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ABSTRACT

FOOD WASTE DIVERSION FOR ENHANCED METHANE PRODUCTION AT THE

DRAKE WATER RECLAMATION FACILITY

Food waste diversion to enhance methane gas production in municipal wastewater
treatment plants is an emerging trend in the United States. The methane gas produced in
anaerobic digesters of a municipal wastewater treatment plant can be used to produce
renewable energy to meet electric and heating needs of the plant. The Drake Water
Reclamation Facility in Fort Collins, Colorado is very interested in implementing energy
generation from anaerobic digester biogas and a food waste diversion program. The
objective of this study is to determine the efficacy and viability of implementing a food
waste diversion program coupled with energy generation technology to provide
electricity and heating generation to meet the plant’s needs.

A food waste characterization study of the Colorado State University’'s Ram’s Horn
Dining Facility processed food waste was conducted to determine important
characteristics of a readily available food waste. An analysis of the operating capacity of
the Drake Wastewater Reclamation Facility anaerobic digesters was conducted to
determine the maximum amount of food waste that could be added on a daily basis. The
maximum amount of food waste that could be added to the Drake Water Reclamation
Facility anaerobic digesters is 37.5 tons per day. 2010 data for the Drake anaerobic
digesters was analyzed and used as a baseline for analysis of the addition of various

amounts of food waste ranging from 800 pounds of food waste per day to the maximum



amount of 37.5 tons per day. The effects of the food waste on anaerobic digester biogas
production and solids reduction in the digester were reported.

Various technologies for generating energy from biogas were evaluated using reported
cost data and characteristics. An economic analysis utilizing flared methane gas as fuel
for the various technologies was completed which showed that microturbine and
reciprocating engine technologies are economically viable options for the Drake Water
Reclamation Facility to use for both electricity and heating generation. A triple bottom
line analysis, with a rigorous economic analysis, of implementing a food waste diversion
program at the Drake Water Reclamation Facility was conducted. Costs associated with
a food waste processing facility and associated equipment was outlined and evaluated
against the energy savings that enhanced methane gas production from various amounts
of food waste addition provided. It was determined that it is not economically viable for
the Drake Water Reclamation Facility to implement a food waste diversion program at
this time. If energy prices rise and cost of equipment for a food waste diversion program
decrease in the future, then the economics of this project may improve making it more

viable.
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1. INTRODUCTION

1.1. BACKGROUND

Food waste diversion from landfills for beneficial uses is an emerging trend in the
United States with great potential. As landfill capacity becomes scarce and greenhouse
gas emissions from landfills increase, the need to divert a significant portion of the
municipal solid waste (MSW) stream from landfills is becoming more prevalent.
European countries have been diverting food waste since the mid 1990s. As of 2008,
there are 218 operating anaerobic digestion plants of commercial scale in Europe with a
majority of those plants utilizing the organic fraction of the MSW stream as feedstock
(IEA Plant List, 2008.)

In the United States, the East Bay Municipal Utility District (EBMUD) wastewater
treatment plant (WWTP) in Oakland, CA is the largest plant with a food waste diversion
program. There are a small number of WWTPs throughout the US that have investigated
or implemented portions of a food waste diversion program using their anaerobic
digesters. There are at least 3 WWTPs in California that are in the planning or final
stages for implementation of a food waste diversion program using their anaerobic
digesters.

The Environmental Protection Agency (EPA) provided a grant in 2006 to EBMUD to
investigate anaerobic digestion of food waste. The purpose of the study was to identify
design and operating criteria for anaerobic digestion of food waste, and to compare food
waste digestion to that of municipal wastewater solids digestion. In California alone,

there are approximately 137 wastewater treatment plants with anaerobic digesters for



biosolids handling with an estimated excess capacity of 15-30%. The EPA and EBMUD
both saw an opportunity to use excess anaerobic digestion capacity to provide a recycling
opportunity for pre- and post-consumer food waste. Adding a food waste stream to
anaerobic digesters can greatly enhance the methane production which in turn can be
converted to energy. This can provide a significant financial benefit for plants that
implement food waste diversion along with decreasing the carbon footprint of their plant.
The City of Fort Collins is very interested in pursuing food waste diversion at the
Drake Water Reclamation Facility (DWRF) within the next couple of years.
Environmental benefits such as reducing the amount of food waste that is sent to the
Larimer County landfill and reducing greenhouse gas emissions are very appealing for
DWRF. Additionally, the financial benefits of utilizing the enhanced methane gas
production to help heat and power the plant and subsequent reduction in energy costs and
potential to sell excess methane gas for revenue is very appealing. DWREF is in a unique
situation for a wastewater treatment plant in that the plant would like to increase their
Biological Oxygen Demand (BOD) to enhance their activated sludge process. The plant
has been operating with low amounts of carbon in its waste stream since the Anheuser-
Busch brewery began treating their own wastewater and stopped sending it to DWRF in
2009. DWRF would like to find an additional carbon source to add to its wastewater
stream prior its secondary treatment process to enhance its activated sludge process. A

food waste stream may have the added benefit of providing this carbon source.



1.1.1. Objectives

The objective of this study is to evaluate the feasibility of implementing a food waste
diversion program to the existing DWRF anaerobic digesters. The tasks associated with
this objective are listed below.

¢ Food waste characterization study

e Analysis of DWRF anaerobic digesters’ capacity

¢ Determine increase in anaerobic digester biogas production from food waste

addition

e Determine increase in solids residual from the anaerobic digesters

e Evaluation of various energy generation technologies

e Economic and triple bottom line analysis of energy generation and food waste

diversion program at DWRF

The food waste characterization study included locating and characterizing food waste
from sources in Fort Collins. Specifically, the characterization study focused on food
waste from the Colorado State University Ram’s Horn Dining Facility and determining
the total solids concentration and volatile solids to total solids ratio of this food waste.
The anaerobic digesters’ capacity at DWRF was evaluated to determine the amount of
food waste that can be added. The increase in methane gas production from the
anaerobic digesters will be estimated along with an estimation of the increase in solids
residual coming out of the anaerobic digesters. An evaluation of various energy
generation technologies ability to utilize anaerobic digester biogas as a fuel source was
completed in addition to determining the financial viability of each technology. Finally,

an economic and triple bottom line analysis will be completed to determine the costs



associated with implementing food waste diversion at DWRF along with the economic,
environmental, and social benefits. This study will provide DWRF with a
recommendation on whether it is economically feasible at this time to implement food
waste diversion to DWRF or if it should not be implemented and a reassessment

conducted at a later time.

