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starting on Day 40. The Pre-VSA sample was collected from the biogas holder to
provide a direct measurement of the VSA inlet concentration. ..........cccceeeeuveernennns 86
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ACRONYMS

ADMI1 Anaerobic Digestion Model 1

ASHRAE American Society of Heating, Refrigerating, and Air-Conditioning Engineers
ATP adenosine triphosphate

BEC:s five day biological energy conversion

Biogas methane byproduct

BMP biochemical methane potential

BTU British Thermal Units

CDPHE Colorado Department of Public Health and the Environment
ngf)d feed COD concentration

CHP combined heat and power

COze carbon dioxide equivalents

COD chemical oxygen demand

CTS co-thickened sludge

DoD Department of Defense

EBMUD East Bay Municipal Utility District

EDDs electronic data deliverables

ESTCP Environmental Security Technology Certification Program
EPA US Environmental Protection Agency

EPACT Energy Policy Act of 2005

EO Executive Order

F/M food-to-microorganism

FOG fats, oils and grease

GGE gasoline gallon equivalents

GHG greenhouse gases

LEED Leadership in Energy and Environmental Design
NDAA National Defense Authorization Act

NEC National Electrical Code

NFPA National Fire Protection Association

NOx nitrogen oxides

NPDES National Pollutant Discharge Elimination System
0&M operations and maintenance
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Xvss

Occupational Safety and Health Administration

pressure swing adsorption
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Water Environment Research Foundation
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EXECUTIVE SUMMARY
BACKGROUND AND TECHNOLOGY DESCRIPTION

The Department of Defense (DoD) is a significant consumer of energy and generator of solid
waste. During fiscal year 2009 the DoD consumed 209 trillion British Thermal Units (BTUs) of
energy (2.2 x 10'7 J), excluding vehicle fuel. Further, during the same period the DoD generated
5.2 million tons of solid waste. The consumption of energy and the generation of waste place
economic, environmental and social burdens on the DoD.

Food waste is generated worldwide at a rate of about 0.3 kg person™ d”!. In 2011, 164 million tons
of municipal solid waste was discarded comprising that contained 21.3% food waste. The energy
content is about 130 trillion BTU or about 60% of the FY2009 DoD energy use. Much of this
highly biodegradable waste is disposed in landfills where it is anaerobically digested into the
greenhouse gases (GHG) methane and carbon dioxide. The methane produced in landfills is
substantial and only a fraction is recovered. Anaerobic digestion of food waste in engineered
reactors to produce methane-rich biogas offers a sustainable alternative to current practices and a
source of energy. Furthermore, this biogas can be purified to produce vehicle fuel and provide
greenhouse gas offsets. A simple schematic (Figure ES-1) shows in general terms how this
technology could be implemented at DoD installations and elsewhere.

Multiple Sources
- Pre-consumer food waste
- Post-consumer food waste

. . Anaerobic Biogas
- Waste cooking ol — . . — e =P
ng o Digestion Purification
- Grease trap waste

- Sewage sludge
- Aircraft de-icing fluids

Figure ES-1. Food to fuel.

Multiple Uses

- Natural gas

- Conversion to electricity
- Conversion to hydrogen
- Heating

- Transportation

Anaerobic digestion plus biogas purification was used to convert food waste to biomethane fuel
(food-to-fuel). Anaerobic digestion is a process where a community of anaerobic microorganisms
biodegrade organic matter and produce biogas — a mixture of methane (CH4) and carbon dioxide
(CO2). While anaerobic digestion of sewage sludge is a well-established process, use of anaerobic
digestion to treat food waste and other energy-rich wastes such as fats, oils and grease (FOG);
deicing fluids; and green waste has only recently been studied. Biogas treatment is any process
used to improve the quality of the anaerobic digester gas. Biogas purification to produce high
purity biomethane for vehicle fueling is relatively new. Two technologies were demonstrated for
biogas purification biomethane. Hydrogen sulfide (H2S) and organosulfur compounds were
removed using a mixed metal oxide media (SulfaTrap™). A triple-bed vacuum swing adsorption
(VSA) unit was used for CO2 and moisture removal.
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PERFORMANCE OBJECTIVES AND RESULTS

The demonstration was conducted at the U.S. Air Force Academy (USAFA) in Colorado Springs,
Colorado. Four phases were conducted including I) equipment shakedown, II) startup, III) stable
operation with diluted digester feed, and IV) modified process with concentrated digester feed.
The performance objectives of this demonstration included various aspects of renewable energy
conversion efficiency; digester capacity and stability; biogas purification, solids destruction and
minimization of process residuals; operational reliability; and accounting of GHG emissions. Both
quantitative and qualitative performance objectives were evaluated during the demonstration.

Renewable Energy Efficiency

Energy conversion efficiency of food waste and canola oil (a surrogate for USAFA grease trap
waste) to methane was 73+13% (Goal >70%). When parasitic energy losses for the process
(e.g., heating, pumping, and gas purification) were considered, the efficiency was 62%
(goal >50%). Methane yields were 360+£70 L/kg-volatile solids (goal >310) and 270475 L/kg-
chemical oxygen demand (COD) (goal >190). Biogas composition was 59+4.6% (goal >60%).
While all of the above goals were met, volumetric methane production rate was not met (0.82+0.22
L/L/d [goal >2]). This was a result of a dilute food waste/canola oil feed (i.e., Phase IIT) which was
rectified later in the demonstration (i.e., Phase IV) resulting in a rate of 2 L/L/d being observed at
the end of the demonstration.

Biogas Purification

Methane recovery during biogas purification by the VSA was 94+2.9% (goal >80%). HaS in the
treated biogas was 0.030+0.035 ppm (goal <4). CHs in the treated biogas was 98+0.5%
(goal 295%) after correction for likely air contamination during sampling. N2 was 3.1+£2.0
(goal <3%), CO2 was 2.1+0.4% (goal <3%), and O2 was 1.2+0.6 (goal <0.2%). The nitrogen and
oxygen results appear to be elevated because of air contamination during sampling.

Digester Capacity/Stability

The digester capacity objective is related to the digester loading rate which in turn drives cost and
space requirements. The volumetric loading rates based on volatile solids (VS) and COD were not
met in Phase III (2.4+0.6 g-VS/L/d [goal >3.2] and 3.0+1.0 g-COD/L/d [goal >4.8]) but were
possibly met near the end of Phase IV as a result of the modified feeding process (2.9+0.8 g-VS/L/d
and 5.3+1.8 g-COD/L/d). When the COD loading rate was normalized to volatile suspended solids
(VSS) concentration as a surrogate for the active microorganism mass in the digester to yield the
specific energy loading rate (SELR), the loading rate goals were met (0.44+0.17 g-COD/g-VSS/d
in Phase III and 0.47+0.30 g-COD/g-VSS/d in Phase IV [goal >0.26 g-COD/g-VSS/d]). Digester
stability indicators included (pH 7.8+0.1 [goal 6.8 to 7.8]) and the ratio of total volatile fatty acids
(VFA) to total alkalinity (TALK) (0.15+£0.09 g-acetate equivalents/g-CaCOs3 [goal < 0.2 g-acetate
equivalents/g-CaCOs]).
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Waste Sludge Generation and Characteristics

Reduction of food waste mass and generation of a reusable or safely disposable digestate were
evaluated. Total solids reduction was 78+3.4% (goal >60%). Digestate sulfide was 71 mg/L
(goal <500 mg/L). Hazardous metals concentrations were less than US Environmental Protection
Agency (EPA) Resource Conservation and Recovery Act (RCRA) toxicity characteristic
thresholds. While not directly applicable, digester treatment of the food waste met Class B
biosolids requirements for treatment of sewage sludge: The solids retention time (SRT) was 40+14
d [goal >15) and the Volatile Solids destruction (VSD) was 81+3.0% (goal >38%). The digestate
was a liquid with low total suspended solids, high ammonia and VFA concentrations, moderate
concentrations of pathogens and poor dewaterability. Compost amendment is possible though odor
could be a concern. The digestate may be useful as a liquid fertilizer considering the concentrations
of ammonia and metal nutrients.

