 4.5 

was reached and the amount of acid required was recorded. Alkalinity was then calculated using 

the following formula:  

                         
                                           

                 
                          (2) 
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4.0 Results and Discussion 

4.1 Preliminary Experiments 

4.1.1 Composting  

The initial composting tests which used large plastic containers showed that the size of the 

composters was not adequate for the mass to reach appropriate temperatures. The temperatures 

are shown in Figure 4.1 for different depths in the compost pile.  During the vegetable trials the 

moisture was above the 70% that is the maximum for composting, and the carrot trials used 

carrots which had been pressed to reduce moisture and so ammonium chloride was added to 

improve the C:N ratio. At no point does the temperature anywhere in the pile get to the required 

55⁰C even when the moisture was at the ideal level and nitrogen was added to stimulate 

microbial growth. To remedy this problem a trial was completed using a Styrofoam container to 

improve insulation, but this also was not enough to raise the temperature.   

 

Figure 4.1: Temperature plots of unheated composting trials at different depths 
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The compositions of the compost piles for the preliminary composting trials are shown Table 

4.1. The trials shown in Figure 4.1 are labelled as 1, 4, and Styrofoam in Table 4.1.  

Table 4.1: Compost composition for initial composter design  

 1 (veg) 2 (veg) 3 (veg) 4 (carrot) 5 (carrot) 

no N added 

6  (carrot) Styrofoam 

Vegetable/ 

carrot 

6.23 kg 6.09 kg 6.05 kg 4.01 kg 3.2 kg 1.57 kg 1.8 kg 

Compost for 

seeding 

2.13 kg 2.04 kg 2.05 kg 1.01 kg 0.24 kg 1.57 kg 0.45 kg 

Wood chips 2.09 kg 3.92 kg 4.12 kg 4.00 kg 1.6 kg 1.57 kg 1.8 kg 

C:N ratio 30:1 

 

37:1 

 

37:1 

 

35:1 55:1 30:1 35:1 

Water (%) 78.95 70 69.18 60% 60% 60% 60% 

 

From preliminary composting tests it is clear that lab scale composting must be heated to 

simulate an actual pile.  From the tests using the second set of composters described in Chapter 3 

it was learned that the heating must be well controlled to prevent over-heating and to prevent the 

compost from drying out.  The ideal method found was heating with a water bath and the results 

of this are found in Section 4.2. 

4.1.2 Phytotoxicity Tests 

To determine whether tap water or deionized water should be used as a baseline for the 

phytotoxicity tests an initial test was done to compare the two. The results are shown in Table 

4.2.  It was determined that there was no significant difference between the two, so tap water was 

used for the baseline for all tests. In this first test, the sprout length was measured after only 24 

hours. After testing untreated carrot peelings, shown in Table 4.3, it was determined that a three 

day test would work best. This is because smallest length that could be measured was 1 mm so 

the percent error was lower when the root length was longer. At three days the error was less 

than 5%. If greater than 50 seeds had been used a statistically significant difference would be 
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able to be found between the two samples at three days. The phytotoxicity of vegetables before 

degradation is quite low so this should be a sufficient number to use for all consequent tests.  

Table 4.2: Tap water vs. DI water for phytotoxicity baseline 

 

Table 4.3: Root lengths at 1, 2, and 3 days 

 

 Day 1 TW Day 1 

Carrot 

Day 2 TW Day 2 

Carrot 

Day 3 TW Day 3 

Carrot 

% Germination 97.6 97.5 100 100 100 100 

Average root length 3.47 mm 3.33 mm 1.08 cm 1.08 cm 2.65 cm 2.33 cm 

Lower confidence 

limit 

  1.01 0.983 2.32 2.08 

Upper confidence limit   1.15 1.17 2.98 2.57 

 

When comparing solids that were separated by producer IPB and those separated by DAF it was 

found that the GI for the water from DAF was 85.7, for the solids from DAF was 79.4, and from 

producer separated carrots the result was 101.  All the results put the samples in the category of 

not phytotoxic, and the lower GI in comparison to the carrots separated by the producer may be 

due to the fact that the carrots were a fresh sample where the carrots separated by DAF had been 

refrigerated for a prolonged period and some degradation may have begun.  