1.2. ANAEROBIC DIGESTION PROCESS

The anaerobic digestion treatment process is a common method at wastewater
treatment plants to treat primary and secondary biological sludge (biosolids) streams.
Anaerobic digestion involves three distinct stages (Figure 1.8). In the first stage,
complex waste components, including fats, proteins, and polysaccharides, are hydrolyzed
to their component subunits. Various facultative and anaerobic bacteria accomplish this
task and then make available the products of hydrolysis (triglycerides, fatty acids, amino
acids, and sugars) to fermentation and other metabolic processes leading to the formation
of simple organic compounds and hydrogen in a process called acetogenesis (Davis,
2008). The second stage is referred to as acid fermentation and organic material is
converted to organic acids, alcohol, and new bacterial cells, so that little stabilization of
biochemical oxygen demand (BOD) or chemical oxygen demand (COD) is realized
(Davis, 2008). In the third stage, the end products of the second stage are converted to
gases (mainly methane and carbon dioxide) by several different species of strictly
anaerobic bacteria. This stage is referred to as methane fermentation and is where the

true stabilization of the organic material occurs. All stages take place simultaneously and



synergistically. Waste stabilization in anaerobic digestion is accomplished when

methane and carbon dioxide are produced (Metcalf & Eddy, 1991).

Stage 1:
Hydrolysis and
Fermentation

Stage 2:
Acetogenesis and
Dehydrogenation

Stage 3:
Methane
Fermentation

Complex

20%

52%

\ 4

Acetic Acid

72%

Organics

76%

Higher organic
acids

CH,

4%

24%

Figure 1.1. Three Stages in Anaerobic Digestion Process with Energy Flow (derived

from Davis, 2008)

Methane bacteria can only use a limited number of substrates for the formation of

methane. Methanogens use the following substrates+ €l formate, acetate,

methanol, methylamines, and carbon monoxide. Typical energy-yielding conversion

reactions involving these compounds are shown below:

4H;+ CO, — CHs + 2H,0

4HCOOH — £HCO; +2H,0

CH;COOH — CH +CG;,

4CH;0OH — 3CH, +CO, +2H,0

4(CHg)sN + HO — 9CH, +3CG; +6H,0 + 4NH;

(1-1)

(1-2)
(1-3)

(1-4)

(1-5)



In an anaerobic digester, the two principal pathways involved in methane formation
are the conversion of hydrogen and carbon dioxide to methane and water (Reaction 1-1),
and the conversion of acetate to methane and carbon dioxide (Reaction 1-3). To maintain
an anaerobic treatment system that will stabilize organic waste efficiently, the
nonmethanogenic and methanogenic bacteria must be in a state of equilibrium (Metcalf &
Eddy, 1991). The anaerobic digestion reactor contents should be absent of dissolved
oxygen and free from inhibitory concentrations of constituents such as heavy metals and
sulfides to maintain the state of equilibrium to stabilize organic waste efficiently.
Temperature is another important environmental parameter with the optimum
temperature ranges being mesophilic (85 to 100°F) and thermophilic (120 to 135°F).

The disadvantages and advantages of anaerobic digestion of organic waste, as
compared to aerobic treatment, result from the slow growth rate of the methanogenic
bacteria. Slow growth rates require a relatively long detention time in the digester for
adequate waste stabilization to occur (Metcalf & Eddy, 1991). With the methanogenic
bacteria, most of the organic waste is converted to methane gas which is a useful end
product and is an advantage of anaerobic digestion. If sufficient quantities are produced,
the methane gas can be used to operate microturbines, dual-fuel reciprocating engines,
fuel cells, and boilers to produce electricity and to provide heat for the plant (Metcalf &
Eddy, 1991). Another advantage of anaerobic digestion is the low cellular growth rate
and the conversion of organic solid matter to methane gas and carbon dioxide that results
in solid matter that is reasonably well-stabilized. After drying or dewatering, the digested
sludge should be suitable for disposal in sanitary landfills, composting, and land

application (Metcalf & Eddy, 1991).



There are four main processes for anaerobic digestion at a wastewater treatment plant.
They are standard rate digestion, single-stage high rate digestion, two-stage digestion,
and separate sludge digestion (Metcalf & Eddy, 1991). The standard rate digestion
process is typically used for small installations due to untreated sludge stratifying by
forming a supernatant layer above the digesting sludge and the lack of intimate mixing
which results in not more than 50 percent of the volume of a standard rate single-stage
digester being used.

The single-stage high rate digestion process differs from the standard rate single-stage
process in that the solids loading rate is much higher (Metcalf & Eddy, 1991). Single-
stage high rate digesters also have improved mixing over standard rate digesters due to
the sludge being mixed intimately by gas recirculation, mechanical mixers, pumping or
draft tube mixers. Sludge should be pumped to the digester continuously or on a 30
minute to 2 hour time cycle to maintain constant conditions in the reactor. The digesters
may have fixed or floating covers which can provide excess gas storage capacity (Metcalf
& Eddy, 1991).

In two-stage digestion, a high rate digester is coupled in series with a second digester.
The first digester is used for digestion and the second tank is used for the storage and
concentration of digested sludge and for the formation of a relatively clear supernatant.
Similar to single-stage digesters, the digestion tanks may have fixed or floating covers
(Metcalf & Eddy, 1991).

Though uncommon, WWTPs can separate the digestion of primary and biological
sludge in a process known as separate stage digestion. The reasons given for this design

include the excellent dewatering characteristics of the digested primary sludge are



maintained, the digestion process is specifically tailored to the sludge being treated, and
optimum process control conditions can be maintained (Metcalf & Eddy, 1991).

WWTPs primarily use a wet anaerobic digestion process because sludge produced in
wastewater treatment is approximately 10-15% total solids (TS). When using a
feedstock, such as food waste, that tends to have a higher TS concentration then
wastewater sludge, the feedstock needs to pulped and slurried to a 10-15% TS
concentration with dilution water before being added into the anaerobic digester. At a
WWTP, raw wastewater can be used for dilution. Wastes that have not gone through a
treatment process must be processed to condition the wastes into a slurry devoid of coarse
and heavy contaminants. To achieve the objective of removing inhibitory contaminants,
a complex process of screens, pulpers, drums, presses, breakers, and flotation units will
be needed (Vandevivere et al., 2002). The food waste treatment process for the EBMUD
plant described in Chapter 1.4.1 is an example of a complex process to remove
contaminants. In addition to being complex, the waste treatment process typically incurs
a 15-25% loss of volatile solids with a proportional drop in biogas yield (Farneti et al.,
1999). There may simpler approaches that are stand alone systems such as the DODA
urban organics processing units that will be discussed in Chapter 1.5.