Operational Reliability, Safety, & Ease of Use

The process was 93% available during Phase I1I and 100% available during Phase IV (goal 295%).
Mechanical malfunctions during Phase III were related to a digester mixer shaft seal that leaked.
While there were no Occupational Safety and Health Administration (OSHA)-reportable accidents
during the demonstration, the operator was exposed to H2S gas that leaked from the malfunctioning
digester shaft seal. Safety was addressed during the design process by specifying National
Electrical Code (NEC) Class 1 Division 1 and Class 1 Division 2 areas that required specialized
equipment, instrumentation, and electrical systems (e.g., explosion proof or intrinsically safe). The
facility was successfully operated by a single operator that was not on-site 24 hours a day. After
start-up issues were resolved, the system was easily operated by a single operator working one
shift per day, five days per week. However, two issues that would need to be addressed in a
full-scale facility are food waste debris and gas leaks. The food waste contained much debris that
was manually segregated. Commercially available systems are available that can automate the
process. Gas leaks that led to operator exposure to H2S would need to be eliminated.

Greenhouse Gas Accounting

The calculated greenhouse gas emissions from nominally scaled food waste digester treating about
38,000 tons/yr of food waste were -470 tons per year (i.e., GHG offset due to use of purified
biomethane as vehicle fuel). By comparison, landfilling and composting would generate 530 and
180 tons/year, respectively. Thus, food waste disposal in anaerobic digesters represents a
significant greenhouse gas savings compared to landfilling and composting.

PERFORMANCE EVALUATION

Anaerobic digestion of food waste and a surrogate for grease trap waste (i.e., canola oil) was
demonstrated to be capable of recovering potential energy content, reducing solid waste, and
potentially producing a valuable, nutrient-rich end product. Biogas purification was demonstrated
to be capable of high methane recovery and production of biomethane that was sufficiently pure
to be compressed and used as vehicle fuel. When the processes are considered together they
provide a solid waste reduction technology that recovers energy, creates a greenhouse gas offset,
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and produces an end product. The process provides distinct advantages over landfilling and
composting with respect to energy recovery and greenhouse gas offsets.

The demonstration highlighted that feeding the digester with a concentrated food waste was
necessary to facilitate high organic loading rates and volumetric methane production rates. A
practical method for feeding high solids content food waste (e.g., >20% total solids) was employed
that involved recycling and mixing with the digestate to create a pumpable slurry (i.e., < 10% total
solids). Even when the high solids content feed was used, the digestate total solids concentration
remained low and mixable because of the high digestibility of the food waste. The demonstration
highlighted the need to amend with metal nutrients that have the potential to be deficient. This was
especially true for cobalt and nickel. Ammonia concentrations can be quite high especially when
a protein-rich food waste is the primary feed. The observed concentrations were not as toxic as
expected, however upper limits were not identified. Fat, oil, and grease (FOG) also has the
potential to be toxic however acclimation strategies were identified that can prevent toxicity to a
certain extent. The elevated ammonia concentrations may have led to elevated concentrations of
VFAs. These elevated concentrations of ammonia and VFAs did not inhibit food waste digestion
and methane production, however, they were high when compared to conventional anaerobic
waste activated sludge digestion at wastewater treatment plants (WWTP). Additionally the high
VFA concentrations can lead to odor concerns when considering potential use of the digestate as
a compost amendment or liquid fertilizer.

Use of standard wastewater engineering metrics and observations were found to not necessarily be
applicable to food waste digestion. For example, digester feeding was better monitored and
controlled using the SELR rather than a volumetric organic loading rate. Furthermore, when the
energy loading rate (measured in terms of chemical oxygen demand) was limited to the protein+fat
content a better prediction of methane production rates was observed when compared to the total
COD.

The capital and operations and maintenance costs (O&M) of a green field food waste digester and
gas purification system was determined for three installation sizes (10,000; 20,000; and
40,000 personnel). Capital costs ranged from $0.93 (10,000 personnel) to $2.44 million
(40,000 personnel). Net annual revenues (i.e., income from vehicle fuel minus operating and
maintenance costs) ranged from —$20,000 (10,000 personnel) to $120,000 (40,000 personnel).
When capital costs, O&M, and revenues were considered, the net present cost ranged from
$1.28 million (10,000 personnel) to $280,000 (40,000 personnel). The costs for food waste
digestion and vehicle fueling were as low as $4/wet ton (40,000 personnel) to $50/wet ton
(10,000 personnel). Compare these costs to average landfilling costs of $50/wet ton and
composting costs ranging from $29 to $52/wet ton. Thus, even at the smaller 10,000 personnel
base the technology is cost competitive with landfilling and off-site composting. For installations
serving a population of 20,000, food waste disposal through anaerobic digestion and biogas
recovery either as a vehicle fuel or in a CHP facility is cost competitive with institutional on-site
composting. At larger bases of around 40,000 personnel, disposal of food waste via anaerobic
digestion and biogas purification appears to have economic advantages compared to traditional
food waste disposal methods. This economic advantage combined with the minimized GHG
emissions and dependence of petroleum-based fuels suggests that food waste digestion and biogas
purification is advantageous. For example, the estimated biomethane production from food waste
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generation alone at USAFA is 6,000 to 10,000 gasoline gallon equivalents (GGE)/year. For
installations that have on-site WWTP with anaerobic digestion such as USAFA, co-digestion of
food waste becomes an even more valuable proposition.
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1.0 INTRODUCTION

The purpose of this demonstration was to validate anaerobic digestion of DoD wastes including
pre- and post-consumer food waste, waste cooking oil, and grease trap waste as a viable means of
disposal and renewable energy generation. The project demonstrated the ability to digest these
wastes in a controlled and predictable manner to maximize the generation of biogas, a
methane-rich, high energy byproduct. The project also studied biogas treatment to remove the
non-methane portion of the gas including H2S (and carbon dioxide, with the goal to produce treated
product gas equivalent in quality to natural gas and suitable for numerous end-use applications and
reduce mass of waste disposed by at least 60%. The pilot system was installed at the USAFA in
Colorado Springs, Colorado and demonstration activities were conducted for one year. A
laboratory treatability study was also conducted in advance of the field demonstration.

11 BACKGROUND

The DoD is a significant consumer of energy and generator of solid waste. During FY 2009 the
DoD consumed 209 trillion BTUs of energy (2.2 x 10!7 J), excluding vehicle fuel (DoD 2010).
Further, during the same period the DoD generated 5.2 million tons of solid waste. The
consumption of energy and the generation of waste place economic, environmental and social
burdens on the DoD. In recognition of the burden that these activities place on the Department, the
DoD has initiated programs and policies to reduce energy consumption and waste generation.

o The Energy Policy Act of 2005 (EPACT) mandates that federal facilities receive at
least 7.5% of their electricity from renewable resources by 2013. If the energy is
generated on site from renewable resources the facilities receive double credit
toward attainment of this goal.

o The 2008 National Defense Authorization Act (NDAA) implemented a renewable
energy goal of 25% for the DoD.

o Executive Order 13423 ([EO] 13423) requires that at least half of the statutorily
required renewable energy consumed by the agency in a fiscal year comes from a
new renewable source and to the extent feasible, the agency implement renewable
energy generation projects on agency property for agency use. Further, the order
requires increased diversion of solid waste as appropriate and maintenance of cost
effective waste prevention and recycling programs in its facilities (USDOE 2008).

o The DOD Integrated (Non-Hazardous) Solid Waste Management Policy set
minimum standards of 40% waste diversion of non-hazardous, non-construction
and demolition integrated solid waste (Beehler 2008).

Food waste is generated worldwide at a rate of about 0.3 kg person™ d! (USEPA 2008). The DoD
is a major producer of solid waste of which a significant fraction is food waste (see Appendix B).
In 2011, 164 million tons of municipal solid waste was discarded comprising that contained 21.3%
food waste (USEPA 2013a). We estimate that energy content of this annual food waste generation
amounts to 130 trillion BTU (1.4 x 10'7 J) which is about 60% of the FY2009 DoD energy use
exclusive of vehicle fuel). Much of this highly biodegradable waste is disposed in landfills where
it is anaerobically digested into greenhouse gases (GHG) such as methane and carbon dioxide. The
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methane produced in landfills is significant and only a fraction is recovered. Food waste and related
wastes, including spent cooking oil, has a high energy value (Lenahan and Kirwan 2001; Wolk et
al. 2007). Anaerobic digestion of food waste in engineered reactors offers a sustainable alternative
to current practices and a source of energy.