4.2 Composting Results 

The characteristics of the bulking agents used for composting are shown in Table 4.4.  It shows 

that the water content is similar for all, but the C:N ratio varies greatly. A difference that was not 

measured was the density of the bulking agents. The straw and wood shavings were significantly 

less dense than the wood chips and so a much smaller mass could be used to increase the aeration 

of the pile.  For this reasonin Table 4.5, it can be seen that only wood chips were tested at the 

 Tap Water Deionized Water 

Percent germination 100 96.3 

Average length 3.5 mm 3.71 mm 

Lower confidence limit 2.54 3.01 

Upper confidence limit 4.46 4.41 
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lower ratio of carrot to bulking agent of 1:1 and were not used at a ratio of 5:1. The benefit of 

wood chips is that they can be easily separated from the compost and reused and for this case it 

is also a benefit that they have a lower C:N ratio.  

Table 4.4: Composting bulking agent characteristics 

 

The composting trial results using the final method of a water bath to heat the compost are 

shown in Table 4.5. Fecal coliform tests were negative for all compost from the water bath. All 

the piles had a water content of approximately 70% and had a C:N ratio of 25:1 and none of the 

compost was seeded with microorganisms.  

The wood shavings could not be separated from the composted carrots, and because of this, the 

mass reduction of the carrots alone could not be found. The mass reduction for the compost was 

found to be 40% of the total dry mass at 21 days. With the assumption that the majority of the 

degradation was from vegetable decomposition the reduction in the dry mass of carrot solids was 

approximately 60%. The mass reduction found in the vegetable trial was 18% of the entire mass 

and 56% of the vegetable mass using the same assumption as was used previously. In both the 

vegetable and carrot trials the volume reduction was around 20%. 

 

 

 

 Wood Chips Wood Shavings Straw 

TOC (% of dry mass) 47.6 45.4 44 

TN (% of dry mass) 0.99 0.24 0.38 

C:N ratio 56:1 221:1 135:1 

Water (%) 8.8 7.9 7.3 
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Table 4.5: Water bath composting results at 21 days 

Ratio 

(carrot/bulking) 

0.5:1 0.5:1 1:1 2.5:1 2.5:1 2.5:1 2.5:1 5:1 5:1 0.5:1 

veg 

0.5:1 

veg 

Bulking agent WS WS WC WC S WS WS WS S WS WS 

pH 7 7 7.5 6.9 8.4 7.5 7.4 6.9 6.9  7.1 

GI (100%) 25.37 42.07 33.35 8.05 15.9 29.29 12.75 43 0  127.29 

GI (30%) 87.87 85.98 63.75 70.75 20.77 86.46 - 74 69  71.5 

Volatile solids 

(%) 

92.23 - - 77.89 - - - 69.96 55.86 91.06 89.6 

C:N ratio 34.5 27.9 14 6.8 30 14 15.4 10.5 8.8 33.9 29.1 

 

As shown in Table 4.5 the germination index (GI) at 21 days was highest in wood shavings 

compared to the other bulking agents, followed closely by wood chips.  With one exception of 

the wood shavings at a 5:1 ratio, the GI was better for composts with lower ratios of vegetable or 

carrot to bulking agent.  This makes sense as there is less degrading matter in the compost to 

cause phytotoxicity and ratios of less than 0.5:1 are typical for large composting piles. More 

bulking agent is needed in larger piles for aeration due to the larger mass compressing the pile 

which was not an issue for these lab scale tests. The wood shavings were not noticeably 

degraded during the composting and can be reused if they can be successfully separated from the 

composted vegetables.  

The GIs show that none of the compost is ready at 21 days to be applied to the land, although the 

wood chips and shavings composts are considered no longer phytotoxic at 21 days.  The GI of an 

undiluted sample needs to be greater than 80% for it to be considered mature, and beneficial for 

plant growth. Typically this maturation time is 2 to 3 months and needs to be a minimum of 21 

days to meet Ontario Standards. In Table 4.5 the C:N ratio for 3 of the tests is seen to be above 

the 25:1 at which it started, and which it needs to be below to be used as compost.  The cases in 
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which this occurred were the ones with higher bulking agent ratios and for a straw test. It may 

have been the case that the fertilizer, which comes in the form of small pellets, fell to the bottom 

of the containers and was not properly mixed when tested for carbon and nitrogen.  This was less 

likely to occur in the other tests because the fertilizer tends to stick to the carrots and vegetables 

and a higher ratio of this sticky material was present.  