Dry anaerobic digestion systems gained popularity in the 1990s due to research
conducted during the 1980s that demonstrated that biogas yield and production rate were
at least as high in systems where the wastes were kept in their original solid state and not
diluted with water (Vandevivere et al., 2002). The challenge lies in the handling,
pumping, and mixing of solid streams. During the 1990s, new plants that were built were

evenly split between wet and dry anaerobic digestion systems (De Baere, 1999). As the



use of mechanically-sorted organic fraction of MSW as a feedstock becomes more

popular, more will be known about the success of wet systems in dealing with this waste

stream. Dry anaerobic digestion systems have already proven reliable in Europe

(Kompogas, Valorga, DRANCO systems for example) for the biomethanization of

mechanically sorted organic fraction of MSW and may surpass wet anaerobic digestion

systems in popularity due to their reliability.

Table 1.1. Advantages and Disadvantages of One-Stage Wet and Dry Systems
(information from Vandevivere et al., 2002)

Criteria

One-Sta

e Wet Systems

Advantages

Disadvantages

Technical

- Created from known process

- Short-circuiting
- Complicated
pre-treatment

Biological

- Dilution of inhibitors with fresh
water

- Particularly sensitive to shock loads
inhibitors spread quickly in reactor
- VS lost with inerts and plastics

as

Economical &
Environmental

- Equipment to handle slurries is
cheaper

- High water consumption
- Higher energy consumption for
heating large volume

Criteria One-Stage Dry Systems
Advantages Disadvantages

- No moving parts inside reactor| - Wet wastes (<20% TS) cannot be
Technical - Robust (inerts and plastics needreated alone

not be removed)

- No short-circuiting

- Less VS loss in pre-treatment | - Little possibility to dilute inhibitors

- Larger organic loading rate with fresh water
Biological (high biomass)

- Limited dispersion of transient
peak concentrations of inhibitors

Economical &
Environmental

- Cheaper pre-treatment and
smaller reactors

- Complete hygienization

- Very small water usage

- Smaller heat requirement

- More robust and expensive waste
handling equipment

Table 1.1 lists the advantages and disadvantages of one-stage wet and dry anaerobic

digestion systems. As discussed previously, wet anaerobic digestion systems need a



complex pre-treatment system to remove inerts, plastics, and other contaminants while a
dry anaerobic digestion system does not. However, dry anaerobic digestion systems have
a higher capital cost and cannot treat wet wastes with a 20 percent total solids
concentration or less. Also, for a wastewater treatment plant, the sludge produced from
primary and secondary treatment processes will contain high moisture content and thus a

wet anaerobic digestion process is more suitable.

1.3. BENEFITS OF ANAEROBIC DIGESTION OF FOOD WASTE

Food waste is the second largest category of municipal solid waste (MSW), proceeded
by paper, sent to landfills in the United States accounting for approximately 14% of the
waste stream (USEPA). The US generates more than 34 million tons of food waste each
year. Less than three percent of the 34 million tons of food waste generated in 2009 was
recovered and recycled. Food waste represents the single largest component of MSW
reaching landfills and incinerators. USEPA identified a multitude of benefits for the
anaerobic digestion of food waste to include climate change mitigation, economic
benefits, and diversion opportunities. The benefits are listed below with further
explanation of the benefits later in this section.

¢ Reduction of greenhouse gas emissions at landfills

e Cost savings associated from food waste addition to anaerobic digesters

e Utilization of existing infrastructure for food waste diversion

e Meeting local and state waste diversion goals

e Food waste is highly biodegradable making it a desirable anaerobic digestion

feedstock
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Food waste in landfills generates methane which is considered a potent greenhouse
gas. Typically at a landfill, the methane is not captured and is released directly into the
atmosphere. Methane is 21 times more powerful at trapping heat and warming the
atmosphere than carbon dioxide which makes methane a substantial contributor to the
possibility of climate change (USEPA Methane webpage). Diverting food waste from
landfills to WWTPs allows for the methane to be captured and used beneficially while
reducing the methane released from landfills. Additionally, there exists the potential for
further greenhouse gas emissions reductions due to the energy offsets provided by using
an on-site, renewable source of energy.

By adding food waste to a plant’s anaerobic digestion process, it can be expected that
the plant will see a cost savings. These costs savings include reduced energy costs due to
production of on-site power and a tipping fee for accepting the food waste. Also, the
tipping fee can be set so that the food waste supplier sees a cost savings and the treatment
plant may see revenue that can offset transportation costs.

By utilizing existing infrastructure located in most urban areas (anaerobic digesters at
a WWTP), anaerobic digestion of food waste provides the most sensible diversion
opportunity for most municipalities. As landfill capacity becomes scarcer, municipalities
will need to find other ways to dispose of their solid waste streams. Since food waste
comprises such a substantial portion of the MSW stream, sending it to be beneficially
used provides an opportunity to relieve stress on landfill capacities.

Another reason to divert food waste from landfills and utilize it beneficially in an
anaerobic digestion process is meeting local and state waste diversion goals (USEPA).

As discussed previously, landfill capacity is being pushed to its maximum limits in many

11



cities across the United States. Many state and local governments have mandated waste
diversion goals or are investigating it to try to curtail reaching its landfill maximum
capacities. Recycling has been implemented in many cities; however, food waste still
makes up the largest percentage of what is still being landfilled. Along with composting
of food waste, diverting food waste to WWTPs will greatly reduce the largest percentage
of waste that is being sent to landfills in the United States.

Finally, food waste is highly biodegradable and has a much higher volatile solids
destruction rate (86-90%) than biosolids produced at a WWTP (Gray, 2008). With the
addition of a food waste stream to anaerobic digesters there will only be a small increase
in solids residual. This is very important to a WWTP as handling of an increased amount

of solids residual can increase operating costs.

1.4. REVIEW OF FOOD WASTE DIVERSION APPLICATIONS
1.4.1. Food Waste Diversion Applications in the United States

The EBMUD WWTP in Oakland, CA currently diverts food waste from the local area
and adds it to their anaerobic digesters for enhanced methane production. EBMUD at its
peak can process 80 million gallons a day of wastewater (EBMUD webpage). As the
first WWTP in the United States to add processed food waste to anaerobic digesters,
EBMUD is often used as a model for similar projects around the US.