Co-digestion of food waste is increasingly being conducted at WWTP. Less is known about
mono-digestion of food waste. Learning more about mono-digestion will complement our
knowledge of co-digestion (Parry 2014). A significant challenge in implementing food waste
digestion is the lack of quantitative data on digestibility of food waste, kinetics of food waste
digestion, stability, and energy and material balances. Previous research has identified several
critical success factors for mono-digestion of food waste at the laboratory scale (Amador et al.
2012; Evans et al. 2012; Stallman et al. 2012). These included presence of supplemental nutrients
(e.g., Co, Ni, and Mo). The objectives of this research were to demonstrate solids reduction and
biomethane production from anaerobic digestion mono-food waste/FOG digestion (i.e., not
co-digestion) and associated solids reduction.

This project demonstrated anaerobic digestion as a means of treating DoD wastes and producing
renewable energy to partially offset an installation’s energy demands and reduce waste disposal.
Anaerobic digestion is a biological treatment process that uses bacterial populations capable of
degrading organic wastes while generating a methane byproduct (biogas). The bacterial population
is preferentially selected by maintaining favorable environmental conditions including a
mesophilic (37 °C) or thermophilic (55 °C) temperature, the absence of oxygen, and a pH between
6.5 and 8.0.

Biogas generated by the digestion process can be used in an untreated state for energy generation
(i.e., combined heat and power [CHP]); however impurities in the biogas can cause excessive wear
to equipment and does not necessarily provide the best value (see Appendix C). To maximize the
opportunities for biogas utilization the gas can be purified to biomethane which can be used as a
natural gas substituted or compressed for vehicle fueling. A simple schematic (Figure 1) shows in
general terms how the subject technology would be implemented at DoD installations to support
attainment of the EPACT and NDAA goals.

Multiple Sources

- Pre-consumer food waste Multiple Uses
- Natural gas
- Post-consumer food waste Anaerobic Biogas Conversion to electricity
- Waste cooking oil —p] T e = < .
9 Digestion Purification - Conversion to hydrogen

- Grease trap waste
- Sewage sludge
- Aircraft de-icing fluids

- Heating
- Transportation

Figure 1. Anaerobic digestion of wastes to produce fuel.

Combining waste treatment with renewable energy production provides a number of benefits that
are not provided by the conventional practices of fossil fuel utilization and landfilling of wastes.
The benefits of the subject technology are listed below:
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Production of a high energy product with numerous end uses

0 Provides a significant contribution towards EPACT and NDAA goals of
increased renewable energy production and utilization

0 Decreases total energy procurement costs as purified biogas is substituted for
natural gas

0 Reduces greenhouse gas and pollutant emissions as fossil fuel energy sources
are avoided

Reduced landfilling of a high water content waste

0 Reduces waste disposal costs

0 Reduces leachate formation and preserves groundwater quality

0 Extends landfill life and delays construction of new landfills

1.2 OBJECTIVE OF THE DEMONSTRATION

The objective of the research reported here was to demonstrate stable anaerobic mono-digestion
of food waste at the pilot scale. An additional objective was to demonstrate two innovative
technologies for biogas purification to natural gas-quality methane. The technical objectives of
this demonstration/validation project included:

Demonstrate anaerobic digestion of food waste and FOG at a DoD installation to
produce methane-rich biogas.

Demonstrate biogas purification to biomethane that could be used for vehicle
fueling.

Determine the extent to which the technology can cost-effectively recover energy,
reduce solid waste generation, produce a valuable end product, and offset GHG
emissions.

Determine the operating conditions that lead to stable digester operation and
document associated engineering design parameters that can guide technology
implementation at DoD installations.

Document cost and performance of the technology.

13 REGULATORY DRIVERS

Regulatory drivers for this technology include:

The DoD Strategic Sustainability Performance Plan provides an approach towards
meeting these requirements which includes a focus on: 1) reducing energy needs
and reliance on fossil fuels; and 2) water resources management.

American Society of Heating, Refrigerating, and Air-Conditioning Engineers
(ASHRAE) 189.1-2009, Leadership in Energy and Environmental Design (LEED)
and various Energy Policy Acts all have required more sustainable use of energy.
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o The Army has implemented a Net-Zero installations policy seeking to increase and
improve sustainability on installations.

o In addition, several other orders and acts promote energy sustainability and
minimization of waste generation including:

(0]

O O O O 0o o o

EPACT 2005

EO 13423

10 United States Code 2577

Energy Independence and Security Act 2007
FY2008 NDAA

Pollution Prevention Act of 1990

DoD Instruction 4715.4 “Pollution Prevention”

DoD Integrated Solid Waste Management Policy
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20 TECHNOLOGY

This section provides an overview of the technology anaerobic digestion and biogas purification
technologies.

21  TECHNOLOGY DESCRIPTION

For simplicity of discussion the anaerobic digestion and biogas treatment portions of the
technology will be discussed separately.

2.1.1 Anaerobic Digestion

Anaerobic digestion is a process where a community of anaerobic microorganisms biodegrade
organic matter and produce a mixture CHs, CO2, and other gases such as HzS, albeit in smaller
concentrations. While the biochemical reactions are complex, the general mechanisms involve
solids biohydrolysis followed by fermentation of complex organics to hydrogen and VFAs
including acetic, propionic, and butyric acids. These simpler compounds are subsequently
converted to methane by methanogenic microorganisms. The process generally performs most
efficiently at mesophilic (37 °C) and thermophilic (55 °C) temperatures and at or near neutral pH.
Stable operation is dependent on feeding the digester organic material at a rate that does not exceed
the metabolic capacity of the methanogenic bacteria. If the metabolic capacity of the methanogens
is exceeded, VFA can build up, consume alkalinity and cause a drop in the digester’s pH. As the
pH drops, an acidic/toxic environment can develop in the digester and the active microbial can be
inhibited or killed, halting the digestion process.

A schematic representation of the anaerobic digestion process is presented in Figure 2. A photo
of an industrial anaerobic digestion facility is shown in Figure 3.
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Soluble Organic Molecules
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Figure 2. Simplified anaerobic digestion schematic (USEPA 2011).

Figure 3. Anaerobic digester.

Anaerobic digestion of sewage sludge is a well-established process, having been used for over a
century in wastewater treatment for the purpose of treating wastewater sludge and for energy
generation. Recently there has been increased interest in using anaerobic digestion to treat other
organic wastes including food waste, rendering waste, FOG, deicing fluids, and green waste.
Anaerobic digestion has been targeted for these activities because of its established history and its
ability to turn a waste product in an energy source. A brief timeline of the development of
anaerobic digestion is provided below (Burton and Turner 2003; Meynell 1976).
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1808
1859
1895
1912

1926

1950's

1970's

1970's

1990's

1993

2002
2003

2006
2008

Sir Humphrey Davy determines that methane gas can be generated from cow manure
First anaerobic digester is built in a leper colony in India
Anaerobic digesters used in Exeter, England to fuel street lamps

Birmingham, England and Baltimore, Maryland use first large scale commercial digesters
for sewage sludge

First modern digester in Antigo, Wisconsin (covered, heated, mixed, continuously fed,
methane collected)

Most large central sewage treatment plants incorporate anaerobic digestion into their
treatment process

Clean Water Act spurs WWTP construction across the United States and widespread
implementation of anaerobic digestion

Oil crisis increases interest in anaerobic digestion for energy generation. Large scale farm
digesters constructed in Europe

Over 200 organic waste digestion systems are installed in Europe, predominantly in
Scandinavian countries

Regulations are instituted regulating digestion processes and disposal of biosolids from
WWTP (USEPA 1993)

City of Toronto begins testing anaerobic digestion of source separated food waste

East Bay Municipal Utility District (EBMUD) begins co-digestion of sewage sludge with
food and slaughter house wastes

EPA studies controlled co-digestion systems for increased stability and throughput

WEREF initiates study on co-digestion of food waste with wastewater solids

Research on the digestibility of food waste has increased significantly in the past ten years as
indicated by the volume of papers and reported published on the subject (Alatriste-Mondragon et
al. 2006; Amador et al. 2012; Bailey 2007; Carucci et al. 2005; Chung et al. 2007; Heo et al. 2003b;
Heo et al. 2003a; Evans et al. 2015; Gray (Gabb) 2008; Jayaraman et al. 2015; Kabouris et al.
2007; Kabouris et al. 2009; Kilian et al. 2007; Kim et al. 2003; Li et al. 2002; Parry and Evans
2012; Parry 2012, 2014; Rizk et al. 2007; Schafer et al. 2007; Speece 1996; Stallman et al. 2012;
Strehler et al. 2007; Tsang et al. 2007; USEPA 2014; Vandenburgh et al. 2007; Zhang et al. 2007;
Zitomer and Adhikari 2005). This work has demonstrated several important principles summarized

here:

Various food and oil/grease wastes are very suitable for biogas production

Addition of food and oil/grease wastes to existing wastewater treatment plant
digesters significantly enhances biogas production rates

Solids loading to the digester is an important optimization variable

Off-gas impurities including H2S will be present and must be managed
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J Proper control of carbon-nitrogen-phosphorous ratios and micronutrients is critical
to stable digester operation must be managed

2.1.2 Biogas Treatment

Biogas treatment is any process used to improve the quality of the anaerobic digester gas.
Typically, biogas treatment is employed to reduce air emissions and to protect equipment that
utilize the biogas as well as increase the opportunities to utilize the gas for a beneficial means. The
use of a specific gas treatment technology is based on the source quality of the biogas, the desired
end product, and based on economic and operational considerations. A brief timeline showing the
development of gas treatment follows.