The GI found for the vegetable trial was a slightly lower value than usual for wood shavings for 

the 30% diluted sample, but was surprisingly higher than was found for any trial for the 

undiluted sample. This does not follow the trends seen until this point, but because results at 14 

days also showed that the undiluted sample produced longer roots it is not likely that it was due 

to any error in the testing that was done. It seems that the vegetable compost at 21 days enhances 

root growth when compared to water and that diluting it reduces this effect. More work should 

be done with vegetable composting to confirm this in the future since it is somewhat unusual.  

The lower 30% dilution result being lower than usual may be due to the vegetable size being 

much larger than that found in the carrots.  This can make less of the vegetables available for 

degradation and slow down the process.  The C:N ratio in the compost at 21 days was similar to 

the carrot results at the same 0.5:1 bulking ratio. 

These results lead to the conclusion that the best ratio of carrot to bulking agent is less than 0.5:1 

especially because large piles will require more bulking agent than these lab scale piles for 

aeration.  The wood shavings were the best bulking agent to use with the carrots, with the wood 

chips giving very similar results. 21 days may be sufficient for the active composting phase, but 

an additional month or longer would be required for curing. The bulking agent is usually 

removed from the compost and reused, but this was not studied and information on how many 

times the bulking agent can be reused was not found. 



34 
 

4.2.1 Cost Analysis and Feasibility 

The ideal conditions for composting carrots alone found in this study was a bulking agent to 

carrot ratio of 0.5:1, and the use of wood shavings as bulking agent.  The carrots needed to be 

dried first to reduce the water content of the pile to between 50% and 70% water and nutrient 

addition was required.  The main costs to achieve this for a production of 980 tonnes of wet 

carrot solids per year are shown in Table 4.6. 

Table 4.6: Major composting costs 

N fertilizer 1,618 kg N/yr  $1,100/t N $1,780/yr 

Wood shavings (no 

recycling) 

74,595 kg/yr $0.3045/kg $22,720/yr 

Concrete pads and 

structures for drying, 

curing, and storage 

  $30,000 (BCMOAFF, 

1996) 

Total   $30,000 + $24,500/yr  

 

The prices of fertilizer and wood shavings can vary widely each year and the cost of wood 

shavings would be lower if they were reused. Labour, maintenance, and fuel costs would also 

need to be factored in. If the producer could find a waste source to co-compost with the carrots, 

the cost would be reduced by reducing or removing the fertilizer cost and removing the need for 

drying the carrots.  The comparative costs of bringing the waste to a landfill would be: 

Landfill:    $70/tonne  $68,600/yr   

This cost does not include the transportation costs which would vary depending on the 

producer’s location. The cost of landfilling and the cost of sending the waste to a composting 

facility tend to be very similar. The cost of composting on-site each year will be less than 

landfilling the waste. For large scale processors located in populated areas the land may not be 



35 
 

available for composting or may be too expensive for this to be an option. To reduce costs, the 

solids could be dewatered, and may need to be to meet requirements at some facilities. 

4.3 Anaerobic Digestion 

The results of the anaerobic digestion tests are shown below in Table 4.7, Table 4.8, and Table 

4.11. Because the reactors were only fed once per day it was not truly a continuous test and so 

when the reactors had reached steady state they were fed five times a day for a day to see if any 

changes occurred. The differences are shown in Table 410. A test was also completed to show 

the change in sCOD over time when the reactor was fed only once per day.  The results are 

shown in Figure 4.2. The characteristics of the carrot and vegetable feed are described in Section 

2.2.  