In 2004, EBMUD constructed a food waste and high strength liquid receiving facility
at the main WWTP (Gray, 2008). This began the process of adding food waste as an
anaerobic digestion feedstock at EBMUD. The facility cost approximately $3 million

and numerous upgrades and improvements were made over the past few years to improve
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reliability and performance. By 2007, methane gas completely fueled their 6 MW on-site
power plant (EBMUD, 2010). By completely powering their on-site power plant with
methane gas captured from the anaerobic digesters, EBMUD was able to produce nearly
100% of the electricity needed to power the plant (Toffey, 2010). By 2010, EBMUD had
doubled its biogas production from 2004 and built two new 4.5 MW turbines to be fueled
by methane gas (Toffey, 2010). In the future, EBMUD is looking to produce biogas fuels
to power their vehicles and be provided with additional revenue from renewable energy
credits (RECs).

In addition to the on-site food processing facility, EBMUD utilizes the NorCal Jepson
Prairie Facility which began receiving commercial food wastes from San Francisco
restaurants, markets, and hotels in 1997 (City of San Rafael and CMSA, 2009). The
NorCal Jepson Prairie Facility initially processed the commercial food waste for
composting but in 2005 began setting aside a portion of the food waste for EBMUD. The
commercial food waste is sorted, screened, and processed initially at the NorCal facility
and then transported to EBMUD for final processing before being added to the anaerobic

digesters.
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Figure 1.2. Depiction of the EBMUD Food Waste Treatment Process (Gray,
2008)

Figure 1.2 depicts the EBMUD food waste treatment process. 30- to 35-cubic yard
covered dump trucks transport up to 20 tons of food waste per truck from the NorCal
Jepson Prairie Facility to EBMUD (City of San Rafael and CMSA, 2009). The food
waste ranges from 20% to 45% of total solids. The food waste is unloaded into 20,000
gallon slurry tanks and recycled water is added to reduce the total solids concentration to
10%. The food waste slurry goes through a rock trap/grinder to further reduce the size of
material and remove rocks and metals. The food waste is pumped through a rotary
conveyor screen, called a paddle finisher, with 0.06-inch openings to remove grit and
other material that is not readily biodegradable (City of San Rafael and CMSA, 2009).
Finally, the processed food waste slurry is pumped into the anaerobic digesters where it is
converted to methane gas or becomes part of the solids residual that is sent through a

centrifuge and land applied.
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The Central Marin Sanitation Authority (CMSA) wastewater treatment facility
(WWTF) in San Rafael, California has begun construction on a food waste processing
facility to produce a feedstock for their anaerobic digesters. The main objective of this
project is converting food waste to energy. The facility is expected to be operational by

the summer of 2012 and will look similar to the EBMUD process.

New Food Waste Separation Facility at Solid Waste Transfer Facility

Sorted and

shredded food wastes To Receiving/Processing
Facility at Wadtewater
Treatment Plant

Feed Waste bins &
containers

Fark Lift Shiaddar

Figure 1.3. Proposed San Rafael Food Waste Preparation Process (City of San
Rafael and CMSA, 2009)

The main difference is in the proposed San Rafael food waste preparation facility and
the NorCal Jepson Prairie Facility. In the proposed San Rafael food waste preparation
facility, food waste will be manually sorted as opposed to using a trommel screen to sort.
Manual sorting will allow for the capture of much greater than 55% of food waste for
digestion that the trommel screen sorting provides (City of San Rafael and CMSA, 2009).
After sorting, a %-inch hammermill grinder/shredder will be used to grind and shred the
food waste to a small size. After grinding, the food waste will be placed in 20-ton
transfer trucks and sent to the CMSA WWTF to be further processed on site in a similar
manner to the EBMUD process.

Also, the Yolo County Central Landfill in California conducted an anaerobic digestion

pilot project using organic waste in 2010. An anaerobic digester cell was built and fed
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with organic waste from the landfill. The results were promising for methane production,
energy generation using methane, and reduced greenhouse gas emissions at the landfill
(Yazdani, 2010). This pilot project demonstrates the potential of utilizing organic waste
as a feedstock for an anaerobic digestion process and the benefits that can be achieved.
1.4.2. Food Waste Diversion Application in Europe

A substantial amount of experience in using processed food waste as a feedstock for
anaerobic digesters exists in Europe. Since the early 1990s, many WWTPs have been
using food waste along with other waste streams such as manure and green yard waste to
enhance methane production in their anaerobic digestion processes. Typically, the food
waste is chopped to approximately a 3/8-inch diameter, slurried to a 5 to 10% solids
concentration, and pasteurized or heat treated at 165 °F to 170 °F for an hour with
municipal wastewater sludge. The treatment and pasteurization process results in a
highly digestible material (City of San Rafael and CMSA, 2009). The treated and
pasteurized food waste/wastewater sludge is then added to an anaerobic digestion
process. These systems are stand alone and are typically added to the existing
infrastructure of a WWTP.

In Europe, there are numerous anaerobic digestion plants that process organic waste.
An example is in the municipal area of Barcelona, Spain. There are three anaerobic
digestion plants that process source separated organic waste for energy generation. There
are also WWTPs that conduct co-digestion of wastewater biosolids and organic waste.
Examples of WWTPs that conduct co-digestion can be found in Voghera, Italy and

Alicante, Spain (Korz, 2009).
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As stated earlier, the International Energy Agency (IEA) listed 218 commercial scale

operating anaerobic digestion plants in Europe in their 2008 plant list. The IEA defined

commercial scale as plants that process 2500 tonnes per annum (tpa) of biowaste and/or

organic industrial waste. One tonne (metric ton) is equal to approximately 1.1 tons, thus,

commercial scale anaerobic digestion plants in Europe process at least approximately

2750 tons per year of biowaste and/or organic industrial waste. The majority of these

plants use patented anaerobic digestion technologies from various manufacturers from

around Europe. The most common of these anaerobic digestion technologies used in

Europe are Kompogas, Valorga, DRANCO, and BTA. These processes are summarized

below.