1895 Anaerobic digesters used in Exeter, England to fuel street lamps - no gas treatment used
1950's  Biogas used for digester and space heating, moisture and H2S removal

1970's  Advanced gas treatment technologies are developed (membranes, specialized media,
scrubbers), but rarely implemented

1980's  Biogas utilization for heat and power generation becomes commonplace at large-scale
WWTP. Gas treatment for hydrogen sulfide, moisture and particulates dominates

1986 First large scale WWTP in the United States upgrades biogas to natural gas quality with
water tower scrubber

1990's  Gas quality requirements for boilers and engines become more stringent.
1990 SulfaTreat® developed for H2S removal

1996 Specialized media and packaged filter systems for siloxane treatment are commercialized
1997 Pressure swing adsorption (PSA) units are commercialized for CO2 removal

2000's  Advanced gas treatment technologies are commonplace for all major biogas utilization

projects.
2001 Molecular sieve commercialized for CO2 removal
2002 Chemical adsorption for removal of CO2 from biogas commercialized in Europe by Purac
2003 Water tower scrubber for removal of CO2 from biogas commercialized in Europe by
Ros Roca

One of the demonstration objectives was to demonstrate the ability to clean biogas to natural gas
standards. To achieve this, a pilot plant was developed to remove H2S and COz from the gas. H2S
was removed with a proprietary SulfaTrap. A VSA unit was used for CO2 removal.

PSA and VSA systems take advantage of the ability of specialized media, like zeolites and
activated carbon, to adsorb and desorb CO2 as gas pressure is raised and lowered. A PSA uses a
cyclic process in which media packed vessels are successively pressurized and depressurized to
produce a continuous stream of purified gas. CO2 laden biogas is introduced to depressurized
vessels. The pressure in the vessel is raised to between 90 and 150 psig. The CO:z adsorbs to the
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media while the purified methane is purged from the vessel. The vessels pressure is dropped back
down to atmospheric conditions. The CO2 desorbs from the media and is purged to an exhaust
system. This cycle is repeated in a series of vessels to produce a continuous supply of product gas.
A VSA is similar but adsorbs at a relatively low pressure close to atmospheric pressure and uses a
vacuum to regenerate the media.

2.1.3 Application of Technology

While these technologies are being used increasingly around the world, there is no known
installation that combines these technologies to generate a natural gas quality product solely from
food waste. The project will build off of previous research to demonstrate, validate, promote the
technology to encourage its transfer and implementation across the DoD and the United States.
Possible applications for the food waste digestion technology include:

J Implementation at permanent installations to reduce food waste disposal costs and
generate renewable energy

J Use on forward operating bases to reduce waste disposal demands while providing
a grid-independent and mobile energy supply

o Implementation at any site with a food waste disposal burden including universities,
towns, cities, grocery stores, farms, schools, etc.

o Enhancement of waste activated sludge digestion (i.e., co-digestion)
2.2 TECHNOLOGY DEVELOPMENT

Significant technology development has been conducted over the past two centuries as was
described in the previous section. The Water Environment Research Foundation (WERF) funded
project number OWSOS5R07 to evaluate co-digestion which is summarized below. Additional
technology development included the treatability study described in Section 5. The follow text is
excerpted from the Executive Summary of the WERF report (Parry 2014).

The primary goal of the WERFs Optimization Challenge is to enable the wastewater sector to
reduce overall treatment and solids management operation costs by at least 20%. In some cases,
wastewater treatment facilities with anaerobic digesters can increase their production of biogas
through co-digestion of organic waste with wastewater solids. Co-digestion is loosely defined as
the addition of non-municipal wastewater organic wastes to anaerobic sludge digesters. Biogas
produced from the additional wastes can be used to generate heat, power, electricity, or
biomethane. An estimated 216 water resource recovery facilities (WRRFs) located in the United
States import organic waste for co-digestion with wastewater solids. This accounts for
approximately 17% of WRRFs that process solids using anaerobic digesters. As co-digestion has
been implemented, some municipalities have observed other benefits, including increased VS
destruction and biogas production from the municipal wastewater solids components. There can
also be impacts from co-digestion on the amount and characteristics of the biosolids, sidestream
nutrient concentrations from digestate (the material remaining after anaerobic digestion)
dewatering, potential upset of the digestion process, and difficulty in handling the additional
organic wastes.
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The intention of this project was to further the understanding of co-digestion of organic waste, to
quantify the benefits of co-digestion, and to provide answers to some key questions to help
overcome barriers associated with greater implementation of co-digestion programs at municipal
WRRFs. Greater implementation of co-digestion at municipal WRRFs would be significant
progress towards meeting the goals of the Optimization Challenge while setting the stage to move
closer to a net-zero energy goal in the near future.

Based on research conducted by WERF, co-digestion has been shown to be an economically
feasible food waste management approach. However, there are still several important and
frequently asked questions regarding co-digestion of organic wastes. This research project sought
to answer to the following questions:

o What are the economic impacts of co-digestion on the operation of a WRRF?

J How much additional biogas will be produced from adding different organic
wastes?

o What is the allowable organic loading rate for stable digestion?

o What fraction of the digester loading can be from FOG?

The literature review documents that co-digestion is being investigated worldwide and with
success for many co-substrates reported at all levels from benchtop studies to full-scale systems.
There is good potential for co-digestion of a variety of organic waste streams with municipal
sewage sludge, under both mesophilic and thermophilic conditions. However, there is far less
literature available on co-digestion under thermophilic conditions. Perhaps the most important
finding from the literature review is that there remains a need for structured and standardized
testing procedures to support co-digestion research and data reporting.

The waste characterization phase of the research was performed to determine background
information of potential co-digestion feedstocks with regards to chemical, physical, and biogas
production characteristics. The five day biological energy conversion (BECs) appears to indicate
that all the organic wastes tested are more readily converted to biogas than co-thickened sludge
(CTS) alone and would make good co-digestion feedstocks. On the basis of the metal content of
the waste sources, there does not appear to be any significant issues with most feedstocks. FOG in
the form of restaurant grease, canola oil, and biodiesel glycerol showed the highest BECs in the
bench-scale batch tests in the waste characterization analyses.

As a result, extended laboratory experiments were conducted on restaurant grease and biodiesel
glycerol as co-digestion feedstock with CTS. The results show that restaurant grease and biodiesel
glycerol are suitable co-digestion feedstocks for anaerobic digestion on a continuously fed basis.
The test data also suggest that it is possible to achieve high VS reductions for the added grease,
thus providing both a significant increase in biogas production with a minimal increase in biosolids
mass.

The pilot-scale tests analyzed the effects of co-digesting FOG and glycerol with wastewater solids
in separate trials. The results of this phase showed that an anaerobic digester fed FOG could
potentially produce twice the volume of biogas compared to a control digester fed biosolids alone.
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Testing the co-digestion of FOG under mesophilic and thermophilic conditions was successful in
achieving expected levels of VS destruction and biogas production. VS reduction in both the
mesophilic and thermophilic tests at COD loadings between 30 and 120% were consistently higher
than the baseline loading condition, indicating that digestion successfully degraded the
co-substrates at all loading conditions.