Table 4.7:  Results for 21 day SRT and temperature of 36⁰C 

 75:1 (IPA carrot) 75:1 (IPA carrot) 30:1 (IPA carrot, 

nutrient added) 

43:1 (IPB carrot) 

pH 6.5 6.6 6.5 6.6 

Biogas produced per 

kg volatile solids (L) 

357.4 313.6 284.7 449.0 

Amount of methane in 

biogas (%) 

42.4 36.4 38.7 31.1 

Alkalinity (g CaCO3/L) - - - 5.95 

TS in feed (g/L) 32.7 47 43.3 30.06 

TVS in feed (g/L) 29.4 40.5 37.3 27.4 

TS in effluent (g/L) 20.5 24.2 23.7 33.95 

TVS in effluent (g/L) 12.66 13.94 13.39 - 

TVSS in effluent (g/L) 6.89 8.9 6.94 10.06 

COD in feed (mg/L) - - - 28226 

COD in effluent (mg/L) - - - 37936 

sCOD in effluent 

(mg/L) 

- - - 21907 

TVS reduction (%) 56.9 65.6 64.1 - 

Fecal coliform (MPN/ 

dry g) 

112.2 >97000 >97000 24 
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Table 4.8: Results using carrots from IPB and various SRTs and temperatures 

Temperature 36 (IPA) 36 50 50 

SRT 15 32 14 32 

pH 6.3 6.4 6.6 6.6 

Biogas produced per 

kg volatile solids (L) 

174.3 317.4 249.2 

 

267.2 

Amount of methane in 

biogas (%) 

4.9 15.0 0.4 0.72 

Alkalinity (g CaCO3/L) - 4.5 4.27 4.77 

TS in feed (g/L) 45.28 30.433 30.06 30.433 

TVS in feed (g/L) 42.56 27.79 28.26 27.79 

TS in effluent (g/L) 39.28 20.99 35.03 28.90 

TVS in effluent (g/L) - 10.505 - 12.485 

TVSS in effluent (g/L) 14.6 4.29 12.77 10.6 

COD in feed (mg/L) 54574 24856 28207 24856 

COD in effluent (mg/L) 29671 22418 51403 36560 

sCOD in effluent 

(mg/L) 

12510 16780 20464 15957 

TVS reduction (%) - 62.2 - 55.1 

Fecal coliform 

(MPN/dry g) 

83 >97000 43 60 

 

During testing, the water content of the feed changed with each sample container and these 

variations in the feed caused some difficulties in finding the solids destruction for each test. This 

is obvious for the test at 50 degrees and an SRT of 14 days (Table 4.8), and the test at 36 degrees 

and SRT of 21 days using carrots from IPB (Table 4.7), where the TS of the effluent was greater 

than that of the influent due to changes from higher TS in the feed to lower TS in the feed. The 

volatile solids reduction ranged from 55-66% for all tests and the typical range is between 40 and 

55% (Qiao, 2011).  

The results in Table 4.7 showed that the carrots from IPB which had a better C:N ratio than the 

carrots from IPA produced more gas, and more methane overall.  The gas production did not 

increase for a greater SRT, shown in Table 4.8, as it was expected to, and in fact the amount of 

methane produced actually decreased for the higher SRT.  The reason for this is unknown but 

may be partly due to a slightly lower pH during that particular test.  Tests which used lower 
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SRTs resulted in gas which had a lower percentage of methane as well as less total gas 

production.  The tests which were carried out at 50°C were unsuccessful in that less than 1% of 

the gas produced was methane, but did show that at higher SRTs the percentage of methane in 

the gas was higher.  The microorganisms used were likely not properly acclimatized to the 50°C 

conditions in the reactors, or there may not have been enough thermophilic microorganisms 

present in the inoculum from the wastewater treatment plant which operated at 36°C.   

The results for five of the tests indicated that the fecal levels in the digester effluent was below 

the 1000 MPN/g limit for land application as CP1 NASM. Three tests showed levels which were 

far above the limit. The numbers found were higher even than the amount in the raw sample even 

though anaerobic digestion is known to reduce their number.  None of the blanks which 

contained only dilution water were positive, and this leads to the conclusion that other 

microorganisms may have been producing a false positive for coliform in these tests.   

The soluble COD levels in the effluent range from 12,000-22,000 mg/L which is in the normal 

range (usually between 8,000 and 20,000 mg/L). The ammonia levels in the effluent from the 

tests using carrot were 4 mg/L and 12 mg/L for the thermophilic runs with 14 and 32 day SRTs. 