Kompogas: Kompogas is a Swiss company founded in the late 1980s. The
Kompogas system is a modular, stand alone single-stage dry anaerobic
digester. The system utilizes a horizontal plug flow digester with internal
rotors to assist in degassing and homogenizing the waste. The system is
prefabricated into two sizes: 15,000 or 25,000 metric tonnes per year.
Currently, at least 38 Kompogas systems are operating around the world with
the majority of them in Europe (California Waste Management Board, 2008).
Valorga: Based in France, Valorga was founded in 1981 to develop MSW
treatment technologies (Nichols, 2004). The Valorga system is a one-stage dry
digestion system. The digestion reactor is a vertical cylindrical tank that is a
continuous single-stage modified plug flow reactor (California Integrated

Waste Management Board, 2008). The digester receives the organic fraction
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of MSW with a total solids content between 25 and 35 percent. Currently, at
least 22 Valorga systems are operating in Europe.

DRANCO: Organic Waste Systems developed the DRANCO process (dry
anaerobic composting) for the anaerobic treatment of MSW and industrial
organic waste. The first facility on an industrial scale began operating in 1992
(Nichols, 2004). The DRANCO process is a high-solids, single-stage
anaerobic digestion system that operates at thermophilic temperatures and
takes places in an enclosed vertical digester capable of treating a wide range of
material with a solids content from 15 to 40 percent. The DRANCO digester
operates without the addition of water and feedstock is added from the top of
the reactor once a day. The DRANCO digestion process is considered a static
fermentation process with no further mixing or agitating of the vessel needed
aside from feeding and removal of the residue (Nichols, 2004). Currently,
there are at least 18 commercial scale DRANCO systems operating in Europe
(IEA plant list, 2008).

BTA (Biotechnische AbfallverwertungGmBH & Co. KG): The BTA process
was initially developed in a pilot plant in Garching, Germany to gain
experience testing a range of feedstocks and to fine tune its technology
(Nichols, 2004). The first plant on an industrial scale was built in Denmark in
1990. The majority of BTA digesters are large (>110,000 tons/year) multi-
stage, wet-wet units (California Integrated Waste Management Board, 2009).
The process consists of mechanical wet pretreatment and biological

conversion. The mechanical wet pretreatment phase removes contaminants
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like plastics by means of a rake and a heavy fraction trap. A thick, pumpable
pulp is produced and is fed to the digester. The BTA process offers various
concepts for the biological conversion step. These concepts include single-
stage digestion (mainly for relatively small decentralized waste management
units), multi-stage digestion (mainly for plants with capacity of more than
50,000 metric tons per year), and two-stage digestion (mainly for plants with
medium capacities) (Nichols, 2004). Currently, at least 15 commercial scale
plants in Europe utilize the BTA process (IEA Plant List, 2008).

Table 1.2. Comparison of European Anaerobic Digestion Technologies (data found
in California Integrated Waste Management Board, 2009)

Average | Typical Solids
Digestion Operating Bl_ogas Solids Average Retention
Process Type Plants Yield Content | Capacity Time
(#) (scf/lb wet | of Feed | (tons/yr) (days)
weight) (%)
Single-
Kompogas stage, dry 38 3.4-4.2 23 - 28 23,000 15-20
Single- 4
Valorga stage, dry 22 26-51 25-35 86,000 18 - 23
DRANCO | _Sindle- 18 17-24 | 15-40 36,0000  15-30
stage, dry
Single-
stage,
Multi-
BTA stage, 15 3.8-4.6 ~25-40 ~110,00 ~15-2
Two-
stage,
wet-wet

Table 1.2 shows a comparison of key parameters of the most popular European

anaerobic digestion technologies described in detail previously. The data for the BTA

process is approximate due to the variations of the process for the biological conversion

phase.
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The main issue with these European technologies is the high cost to purchase and
install the technology in the United States. The manufacturers of these various anaerobic
digestion technologies have been able to sell their processes in a limited fashion to
countries outside of Europe such as Japan but have not made any real progress in
exporting their technologies to the United States. As the popularity of the anaerobic
digestion of organic fraction of MSW increases in the US, the interest may rise in the US
for these technologies. However, at this time, these technologies are too expensive for

most municipalities to purchase and implement in the United States.

1.5 COLORADO FOOD WASTE PROCESSING PROJECT

In Colorado, a project partially funded by a grant from the Colorado Department of
Public Health and Environment (CDPHE) is being conducted to test an urban organics
recycling system to process food waste into a suitable feedstock for anaerobic digestion
and aerobic composting. Al Organics, a Colorado organics recycling company,
purchased an urban organics recycling system from DODA International (shown in
Figure 1.4), an Italian company now operating in the United States. The project began in
2009 with the goal of capturing data and defining processes by which food waste can be
cleaned of contaminants and made into a “clean” and consistent feedstock (Yost, 2010).

It is nearing the completion with a final report due to CDPHE from Al Organics in 2012.
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Figure 1.4. DODA Urban Organics Recycling System (Yost, 2010)

Installed at the A1 Organics Stapleton, Colorado site in the summer of 2010, the
DODA urban organics processing unit's purpose is to remove plastic and other
contaminants associated with source separated food waste streams (Yost, 2010). An
issue identified with using food waste as a feedstock for anaerobic digestion is the
prevalence of plastics, metals, and other contaminants in unprocessed food waste. An
example of the unprocessed food waste is shown in Figure 1.5. These contaminants are
not readily biodegradable and can hinder the anaerobic digestion process if large
contaminant quantities exist. To try to minimize the upset of the anaerobic digestion
process, a food waste stream that is added needs to be relatively contaminant-free. This
project wants to evaluate whether the DODA urban organics processing unit can be a
stand alone food processing unit that can perform as well as the EBMUD two-stage food

waste treatment process.
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Figure 1.5. Unprocessed Food Waste used for DODA Processing Unit (Yost, 2010)

An example of the food waste slurry produced by the DODA processing unit to be
used as a feedstock for composting or anaerobic digestion is shown in Figure 1.6. If the
results of the project support the DODA urban organics processing unit in creating a
contaminant free, high organic stream as a digestion feedstock, then this could prove an
option to attain a food waste stream for municipal anaerobic digesters, such as at DWRF

in Fort Collins.
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Figure 1.6. DODA Food Waste Slurry after Processing

1.6. SUMMARY OF ENERGY GENERATION TECHNOLOGIES UTILIZING
BIOGAS AS FUEL

With increased biogas production from food waste addition, the supplemental biogas
can be beneficially used to fuel an energy generation technology. By utilizing a
technology such as a microturbine, fuel cell, or biogas powered reciprocating engine,
electricity can be produced on site to offset a plant’s electricity costs. Additionally, these
technologies also can provide additional heat that can be used to offset heating costs. A
brief explanation of fuel cells, microturbines, and biogas fed reciprocating engines is

provided below.