There is a limited amount of data reporting when failure of a co-digestion system may occur. The
results of this study suggests failure of a fully loaded anaerobic digester, operating at a 20-day
SRT from wastewater solids, may be susceptible to failure when FOG addition by volume reaches
5% of the volume of wastewater solids. The SELR presented in this study could be another tool to
assess when failure of a digestion system may occur. Ultimately, these results suggest that FOG
and glycerol are good co-digestion substrates to add to wastewater solids to achieve enhanced
biogas production.

Anaerobic digesters operating at full load, with a 20-day SRT, can potentially be operated at twice
the organic loading rate through the introduction of FOG. While the SELR is an effective tool that
can be used to determine COD loading rates for anaerobic digestion, comprehensive waste
characterizations are recommended for all new feedstocks to prevent digester upsets. The full-scale
evaluation portion of the project analyzed data and evaluated the overall performance of the Des
Moines, lowa Water Reclamation Authority’s (WRA) co-digestion program that began accepting
and processing offsite organic waste in 1994. Overall, the Des Moines WRA has demonstrated
that the difficulties of operating a co-digestion program are manageable and the benefits outweigh
the difficulties. By handling and processing offsite hauled wastes, the WRA benefits from
increased biogas production, receiving revenue from tipping fees and the sale of biogas. Not only
does the WRA meet all of its plant process and space heating demands using biogas, but it also
offsets a significant amount of the plant power demand with a biogas fueled CHP system.

Finally, an easy-to-use Economic Model was developed in spreadsheet format to facilitate
high-level decisions regarding the economics of handling and treating different organic wastes in
municipal anaerobic digesters. As demonstrated with the model, economic feasibility is strongly
dependent upon waste characteristics, energy costs (electricity and natural gas), and biosolids
residuals costs. Most waste streams (with the exception of FOG) require a tipping fee to achieve
economic viability. The value of the additional biogas produced increases with level of treatment
(e.g., biomethane has a higher value than raw biogas since biomethane can be used in lieu of natural
gas). However, additional treatment steps are required to obtain higher energy products, such as
biomethane. Production of higher energy biogas products is most favorable in scenarios when
electricity or natural gas rates are high. The model takes these considerations into account and can
help generate a foundation for high-level decision and considerations.

2.3 ADVANTAGES AND LIMITATIONS OF THE TECHNOLOGY

Advantages and limitations of the subject technology have been summarized in Table 1.
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Table 1. Advantages and limitations of the technology.
Advantages

Combines waste handling and renewable energy generation

Reduces waste disposal of organics by at least 60%

Is scalable and can be combined with other waste handling practices like composting, gasification and pyrolysis

Generates a renewable energy product with numerous proven end uses

Relies on technologies that have been used and proven for over 100 years

Operation is simple and effective

Anaerobic digestion and biogas treatment are proven processes operated at hundreds of full scale facilities
around the world

Limitations

Is capable of treating only biodegradable solid wastes

Requires sorting of organic wastes from mixed waste stream

For comparative purposes prominent alternative technologies have also been identified. A matrix
comparison of these technologies identifying some of their advantages has been provided in
Table 2. Items with an “X” indicate that technology has generally demonstrated this capability,
while blank boxes indicate a deficiency and a potential limitation of the technology. A brief
description of each technology follows the table.

. Landfilling: This is considered the conventional means of waste disposal.
Landfilling of waste is typically carried out by a contracted party. Landfilling is an
established technology that requires limited labor on site for distributing and
covering waste. It has the potential to generate renewable energy through landfill
gas collection, but this is infrequently employed.

o Incineration: Incineration of food waste is limited because of the high water
content. There is limited renewable energy generation, typically limited to heat
recovery for on-site process requirements. Electrical power generation is possible
and has been employed. However, under current economic conditions, power
generation from incineration is significantly more expensive than traditional
method for power generation and is therefore not considered economically feasible
under most conditions.

e Composting: This is an established technology that can be carried out on site or at
a central facility. There is no renewable energy generation associated with the
process, but a valuable end product is produced and the process has a high level of
public acceptance.
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Table 2. Alternative technologies.

c =
2 S e = 2 @2 5
Criteria = = o > 23 = 3]
E c 3 8 S i L =
< g S 2 g & g
- = (@) O T Q)
Established Technology X X X X X
L1rn1t.ed operator input X X X X
(on-site)
Renewable Energy X X X X X
Generation
Produces Valuable End X X
Product
Low land requirement X X X X X X
Good Public X X X
Acceptance
Treat Large Volumes X X X X X X
Scalable and Portable X X
. Co-digestion: Digesting food waste with sewage sludge requires the availability of

a wastewater treatment plant and its anaerobic digesters. The process can generate
a substantial amount of energy in the form of biogas.

. Hog and Fish Feed: Food waste can be used as a food source for livestock and
aquaculture. This process does not generate renewable energy, but it does produce
a valuable end product. The process is limited by proximity to end users and by
limited scale.

o Pyrolysis: This technology uses heat and pressure in the absence of oxygen to
reduce waste to an oil-like fuel that can be used for heat and power or can be
anaerobically digested. A distinct advantage of pyrolysis is that it can accept almost
any feedstock; however, it suffers from high temperature inputs, lack of scale and
limited installations to prove the concept.

. Gasification: This is a high temperature process that uses oxygen-starved
combustion to convert dry organic matter to a syngas. Syngas is a low BTU fuel
that can be used as fuel. Gasification has limited applications for wet feed stocks as
the heat required to evaporate the water reduces the overall efficiency of the system.
There are no known successful installations of gasification systems on a wet feed
stock.
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3.0 PERFORMANCE OBJECTIVES

Quantitative and qualitative performance objectives were developed to evaluate the technology
and to guide the development of a testing plan. The objectives provided the basis for evaluating
the cost and performance of the technology. The performance objectives along with the
corresponding metrics, data requirements and success criteria are summarized in Tables 3 and
Table 4.

3.1 PERFORMANCE OBJECTIVE: RENEWABLE ENERGY CONVERSION

Generation of a renewable energy source a primary driver for the demonstration technology. To
accurately estimate the total value of the energy produced, its quality, quantity, and conversion
efficiency was monitored and documented. Parasitic losses (e.g., energy inputs for digester
heating, pumping, biogas purification, etc.) were also considered to evaluate net energy generation.

3.1.1 Data Requirements

Data was collected to estimate the quantity of biogas produced, the quality of the biogas produced
(methane, carbon dioxide, H2S and siloxane concentrations) and the energy conversion efficiency.
Energy conversion efficiency was measured by biogas generated per unit of COD added.

3.1.2 Success Criteria

As identified in Table 3, the following criteria were met during this pilot study:

o Energy conversion was 73+13% in Phase III and similar to the goal of 270%

o Energy conversion adjusted for parasitic loads was 63% in Phase III, which is
greater than the goal of 50%

o Methane production:
0 Methane per mass of VS loaded was 360+70 L/kg, which is greater than the
goal of 310 L/kg
0 Methane per mass of COD loaded was 270+75 L/kg, which is greater than the
goal of 190 L/kg
0 Methane production per unit digester volume (2 L/L/d) was met at only at the
end of Phase IV
o Biogas composition in Phases III and IV were 59+4.6% and 61+6.6%, respectively,

and similar to the goal of 60%

Methane production per unit digester volume was not met during Phase III and most of Phase IV
because of low microbial concentrations (based on low VSS concentrations). This was a result of
a dilute food waste/canola oil feed in Phase III and insufficient time to reach stable operation in
Phase IV.
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Table 3. Quantitative performance objectives.