The ammonia levels were too low to measure for the other carrot tests. The carrot feed had 8 

mg/L ammonia. The mixed vegetables had a much higher nitrogen content and so the ammonia 

levels were also higher.  The feed had 31 mg/L and the effluent had 120 mg/L.  The optimum 

range for ammonia is between 50-200 mg/L and is not a problem until it is well over 1000 mg/L.  

This shows that the nitrogen levels are below optimal for the carrot runs and in the correct range 

for the mixed vegetable runs. 
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Table 4.9 shows the effluent carbon, nitrogen, phosphorus, and potassium. The TOC and TN 

were lower for the effluent in the thermophilic tests.  Lower SRTs and higher temperatures seem 

to reduce the TP and TK in the effluent although more tests would be needed to confirm this. It is 

known that more nutrients are required for thermophilic digestion and so the lower nutrients in 

the effluents of these tests make sense. The amount carbon in the mixed vegetable effluent was 

similar to the carrot effluent carbon levels, but the nitrogen was over twice the amount.  This is 

because there is a much higher amount of nitrogen in the mixed vegetable feed. The amount of P 

and K is very low compared to the carrot P and K values due to very low levels in the mixed 

vegetable feed.   

Table 4.9: C:N:P:K in anaerobic digester effluent 

 IPA IPB Mixed 

Vegetables 

Temperature 36* 36 36 36 50 50 36 

SRT (days) 21 21 22 32 32 14 15 

TC (% dry wt) 35.3 34.6 36.7 32.4 34.6 36.2 35.9 

TOC (% dry 

wt) 

31.9 25.1 24.9 27.7 21.5 23.8 24.3 

TN (% dry wt) 1.96 1.07 0.92 1.24 0.87 0.88 2.78 

TP (mg/ dry g)   70.6 123.8 72.4 62.9 6.67 

TK (mg/ dry g)   676.5 1523.8 758.6 628.6 60 

*Nutrient was added in this experiment 

Table 4.10: Methane production changes with feeding frequency 

 50°C and 

SRT of 14 

days 

50°C and 

SRT of 14 

days  

36°C and 

SRT of 21 

days (IPB) 

36°C and 

SRT of 21 

days (IPB) 

Mixed 

Vegetables 

Mixed 

Vegetables  

Total gas (L) 1.08 1.08 1.79 1.76 3.065 3.36 

% methane 0.37 0.4 31.1 44.75 58.7 61 

% change in 

methane 

production  

 +8.2  +41.5  +13.9 
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In all cases shown in Table 4.10, the amount of methane produced increased.  With more 

samples over a greater amount of time it could be discerned whether or not a feeding 

continuously rather than once a day would improve the methane yield. 

 

Figure 4.2 sCOD changes over one feeding cycle 

The sCOD levels in the reactors decreased somewhat smoothly for the mixed vegetable run.  The 

first point on Figure 4.2 at time zero is the sCOD value before the reactor is fed, which means 

that the first and last points on the graph should be similar in value if the reactor is at steady 

state.  For the reactors operating at 32 day SRTs this is approximately the case.  The variability 

of the sCOD levels are probably in large part due to the large amount of dilution required for the 

COD level to be in the correct range for the Hach® test being used, which can lead to lower 

precision.  The mixed vegetable test may not have been at steady state as it was carried out just 

after the test with more regular feeding shown in Table 4.10. 
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4.3.1 Mixed Vegetable Digestion 

The mixed vegetable test shown, in Table 4.11, had the best results with greater gas production 

and a much greater portion of that gas being methane. The volatile solids were reduced by 65% 

and the COD was reduced by 35%. The pH did not need to be adjusted using NaHCO3 and 

stayed at a pH of 7 to 7.1.  The improved performance of this test was likely in large part due to 

the improved balance of nutrients and the higher pH.  This was achieved even at an SRT of 15 

days which provided the worst results for the carrot tests in shown in Table 4.8.  Likely, the same 

trend will follow for the mixed vegetables as for the carrots, and even better results could be 

achieved with higher SRTs.  