23



o Fuel Cells: A fuel cell operates like a battery but does not run down or require
recharging and will produce energy in the form of electricity and heat as long as
fuel is supplied. It consists of two electrodes sandwiched around an electrolyte
with oxygen passing over one electrode and hydrogen over the other which
generates electricity, water, and heat. A fuel cell system which includes a ‘fuel
reformer’ can utilize the hydrogen from any hydrocarbon fuel from natural gas to

methanol ywww.fuelcells.orgwebsite). A visual illustration of a fuel cell is

provided in Figure 1.7 below.
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Figure 1.7. Depiction of a Fuel Cell (fromwww.fuelcells.orgwebsite)

e Microturbines: A microturbine can be fueled by natural gas, biogas, or other
types of fuel. The fuel powers the turbine which turns a generator to produce
electricity. The hot exhaust air created in this process can be recovered for
heating needs (EPA Office of Air and Radiation, 2002). An illustration of the

process schematic of a microturbine is provided in Figure 1.8 below.

24



Exhaust

- Heat To Users
Y

w,w | Recuperator

Potential
\Waste-Heat
Recovery

3

I—’ Combustor

To Plant Utility
or Grid

Compressor
Turbine

Air Inlet

Figure 1.8. Microturbine Process Schematic (from EPA Office of Air and
Radiation, 2002)

e Biogas fed reciprocating engines: These engines can use methane produced
from anaerobic digesters to fuel internal-combustion reciprocating engines that
run generators to produce electricity. Heat produced from the operation of the
engines can be used for additional heating needs in the plant. The Point Loma
WWTP in San Diego, California has a capacity of 240 MGD and is energy
self-sufficient by using biogas fed reciprocating engines. Additionally, they
can generate additional revenue by selling excess energy in the form of
electricity into the power grid (Federal Energy Management Program, 2004).

The EPA Combined Heat and Power (CHP) Partnership produced a study providing

data and information on various CHP technologies. A summary of the advantages and
disadvantages from the study for the three types of technologies being analyzed for this

project are provided (Table 1.3).
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Table 1.3. Advantages and Disadvantages of CHP Technologies (derived from EPA
CHP Partnership, 2008)

CHP Technology Advantages Disadvantages

- High power efficiency - High maintenance costs
- Fast start-up - Limited to lower
- Relatively low investment temperature cogeneration
cost applications

Reciprocating Engines | - Qan be overhauled on site- Rgla.tively high air
with normal operators emissions
- Operate on low-pressure | - Must be cooled even if
gas recovered heat is not used

- High levels of low
frequency noise

- Small number of moving | - High costs

parts - Relatively low mechanical
Microturbines - Compact size and effipigncy

lightweight - Limited to lower
- Low emissions temperature cogeneration
- No cooling required applications
- Low emissions and low | - High costs
noise - Low durability and power
- High efficiency over load | density

Fuel Cells range - Fuels requiring processing
- Modular design unless pure hydrogen is

used

Reciprocating engines have a lower purchase cost than microturbines and fuel cells.
Fuel cells require a ‘fuel reformer’ to use the biogas generated from an anaerobic digester
which adds to the process complexity. Fuel cells and microturbines have higher purchase
costs, but lower emissions and better efficiency than reciprocating engines. These
advantages and disadvantages will be further evaluated in the economic analysis of the
three types of energy generation technologies in Chapter 3.

An issue with using digester biogas or landfill gas to power energy generation
technologies is siloxanes. Siloxanes are a family of man-made organic compounds that

contain silicon, oxygen and methyl groups. Siloxanes are used in the manufacture of
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personal hygiene, health care, and industrial products and as a result of their widespread
use are found in wastewater (Pierce, 2004). At WWTPs, low molecular weight siloxanes
volatilize into digester gas. When this digester gas is combusted to generate power,
siloxanes are converted to silicon dioxide (§j@hich can deposit in the combustion

and/or exhaust stages of the equipment (Pierce, 2004).

The presence of siloxanes in biogas has been known for many years but rather than
removing siloxanes, most operators chose to accept the increased maintenance costs
associated with the use of biogas since the increase is being offset by the use of low cost
or no cost fuel (Pierce, 2004). The most effective method of removing siloxane in
commercial operation is carbon adsorption. Activated carbon is the media used to adsorb
the siloxane and remove it from the biogas. Other siloxane removal technologies such as
refrigeration, liquid adsorption, and silica gel are not widely used and will not be
discussed.

The microturbine manufacturer Capstone in the early 2000s experienced siloxane
induced turbine failures at multiple sites. As a result of this, Capstone established a fuel
specification that requires less than 5 parts per billion by volume (ppbv) of siloxane. A
100 percent effective siloxane removal system is required by Capstone for all biogas
applications (Pierce, 2004). In actual practice, Capstone microturbines are tolerant of
limited amounts of siloxane and have operated continuously on biogas for many months
prior to failure. Prolonged exposure to untreated biogas results in a progressive loss of
performance due to silica buildup in the combustor and recuperator. The silica will

ultimately build up to a larger mass that breaks off and causes the turbine wheel to seize
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resulting in the power unit needing to be replaced to restore full performance (Pierce,
2004).

For internal combustion reciprocating engines, there is extensive experience of
operation on biogas. Reciprocating engine manufacturers imposed siloxane fuel
restrictions that range from 150 to 900 times higher than the restrictions placed on fuel
for microturbines (Pierce, 2004).