Performance Data Success Criteria Phase 111 Phase IV Criterion Met?
Objective Requirements Result Result '
Quantitative Performance Objectives
- 0% gy comesion 24y
SRT (not accounting for parasitic 73+19 62+40 d . gﬁ’ d d q
demands) and operation had not reached steady state. Note
Energy SRT was greater than 24 days.
Conversion
> 50% energy conversion at 24 day-
SRT (including parasitic demands 63 NA Yes
and conversion to CNG)
Renewable
energy >310 L CHa/kg VS loaded (5 ft3/Ib) 360+70 490+140 Yes
conversion >190 L CHy/kg COD loaded (3
Methane f¥/1b) 270+£75 230+150 Yes
production - -
. No in Phase III. No during Phase IV. Yes at end
232 I; CHJ/L digester/day (2 0.82+0.22 1.1+0.65 of Phase 4 when methane production was 2.0
ft'/ft’/d)
L/L/d.
Biogas > 60% CHsin biogas 59+4.6 61£6.6 Yes
composition
> 80% CH4 recovery NA 94429 Yes
<4ppm H>S NA 0.030+0.0.5 | Yes
Yes after data corrected for air contamination
> 95% CHy, in treated biogas NA 98+0.5 during sampling. Result prior to correction is
Gas Natural Gas 94+2.9%
Purification Specifications o
3.1£2.0 N, - i
<3%N; and CO» in treated biogas NA Partly atmgsphenc exposure appears to have
2.140.4 CO, | occurred during sampling.
<0.2% O, in treated biogas NA 12406 No - atmospherlc exposure appears to have
occurred during sampling.
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Performance Data Success Criteria Phase 111 Phase 1V Criterion Met?
Objective Requirements Result Result '
Volumetric VS 5 No in Phase III. Possibly in Phase IV during last
Joading rate >3.2 g VS/L/d (0.2 1b VS/ft’/d) 2.4+0.6 2.0+1.2 20 days = 2.9+0.8 g/L/d.
Volumetric COD 3 No in Phase II1. Possibly during the last 20 days
loading rate >4.8 g COD/L/d (0.3 Ib COD/ft’/d) 3.0£1.0 4.4£2.7 of Phase IV (5.321.8 o/L/d).
Digester Specific energ
ity/ y . .
gfg;filtyy loading rate ﬁ)?lif/z)g COD/g-VSS/day (026 0.44+0.17 047+030 | Yes
(SELR)
pH 6.81t07.8 7.8£0.1 7.6+0.1 Yes
VFA/TALK VEA/TALK <0.2 g-acetate 0.1560.09 | 0.12£0.09 | Yes
equivalents/g-CaCOs
. Yes although SRT was greater than 24 d. The
0, —
TS Reduction = 60% TS reduction —at 24 day 78%+3.4% 92%+2.1% | Phase IV result is likely overestimated because
SRT
less than 1 SRT occurred.
Waste Sludge Total sulfide < 500 mg/kg reactive sulfide NA 7 IIZI: Result is for the liquid digestate in units of
Leachable metals | Passes TCLP NA See Text Yes
SRT > 15 days 40+14 130491 Yes
Class 503(b) Yes based on both soluble and suspended VS. In
. Phase III the result based on VSS was 92+2.7%.
0, (V) 0, 0 0,
V'S destruction 238% 81%6£3.0% 93%+1.8% The Phase IV result is likely overestimated
because less than 1 SRT occurred.
Operational . > 95% availability of process N o No during Phase III due to a leaking mixer shaft
Reliability Operations hours equipment 93% 100% seal. Yes during Phase I'V.
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Table 4. Qualitative performance objectives.

Performan D S L.
erformance - A Success Criteria Criteria Met?
Objective Requirements
Qualitative Performance Objectives
. . Yes - no zero-lost time accidents. However exposure to hydrogen sulfide did
Zero lost-time accidents . .
Safety OSHA Accident occur due to a leaking mixing shaft seal.
a
report forms Elimination of all relevant ignition Yes - The process equipment was designed in accordance with the National
and fire hazards Electrical Code for Class 1, Division 2.
Capable of st.ab.le operation under a Yes - Food waste composition varied widely and the digesters were stable.
range of realistic operating scenarios
Operating data __ i
Capacity/Stability under a variety No - Upper limits of FOG were not determined, however the amount of FOG
of conditions Identify limits of QAC and FOG that was used was quantified and resulted in stable operation. Quaternary amine
loading compound (QAC) sanitizers were no longer used at USAFA and limits could
not be quantified.
Pathogens, . . . .
HPC, microbial | Suitability for composting Yes - Digestate conta%ned E. coli and fecal coliforms. Presence of other
L pathogens not determined.
Residuals characterization
Characteristics _ i i i aui
BOD, TSS, Determine residual handling Yes - COD and ammonia were h{gh and TSS was low. Residual was a liquid
ammonia requirements rather than a solid and may be suitable as a fertilizer or compost amendment.
q BOD was not measured but can be assumed to be half of the COD.
Feedback from . . D . .
Market compatibility | composters and | Acceptable as feedstock for compost Possibly - Digestate was r.ICh in COD and nutrients but the high VFA content
could lead to odor complaints.
USAFA base
Feedback from Yes - Provided automated food waste handling and foreign debris segregation is
operators Safe and reliable operation by a implemented.
Ease of use .
Shutdown single operator
NA
report
Carbon balance | Documentation of direct emissions
GHG Accounting on food waste associated with food waste digestion | Yes - See text for discussion.

digestion

and gas treatment activities
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3.2 PERFORMANCE OBJECTIVE: GAS PURIFICATION

Upgrading biogas from a relatively low quality fuel to a high quality fuel equivalent to natural gas
drastically improves its value ability to be used for a variety of uses including vehicle fueling.

3.2.1 Data Requirements

To track the efficiency of the biogas upgrading process, the treated biogas was tested to determine
its constituent makeup and compared with natural gas standard metrics. Additionally, methane
recovery was determined.

3.2.2 Success Criteria

As identified in Table 3, the following criteria were met during this pilot study:

o Methane recovery in Phase IV was 94+2.9%, in excess of the goal of 80%

o The methane concentration in the treated biogas was 98+0.5% compared to the goal
of 95% after correction for likely air contamination during sampling

o H:S in the treated biogas was less than 0.030+0.035 ppm; the goal was 4 ppm
o COz in the treated biogas was 2.1+0.4% compared to the goal of <3%

Although, the system did not meet the criteria of less than 3% N2 and less than 0.2% Oz, this
appears to be an artifact of atmospheric contamination. It is virtually impossible that biogas
generated by the digester would contain any oxygen.

3.3 PERFORMANCE OBJECTIVE: DIGESTER CAPACITY/STABILITY

From a design and operation standpoint one of the most important factors regarding the technology
is its capacity and stability. A high capacity per unit volume and stable operation minimizes capital
costs and reduces the required operator attention.

3.3.1 Data Requirements

Digester capacity was evaluated using four different but related metrics. The volumetric VS
loading rate (g VS/L/day), the volumetric COD loading rate (g COD/L/day), and the specific COD
loading rate (g-COD/g-VSS/d) also referred to as the SELR.

In addition to loading rates, digester pH, VFA and TALK and the ratio VFA/TALK were
monitored. These are traditional values used to determine digestion stability. Typically, as
digesters tend toward an upset, the VFA concentration increases, the alkalinity decreases, and the
pH decreases to inhibitory levels.
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3.3.2 Success Criteria

As identified in Table 3, the following criteria were met during this pilot study:

o The volumetric VS loading rate was possibly met in the last 20 days of Phase IV
where it was 2.9+0.8 g-VS/L/d compared to the goal of 3.2 g-VS/L/d.

o The volumetric COD loading rate was possibly met in the last 20 days of Phase IV
where it was 5.3+1.8 g-COD/L/d compared to the goal of 4.8 g-COD/L/d.

J The SELR goal of >0.26 g-COD/g-VSS/d was met in both phases. The SELR was
0.44+0.17 g-COD/g-VSS/d in Phase III and 0.47+0.30 g-COD/g-VSS/d in Phase
IV.

J The pH was routinely within the goal of 6.8 to 7.8, with the average being 7.8+0.1
and 7.6+0.1 in Phases III and IV, respectively.

o The average VFA:TALK ratio was maintained < 0.2. In Phase III, the average ratio
was 0.15+0.09 and in Phase IV it was 0.12+0.09.

The system did not meet the volumetric VS and COD loading rate goals during Phase III and the
initial part of Phase IV.

3.4 PERFORMANCE OBJECTIVE: WASTE SLUDGE

Food waste total solids destruction is another technology benefit because it reduces an
installation’s solid waste stream. Waste sludge from the technology has the potential to be used or
disposed in a variety of ways. Waste sludge characterization was conducted to determine options
for reuse and disposal.

3.4.1 Data Requirements

The treated sludge was tested for its total solids content and compared with the total solids content
of the raw food waste to estimate total solids destroyed by the process. Additionally the treated
sludge was tested for its reactive sulfide concentration, and its concentration of leachable metals.
Destruction of solids is an important metric as it will determine the mass and volume of solids that
must be transported for use or disposal. Limits on sulfide and leachable metals were set as these
concentrations can dictate what disposal methods are allowed.