Table 4.11: Mixed vegetable anaerobic digestion 

Temperature 36 

SRT 15 

pH 7.1 

Biogas produced per kg volatile solids (L) 421.04 

 

Amount of methane in biogas (%) 60.7 

Alkalinity (mg CaCO3/L) 6.21 

TS in feed (g/L) 51.67 

TVS in feed (g/L) 43.59 

TS in effluent (g/L) 29.24 

TVS in effluent (g/L) 15.82 

TVSS in effluent (g/L) 9.49 

COD in feed (mg/L) 48433 

COD in effluent (mg/L) 31586 

sCOD in effluent (mg/L) 9750 

TVS reduction (%) 65.1 

Fecal coliform (MPN/dry g) 4 

 

Overall the best anaerobic digestion conditions studied were at 36°C and an SRT of 21 days.  

Different results may have been found if different microorganisms were present or better 

acclimatization took place. The carrots with a C:N ratio closer to the ideal of 20-30:1 produced 
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better results.  The vegetable results would have been better than found in Table 4.11 if a longer 

SRT had been used, but were still superior to the carrot results.  

4.3.2 Cost Analysis and Feasibility 

The anaerobic digestion reactor for carrots will need to be able to process 1,090 m
3
 of wet carrot 

solids over 6 months with an SRT of 21 days and a temperature of 36 degrees.  This will require 

a reactor with a working volume of 125 m
3
, and this calculation can be found in Appendix B.   

The methane production will be approximately 130 L/ kg of VS fed or 4,013 m
3
/yr. To heat the 

feed to 36°C from the 4°C at which it begins would require 131,126 MJ/yr and the amount of 

energy produced from 4,013 m
3 

of methane is, ideally, 146,148 MJ/yr. The conversion will not 

be ideal and so the methane will not even be quite enough to heat the reactor and so the costs of 

running the reactor will outweigh the benefits.  This is compounded by the fact that the effluent 

from the digester will need treatment if it is to be land applied as it is quite phytotoxic. 

In the case where the mixed vegetables are digested the amount of methane produced per unit 

mass is greater. For an operation of the same size as the one above, approximately 7,889 m
3 

of 

methane would be produced each year.  The heat of combustion of this amount of methane is 

287,324 MJ/yr, which even with inefficiencies taken into account would be enough to heat the 

reactor with some left over for other processes.  Depending on the scale of the process, and the 

equipment needed to upgrade the gas so that it can be used for heating or electricity, and any 

effluent processing needed, this could be profitable.  It is also important to note that the methane 

production was based on a 15 day SRT and so it may be improved by increasing this to a 21 day 

SRT. For a processor the size of IPB using anaerobic digestion and the conditions used in this 

study, 1.5 million m
3
 of gas per year would be produced which could produce over 3 million 
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kWh of electricity. The heat produced from converting the methane to electricity could also be 

recovered to heat the reactor, which will be significant as only a third of the energy in methane is 

converted to electricity. 

The capital costs to purchase and install a digester and other necessary equipment typically costs 

between $3700 and $7000 per kWh that it produces (AARD, 2008).  For the large scale 

processor  this works out to between $1.4 million and $2.6 million.  It is difficult to estimate the 

costs for the smaller scale plant as the estimate used above was not expected to be used for a 

smaller process and there is no information on small digester costs because smaller digesters 

would not be profitable.  

4.4 Application 

For small scale producers who only process carrot waste, anaerobic digestion will not be 

profitable and because further treatment is required before land application, composting is a less 

expensive option.  The same will be true of any vegetable which does not have a C:N ratio close 

to 20 to 30:1. Currently O. Reg. 267/03 would require a facility processing less than 75% on-

farm materials, and those processing less than 50% manure, to obtain approvals to treat their 

wastes, or treat it for an extra hour at 70°C, or 20 hours at 50°C. The MOE and OMAF have 

proposed amendments to change the amount of on-farm material required to 50%, which would 

encourage this type of treatment, but in this case extra approvals would still be needed as none of 

the material is manure. Composting followed by land application is also less expensive than 

landfilling or sending the waste to a composting facility. 