DWREF is applying for a grant for a microturbine from the Colorado Governor’'s
Energy Office (GEO). In 2012, the state of Colorado expects to receive $42.6 million for
projects that reduce energy use and fossil fuel emissions and improve energy efficiency
(Colorado.gov website, 2012). This money must be spent by September 15, 2012 so
there is urgency in distributing the grants to various cities and counties in Colorado. If
approved for a grant, DWRF will be able to offset the purchase cost of a microturbine
powered by biogas to generate electricity and heat for use in the plant. This could
provide another avenue for DWRF to offset energy costs using methane produced from

their anaerobic digesters.
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2. FOOD WASTE CHARACTERIZATION AND EVALUATION OF DWRF
ANAEROBIC DIGESTER CAPACITY FOR FOOD WASTE ADDITION

2.1 BACKGROUND

DWRF became interested in adding food waste to their anaerobic digestion process in
the summer of 2011 and needed to determine the quantity and quality of food waste that
was available in the Fort Collins area. Colorado State University (CSU) expressed
interest in providing processed food waste from their Ram’s Horn Dining Facility to
DWREF for their use in the early fall of 2011. At the Ram’s Horn Dining Facility and at
the Braiden Hall Dining Facility, Somat close-coupled waste pulping systems (Figure
2.1) are used in the kitchens to process pre- and post-consumer food waste. Food service
waste enters the pulping tanks both from a location in the kitchen (pre-consumer food
waste) and a location where food service trays are cleared of trash (post-consumer food
waste). The pulpers mix all of the food and paper waste with water and grinds up the
material to create a slurry. The slurry is taken by pipe to a centrifuge called the Hydra-
Extractor, which removes excess water and recycles it through the system. The resultant
semi-dry pulp is discharged into 65-gallon bins located in loading docks in the back of

the building (CSU Housing and Dining Services Webpage).
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Figure 2.1. Somat Close-Coupled Waste Pulping System (Somat, 2009)

CSU currently uses the processed food waste as a feedstock for their aerobic
composting program. The processed food waste generally is devoid of contaminants and
is pulped and ground into small particles making it an excellent feedstock for the aerobic
composting program. However, CSU is nearing capacity on their composting program
and wanted to find another beneficial use for the food waste aside from sending it to the
Larimer County landfill. CSU facilities stated they could provide 800 pounds per day of
processed food waste to DWRF, and this amount could go up to 1400 pounds per day in a
few years when another dining facility comes online with the pulpers and food waste

processing system.

2.2. METHODS
Methods for developing a food waste sampling plan, characterization of the food
waste, determining the DWRF anaerobic digesters’ capacity for food waste addition,

determining biogas and methane gas production from food waste addition, and options
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for the addition of food waste in the DWRF treatment process are described in detail in
this section.
2.2.1. Ram’s Horn Dining Facility Food Waste Sampling Plan

Since CSU was willing to provide a relatively inexpensive processed food waste that
appeared devoid of contaminants, a characterization of the food waste was conducted.
Food waste was collected from bins outside of the Ram’s Horn Dining Facility from early
November to mid-December and sent to the DWRF Pollution Control Laboratory (PCL)
for testing. Two samples were collected on five separate occasions for a total of ten
samples tested. The samples came from different bins for each sampling event to ensure
representativeness of the food waste quality. The food waste samples were tested for
three important parameters: chemical oxygen demand (COD), total solids (TS), and
volatile solids (VS) to total solids ratio (VS/TS). The five separate sampling events
provided enough variability in outside air temperature (the processed food waste is stored
outside in 65 gallon bins), type of food waste processed, and length of time in storage
bins to provide an accurate characterization of the variability of food waste quality.

A COD, Method 5220D “Closed Reflux Colorimetric Method” was conducted on the
samples (ENCO Chembook, 2009). This provided a COD value for all samples in mg/L.
This test uses potassium dichromate in a 50% sulfuric acid solution to oxidize both
organic and inorganic substances in a sample. This results in a higher oxygen demand
than biological oxygen demand (BOD) concentration for the same sample but is a more
expedient method (Kiepper, 2010). The closed reflux method uses sealed and heated pre-

prepared vials that change color from orange to green based on the amount of oxidation
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and that are read using a laboratory colorimeter to measure the relative color change.
This provides a COD concentration for the samples (Kiepper, 2010).

To determine the TS of the food waste samples, the Total Solids SM 2540B method
was conducted. This is a gravimetric test in which a well mixed aliquot of an unfiltered
sample is transferred to a pre-weighed crucible and evaporated to dryness in an oven at
103 °C (ENCO Chembook, 2009). A total solids percentage can then be determined for
the samples after being dried.

To determine the volatile solids percentage of total solids of a sample, the EPA
Method 160.4 Residue, Volatile (Gravimetric, Ignition at 550 °C) test was conducted.
This method determines the weight of solid material combustible at 550 °C and obtains a
rough approximation of the amount of organic matter in the solid fraction of the sample
(EPA, 1971).

For the sampling of food waste, a simple random sampling strategy was used. Simple
random sampling is defined as the most basic sampling method where each of the N
population units has an equal chance of being one of the n selected for measurement and
the selection of one unit does not influence the selection of other units (Gilbert, 1987).
The parameter N is defined as the total number of population items. The parameter n is
the number of population units selected at random from the target population. The target
population is defined as the set of N population units about which inferences will be
made. All of the food waste that is collected in the bins on a daily basis represents the
target population The food waste collected in the bins at the Ram’s Horn Dining Facility
should not have any significant trend or cycle due to the random variability of the menu.

As the menu varies throughout the semester, the type of food waste generated will also
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vary. Simple random sampling is considered appropriate for estimating means and totals
if the population does not contain major trends, cycles, or patterns of contamination
which is the assumption made in this case (Gilbert, 1987).
2.2.2. Ram’s Horn Food Waste Statistical Analysis

Since the food waste is relatively homogeneous (concentrations are not expected to
cycle with seasons and long term trends are not expected to exist), emphasis is placed on
estimating the mean, variance, and standard error. The true mean, variance and standard
deviation for the target population are unknown since it is impossible to measure all N
units, but statistically unbiased estimates of the true mearyquvariance, % and the
true standard deviation, 6an be computed. The equations for the unbiased estimate of
the sample mean, unbiased estimate of the variance of the sample mean, and the standard

error of the sample mean is provided below:

- 1
Sample Meanx==)" X,
Nz
X1, %, ... , Xare the sample data

(Equation 1)

Variance of Sample Mears® = %Z(x —x)? (Equation 2)
n-13

Standard Error of Sample MeaE(:?() = swfﬂ (Equation 3)
n

f is the sampling fractionf :%

For this sampling scheme, n equals 10 which is the number of samples taken of the
target population. N can be assumed to be infinite due to the large size of the target
population, thus making f equal to O.

Variance is a measure of how far a set of numbers are spread out and can provide a

theoretical probability distribution of a not fully observed population. From the variance,
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an estimate for the standard error of the sample mean can be determined. The standard
error is a statistically unbiased estimate of the standard deviation and is useful in
determining the accuracy of the sample mean.