3.4.2 Success Criteria

As identified in Table 3, all the criteria were met during this pilot study:

o TS reduction was 7843.4% in Phase III and greater than the goal of 60%. The value
reported for Phase IV also exceeded the goal, but is a likely overestimate because
less than one SRT had occurred.

o The total sulfide in the digestate was 71 mg/L; less than the 500 mg/kg of reactive
sulfide goal.
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o Leachable metals were quantified as total metals and all detections were less than
EPA RCRA toxicity characteristic thresholds as defined in 40CFR261.24.

3.5 PERFORMANCE OBJECTIVE: CLASS 503(b)

EPA regulations (i.e., 40CFR503 Part b) are used to regulate disposal of waste activated sludge
from WWTPs. These regulations also specify requirements for anaerobic digestion of sewage
sludge prior to beneficial use via land application. The beneficial product is termed “biosolids”.
Biosolids are classified as Class A or B with Class A being higher quality (USEPA 1993). The
regulations are not directly applicable to food waste digestion systems. Nevertheless, a comparison
was made considering that the digester was initially seeded with WWTP anaerobic digester sludge
and results from this study are potentially applicable to co-digestion. Comparison to Class B
requirements were made for the purpose of this study.

3.5.1 Data Requirements

Class B biosolids can be produced through a variety of processes, but the most common is
mesophilic anaerobic digestion in a complete mix reactor with a minimum SRT of 15 days and a
minimum VSD of 38%. This level of destruction is established as a process to significantly reduce
pathogens and is believed to reduce the pathogen vector attraction of the biosolids to acceptable
levels. The SRT and VSD were monitored throughout the demonstration.

3.5.2 Success Criteria

As identified in Table 3, both criteria were met during this pilot study:
o SRT time in Phase III and Phase IV, were both in excess of the 15-day goal. The
SRTs were 4014 d and 130+19 d in Phase III and IV, respectively.
o VSD was in excess of the 38% goal. VSDs were 8143.0% and 93+1.8% in Phases
IIT and IV, respectively.
3.6 PERFORMANCE OBJECTIVE: OPERATIONAL RELIABILITY

Operational reliability helps to ensure that the subject technology is available to perform as
expected. Reliable operation will help encourage adoption and utilization of the technology.

3.6.1 Data Requirements

Operational reliability was assessed by tracking the number of days the demonstration system was
operational during Phases III and IV. Lost time as result of equipment malfunction and
maintenance was documented to determine the percent of total time that the technology was
operational.

Renewable Energy Production From DoD Installation
Solid Wastes by Anaerobic Digestion 25 June 2016



3.6.2 Success Criteria

The availability goal of 95% was met in Phase IV (100% available) and was nearly met in Phase
III (93%). During Phase III a digester mixer shaft seal was leaking which required significant
maintenance time. The seal was old, in need of replacement, and not representative of new
equipment.

3.7 PERFORMANCE OBJECTIVE: SAFETY

Safety is the first of the identified qualitative performance objectives. Qualitative performance
objectives are summarized in Table 4.

3.7.1 Data Requirements

To monitor safety OSHA-reportable accidents were tracked.

3.7.2 Success Criteria

There were no OSHA-reportable accidents during the demonstration. However, the operator was
exposed to H2S gas that leaked from the malfunctioning digester shaft seal. This digester was
removed from service at the end of Phase II1. Safety was also addressed during the design process
by specifying NEC Class 1 Division 1 and Class 1 Division 2 areas that required specialized
equipment, instrumentation, and electrical systems (e.g., explosion proof or intrinsically safe).

3.8 PERFORMANCE OBJECTIVE: CAPACITY/STABILITY

Capacity and stability are also included within the qualitative performance objectives to capture
design data associated with these performance objectives. Specifically, the goal is to demonstrate
that the technology is stable over a range of realistic operating scenarios and to identify the limits
of Quaternary amine compound (QAC) and FOG in the form canola oil. This objective is intended
to demonstrate the flexibility of the technology.

3.8.1 Data Requirements

Operating data including loading rate, pH, VFA/TALK ratios, canola oil loading, food waste
composition (i.e., fat, protein, and carbohydrates), gas flow rate (Q), and methane concentration
were monitored over the duration of the project during varying operating conditions. This data, in
addition to operator observations were used to determine digester stability in response to varying
feed composition and operating conditions. QACs were no longer contained in sanitizers used by
USAFA and thus could not be evaluated.

3.8.2 Success Criteria

The digesters were stable over a wide range of feed compositions that led to high concentrations
of potentially inhibitory ammonia. The digesters initially were thought to be unstable based on
high concentrations of VFAs and sludge color (i.e., brown rather than black). However, further
data evaluation demonstrated the digesters were stable. Limits of canola oil addition leading to
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digester failure were not established, however stable operation in the presence of ~10% canola oil
as a percentage of VS was observed. Section 6 presents further discussion on digester capacity and
stability.

3.9 PERFORMANCE OBJECTIVE: RESIDUALS CHARACTERISTICS

Residuals included the waste digestate which must be characterized to determine disposal costs
and operational requirements.

3.9.1 Data Requirements

In addition analyses associated with the quantitative performance objective of Waste Sludge, the
digestate was analyzed for pathogens, heterotrophic plate counts, ammonia, COD (as a surrogate
for BOD), and TSS. Dewaterability was also determined.

3.9.2 Success Criteria

The digestate was a liquid with low TSS, high ammonia and VFA concentrations, and moderate
concentrations of pathogens. Compost amendment is possible though odor could be a concern. The
sludge was not easily dewatered.

3.10 PERFORMANCE OBJECTIVE: MARKET COMPATIBILITY

Market compatibility refers to the suitability and acceptability of using the digestate for other
beneficial means including as a soil amendment or as part of compost.

3.10.1 Data Requirements

The digestate was evaluated with respect to the previously mentioned parameters and potential
reuse as a compost amendment or fertilizer.

3.10.2 Success Criteria

The liquid nature of the digestate may limit its use as a compost amendment. It may be useful as a
liquid fertilizer considering the concentrations of ammonia and metal nutrients.

3.11 PERFORMANCE OBJECTIVE: EASE OF USE
The relative ease with which the subject technology is incorporated and operated will help to

increase market acceptance and adoption. The simpler the operation, the more likely the
technology is to succeed commercially.

3.11.1 Data Requirements

Ease of operation will be determined based on operator experience.
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3.11.2 Success Criteria

The facility was successfully operated by a single operator that was not on-site 24 hours a day.
During the initial shakedown (Phase I) the facility suffered problems associated with equipment
malfunctions. After these start-up issues were resolved the operator proved to be easy to operate
by a single operator working one shift per day. However, two issues that would need to be
addressed in a full-scale facility are food waste debris and gas leaks. The food waste contained
much debris that needed to be manually segregated. Commercially available systems are available
that can automate the process. Gas leaks that led to operator exposure to H2S would also need to
be eliminated in a full-scale system.

3.12 PERFORMANCE OBJECTIVE: GHG ACCOUNTING

In anticipation of future GHG regulations and in recognition that GHG emissions already drive
technology selection and evaluation, documentation of GHG emissions was conducted.

3.12.1 Data Requirements

GHG documentation was based on projected emissions from a nominally sized facility. The
calculations assume that the facility operates at a 40-day SRT and produces 270 L of methane per
kg COD fed (from study results) and is fed 120,000 mg/L COD (based on study food waste
characteristics. Calculations were also based on 94% methane recovery by the VSA process. Power
for the process were estimated. Electrical power was assumed to emit 1.34 pounds of CO2 per kWh
electricity consumed (Energy Information Administration 2002).

3.12.2 Success Criteria

The calculated greenhouse gas emissions from a food waste digester is -470 tons per year (i.e., a
GHG offset). By comparison, previous research demonstrated that the greenhouse gas emissions
from landfilling and composting were 0.15 and 0.05 kg carbon dioxide equivalents (COze) per kg
food waste (Parry 2012). Using the food waste characteristics of this study that would be an
equivalent of 530 and 180 ton per year for landfilling and composting, respectively. Thus, food
waste disposal in anaerobic digesters represents a significant greenhouse gas savings compared to
landfilling and composting.
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4.0 SITE DESCRIPTION

4.1 FACILITY/SITE SELECTION

The minimum requirements for the demonstration of the subject project were as follows:

Available source of food waste and grease trap waste that can be used as feedstock
for the digesters.

Willingness to support the demonstration by providing site access and space,
coordination of food waste collection, permitting assistance, and connection to
utilities.

Ability to permit gas (biogas) and liquid (digested sludge) discharges as required.