For larger facilities anaerobic digestion may be profitable, again depending on the characteristics 

of the vegetables processed. Consideration should be given to pooled digestion, where a centrally 
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located facility collects waste from a variety of sources to provide options for co-digestion, a 

process known for increasing gas generation rates (USEPA, 2012b). As a result there will be an 

efficient reduction in the mass of the waste, which can be used as a fertilizer with some further 

treatment, or landfilled at a lower cost due to the lower mass.   
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5.0 Conclusions and Recommendations 

Completion of the study has shown the following conclusions: 

1. The solids which are removed from the washwater using DAF do not seem to have any 

significant negative effect on the growth of seeds.  Accordingly, the composting of solids 

removed by DAF can later be land applied. 

2. The vegetable solids produced by IPA can be placed directly on the land and still be in 

accordance with the current regulations if the planting is staggered as currently done.  

The solids would be applied to the areas already harvested, providing one full year 

between application and harvesting for degradation.  

3. For other small scale processors, who are not in IPA’s position of having staggered 

harvests, composting is the better option when compared to anaerobic digestion. The 

anaerobic digestion would not be profitable and would require some post-treatment 

before application as it is very phytotoxic. If the vegetables have a better C:N ratio than 

the carrots studied, anaerobic digestion may be profitable, but this would also depend on 

the exact scale. 

4. For processors who are larger and process a variety of fruits and vegetables, anaerobic 

digestion is likely the best option if sending the waste to farms for animal feed is not 

viable.  The land required for composting is unlikely to be available as these facilities are 

generally in built-up areas, and the end product would need to be sold or landfilled as 

there is not land to apply it to. For processors the size of IPB the amount of energy that 

could be produced is in the range of 3 million kWh per year of electricity, plus recovered 

heat from the conversion process. 
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Based on the findings of this study, the following recommendations are suggested: 

1. This work found that composting is a method that would work and which bulking agents 

would work well, but the scale of the tests made it not possible to find the best ratio of 

bulking agent to carrot. The size of the pile will change the amount that is needed for 

aeration and so a full scale test would need to be completed to find this information. 

2. The anaerobic digestion trials were done at a C:N ratio that was not ideal. Further work 

should be done with the carrots to find gas production and effluent characteristics when 

the C:N ratio has been adjusted to improve performance. 

3. Further work is needed to assess the ability of the anaerobic digestion effluent to be 

composted, or otherwise treated for land application.  

4. Lagooning is another treatment method which should be researched for treatment of 

carrot and vegetable wastes as it is a low cost solution that is also used for organic 

wastes. 
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Appendix A: Solutions 

The source and purity of the chemicals used are as follows: 

 

Fisher Bioreagents: trypton, potassium phosphate dibasic, Triton X-100, sodium bicarbonate 

Fisher Biological Certified: sodium chloride 

Fisher Certified ACS: lactose, sodium hydroxide, magnesium chloride hexahydrate 

Sigma: salicin 

Acros Organics 99+% pure: ammonium chloride 

 

B.1 Dilution Water 

Phosphate buffered dilution water: 

Dissolve 34 g of potassium phosphate monobasic in 500 g of water and adjust the pH to 7.2 with 

sodium hydroxide. Add water to make one litre of solution and autoclave. 

Magnesium chloride solution: 

Dissolve 81.1 g of magnesium chloride hexahydrate in enough water to make 1 L of solution and 

autoclave. 

Dilution water: 

Add 1.25 mL of the phosphate buffered solution and 5 mL of the magnesium chloride  solution 

for every 1 L of water. 

B.2 A-1 Broth 

 
Lactose   5 g 

Tryptone   20 g 

Sodium chloride  5 g 

Salicin   0.5 g 

Triton X-100   1 mL 

Water    1 L 

 

B.3 0.1N HCl 

12.1N HCl was diluted 0.1N using 4 mL of acid and 471.9 mL of DI water. The exact normality 

was then found by titrating 40 mL of a 0.05N solution of Na2CO3 with 60 mL of water until the 

inflection point.  The normaility was then calculated using the following equation: 

   
  

   
                  (3) 

     

where:  

A = Na2CO3 concentration in g/L 

B = mL Na2CO3 solution used for titration  

C = mL acid used 
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Appendix B: Calculations 

C:N 

                 

                
                (4) 

TS 

                                                         

                                         
            (5) 

TSS 

                                                                 

                
         (6) 

SRT and volume requirements 
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