Sample size determination calculations can be made to determine if enough samples
were taken. To accomplish this, the D.R. Cox’s two-stage approach can be used. A
relative error, represented byahd a margin of error, represented bypeeds to be
specified. A reasonable margin of error is 95% and a reasonable relative error for COD
is 25,000 mg/L and for TS percentage and VS/TS ratio is 3%. The equation to determine

the sample size required for the D.R. Cox’s two stage approach is shown below:

22
n= ﬁ;“’z @A+ 3) (Equation 4)
d n,

s,°= estimated population variance

z?.,, = standard normal deviate that cuts off (/@) % of the upper tail of a standard
normal distribution (Gilbert, 1987)

d = specified relative error
n; = number of samples taken

If n > n, then additional samples need to be taken to meet the requirements for margin
of error and relative error specified. The additional samples needed would be equal to n
—m. If n<ngno more samples will need to be collected.
2.2.3. Operating Capacity of the DWRF Anaerobic Digesters

DWRF operates 4 anaerobic digesters that receive primary sludge and scum from the
primary clarifiers and thickened waste activated sludge (WAS) from the dissolved air
flotation tank (DAFT). Digester influent solids concentrations typically range between

three and four percent, while effluent solids average about two percent. Digester gas
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produced is used to fuel the boilers for digester heat and building heat. Excess digester
gas is flared to the atmosphere (FCWU, 1998). The maximum volume of one anaerobic
digester is 875,908 gallons or 117,100 fthe DWRF anaerobic digesters are classified

as high-rate digesters due to its mixing capability. Also, the DWRF anaerobic digesters
utilize floating covers which provide some excess gas storage capacity.

In order to determine how much food waste can be added to the DWRF anaerobic
digesters and the expected methane production associated with the added food waste, the
operating capacity of the anaerobic digesters was determined. The anaerobic digesters’
hydraulic loading rate, solids loading rate, and organic loading rate was compared to the
maximum loading rates to determine the operating capacity as a percentage of the
maximum capacity. Daily data from 2009, 2010, and part of 2011 was provided by
DWREF for their anaerobic digesters. 2010 data was primarily used because it was the
most recent and complete data. A sample of this data is shown in Appendix A.

The solids and hydraulic loading capacities for the DWRF anaerobic digesters are:

e Solids Loading Capacity

o Perdigester = 12,500 pounds per day of volatile suspended solids
o For 3 digesters = 37,500 pounds per day of volatile suspended solids
o For 4 digesters = 50,000 pounds per day of volatile suspended solids
e Hydraulic Loading Capacity
o Perdigester = 62,300 gallons per day
o For 3 digesters = 186,900 gallons per day
o For 4 digesters = 249,200 gallons per day
The loading capacities are from the 1998 Fort Collins Water Utility Solids Processing

Study. Loading capacities based on 3 and 4 digesters are given with the intent of using

the loading capacity for 3 digesters in calculations. Occasionally, one digester may go
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offline for maintenance or repair and by calculating based on 3 digesters a factor of safety
is built in for the determination of how much food waste could be added.

The organic loading rate is the pounds of volatile solids added per day per cubic foot
of digester capacity (Metcalf & Eddy, 1991). It is simply the solids loading rate divided
by the volumetric capacity of the digester. The recommended organic loading rate for
high-rate digesters are 0.10 to 0.30 Ib \AS/tt of volatile solids (Metcalf & Eddy,

1991).

The solids loading capacity was evaluated first using DWRF anaerobic digester data
from 2010. The daily solids loading was calculated by determining the pounds of VS per
day added to the digesters. This was accomplished by taking the daily primary sludge
flow in million gallons per day (MGD) and using a conversion factor of 8.34 (1 gallon of
wastewater is equal to 8.34 pounds) to attain the pounds per day added to the anaerobic
digesters. Then, that value was multiplied by the TS% and VS/TS percentage of the
primary sludge to get the pounds of VS per day of primary sludge added to the anaerobic
digesters. The same method was used to calculate the daily pounds of VS per day of
thickened WAS added to the anaerobic digesters. These two values were added together
to attain the daily solids loading in pounds of VS per day. Finally, the percentage of
anaerobic digester capacity used was calculated based on solids loading.

The hydraulic loading for the anaerobic digesters was evaluated to compare to the
solids loading capacity to determine which is limiting. The daily hydraulic loading was
determined from the 2010 DWRF anaerobic digester data. The daily flow in MGD for
the primary sludge and for the thickened WAS will be added together to attain the daily

hydraulic loading.
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Finally, the organic loading rate was compared to the solids loading to determine
which s limiting. The organic loading rate was determined by dividing the daily solids
loading (in Ibs VS/day) by the volume of an anaerobic digester (117> @0ditiplied
by 3 (number of anaerobic digesters operated).

2.2.4. Food Waste Addition and Associated Biogas and Methane Production

With the determination of the limiting loading rate and the operating capacity of the
anaerobic digesters at DWRF, the next step was to calculate the theoretical maximum
amount of food waste that can be added. Estimations can be also be made to determine
how much methane can be expected to be produced from this amount of food waste
added and various other amounts of food waste less than the maximum amount.

The average amount of volatile solids that can be added to the anaerobic digesters is
the limiting loading capacity minus the average daily limiting loading. The maximum
amount of food waste (in Ibs VS/day) needs to be converted to the maximum amount in
pounds of food waste per day for practicality. To do this, the average TS percentage and
average VS/TS ratio for the food waste from the characterization study were used. The
maximum amount of food waste (in Ibs VS/day) divided by the average TS percentage
and the average VS/TS ratio for the food waste would provide the maximum amount of
food waste (in Ibs/day).

Max. Amt. of Food Waste (Ibs/day) = Max. Amt. of Food Waste (Ibs VS/ da§s /
TVS/TS% (Equation 5)

In order to verify that the maximum amount of food waste added to the anaerobic
digesters does not exceed the solids loading capacity, the volume of the food waste added
(in MGD) needed to be determined. The volume of a sludge, or for this case a food waste

stream, can be calculated using Equation 6 (Metcalf & Eddy, 1991).
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V= W, (Equation 6)

W;= weight of dry solids, Ibs
pw = density of waster, Ibsft
Gs= specific gravity of the food waste
Ps= percent solids expressed as a decimal

The weight of dry solids is calculated by multiplying the maximum amount of food
waste to be added by the average TS% concentration (as a ratio). The density of water is
a constant of 62.4 Ibsift The specific gravity of food waste was assumed to be equal to
1.02, which is a typical value for primary sludge (Met