Access to water, electricity, and sewer utilities.

USAFA had many characteristics making it an excellent site for the Environmental Security
Technology Certification Program (ESTCP) demonstration. These characteristics included:

Educates 4,500 cadets who eat 3 meals per day/7 days per week at Mitchell Hall.
Thus a readily available source of food waste existed. A review of billing
statements and operating procedures revealed generation rates of 5 tons of food
waste and 170 pounds of fats oils and grease per week.

Food waste is sluiced off of plates and containers, ground, and dewatered prior to
being bagged and dropped into roll off containers for landfilling. This pretreatment
makes transport and handling of the digester feed stock efficient. The ground and
dewatered food waste can be collected in 5-gallon buckets and transported to the
digester.

Analysis of food waste and grease trap waste and treatability studies (Section 5.2)
indicated it was an excellent feedstock for the digester. Quaternary amine
compounds were used as a sanitizer during food waste pulping and this toxicity was
evaluated during the treatability study. However, quaternary amine compounds
were no longer used at the time of the field demonstration.

An operational WWTP is on-base and provided an excellent location for the
demonstration. An open area north of the existing full-scale digesters (see Figure 4
and Figure 5) was available for demonstration equipment. This location provided
utilities including electricity, natural gas, and non-potable/potable water. Digestate
from the pilot digesters was capable of being discharged into USAFA digester 1
(i.e., the primary digester). Demonstration digester off-gas was able to be routed to
an existing flare that is currently used to burn full-scale digester biogas. The
full-scale digesters were also a source of seed for the demonstration digesters.
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Figure 5. Grade view of demonstration site showing USAFA digesters.

42  FACILITY/SITE LOCATION AND OPERATIONS

The pilot plant was installed at the USAFA WWTP located approximately ten miles north of
downtown Colorado Springs off Stadium Boulevard and Community Center Drive. The unit was
installed on the north end of the plant’s anaerobic digesters as this space was easily accessible for
construction, it had nearby utilities that were tapped for connections, the existing digesters and
biogas flare were available for management of the digested waste and excess biogas, and the site
is reasonably close to Mitchell Hall, the source of the food waste feedstock. An aerial photograph
showing the proposed site is provided in Figure 4. A photograph of the installation site at ground
level is provided in Figure 5. A map showing the location of Mitchell Hall and the WWTP is
provided in Figure 6.
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43  FACILITY/SITE CONDITIONS

Two facility/site conditions were identified that could impact the demonstration of the technology.
These included: 1) times when the food waste feedstock was not available due to breaks from
school and 2) potential freezing temperatures in the winter that could damage equipment and halt
operations. During Phase I — system shakedown — a shortage of food waste was experienced but it
was short term and did not affect Phases II through IV of the demonstration. Freezing winter
temperatures also resulted in mechanical failures during Phase I. Additional modifications were

conducted to prevent further problems.
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44  SITE-RELATED PERMITS AND REGULATIONS

During the site selection process it was determined that the operation of the pilot plant could
potentially impact the existing National Pollutant Discharge Elimination System (NPDES) permit,
the biosolids disposal requirements (40 CFR 503.b), the Colorado Department of Public Health
and the Environment (CDPHE) air permit, and the operator requirements at the USAFA
wastewater treatment plant. Each one of these potential impacts were investigated to ensure the
least impact and conformity with the applicable regulations.

4.4.1 NPDES Permit

NPDES permits are issued to regulate point source discharges into the waters of the United States.
The pilot plant was not a point source and thus is not subject to an individual permit. However,
because the pilot discharged to a permitted wastewater treatment plant, the impact on an existing
permit was an important consideration. Ultimately, it was determined that the relative low flow of
the discharged waste (less than 50 gallons per day) and the chosen discharge location (into the
plant’s anaerobic digester) would mitigate any potential loading impact to the plant and help them
to maintain their history of compliance.

4.4.2 Biosolids Handling 40 CFR 503(b)

Biosolids handling and disposal are regulated by 40 CFR 503(b). This regulation stipulates
standards for sewage sludge handling including minimum detention time, temperature and
destruction rates. With the digesters selected as the preferred disposal point for the pilot waste
there was initial concern that the disposed waste could contaminate the existing treatment process
and result in a lack of compliance. There was the potential that the pilot waste would not meet the
minimum detention time standards prior to discharge if the waste was injected into a secondary
digester just before it was wasted. To address this concern, waste discharged from the pilot was
only sent to the plant’s primary digester.

4.4.3 CDPHE Air Permit

The wastewater treatment plant holds a permit (95EP691-6) for the plant and a point source air
permit waiver for their biogas flare and biogas boiler. Regulations regarding the existing permit
and permit waivers were reviewed to ensure that the biogas generated by the pilot plant would not
require a permit modification or substantially change the existing requirements. Due to the low
flows of biogas anticipated to be generated by the pilot plant, it was determined that the impact of
the pilot plant on the existing emissions was minimal and that no permit modifications would be
required. A graphical representation of the pilot plant’s air emissions impact is provided in
Figure 7. Even with the addition of the pilot plant gas, the emissions from the biogas flare was
able to stay below the regulatory threshold of 2 tons per year for nitrogen oxides (NOx), volatile
organic compounds VOCs), sulfur oxides (SOx), and carbon monoxide (CO), and 50 pounds per
year of HzS.
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Figure 7. Potential air emissions impact.

4.4.4 Operator Permit

Licensed operators are required by the CDPHE for any point source that has been issued a permit
to discharge to any of the State’s waters. As the pilot plant is not a permitted discharger and was
not be treating wastewater for discharge to a body water, rather the wastewater treatment plant, a
licensed operator was not required.
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5.0 TEST DESIGN

This section provides the detailed description of the demonstration design and testing conducted
to address the performance objectives described in Section 3.0.

5.1 CONCEPTUAL EXPERIMENTAL DESIGN

Testing including an initial laboratory treatability test followed by the field demonstration at
USAFA. The treatability test is summarized in Section 5.2 (report included in Appendix D) and
the remainder of Section 5 focuses on the field demonstration.

The field demonstration involved anaerobic digestion of a food waste/canola oil mixture to
produce biogas and purification of the biogas with a sorbent for sulfur compounds and a VSA
system for removal of CO2 and moisture from the biogas in order to meet natural gas specifications.
The demonstration included four phases. Two replicate digesters were operated in Phases I through
IIT and a single digester was operated in Phase I'V.

Phase I focused on troubleshooting mechanical problems associated with the equipment plus
refining digester feeding and sampling and analysis protocols to improve operations and increase
data reliability. Phase II involved restarting the digesters and establishment of stable operating
conditions. Phase III involved a period of stable operation during which food waste/canola oil
digestion and biogas production was studied and optimized. At the end of Phase III performance
objectives with respect to organic loading rates and volumetric methane production rates were not
met; the feeding strategy was hypothesized to have been the cause. The feeding strategy used in
Phases I through I1I involved mixing food waste and canola oil with tap water to obtain a pumpable
slurry that contained about 10% total solids or less. Feeding this diluted food waste/canola oil
mixture limited the VSS concentration and associated concentration of microorganisms in the
digester which effectively limited the ability to increase the organic loading rate. The feeding
process was modified for Phase IV to allow feeding of a more concentrated food waste/canola oil
mixture to the digester. The modification involved elimination of tap water for dilution. Rather, a
portion of digestate was mixed with the food waste/canola oil and the resultant mixture was
pumped back into the digester. This approach resulted in effectively feeding the digester with an
“undiluted” food waste/canola oil mixture that contained over 20% solids. Biogas purification
testing was conducted during Phase IV.

52  TREATABILITY STUDY RESULTS

A laboratory treatability study was conducted in CDM Smith’s Environmental Technologies
Laboratory between May, 2010 and May, 2011. The treatability study focused on: 1) food waste
and grease trap waste characterization, 2) quantification of biochemical methane potential (BMP),
3) operation of semi-continuous digesters to determine operating limits, collect performance data,
and establish demonstration performance objectives, 4) measurement of hydrolysis kinetics, and
5) adaptation of Anaerobic Digestion Model 1 (ADM1) to a MathCad platform and simulation of
food waste digestion. The results of the treatability study are presented in Appendices D and E and
are summarized below and elsewhere (Amador et al. 2012; Evans et al. 2012; Stallman et al. 2012).
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5.2.1 Food Waste and Grease Trap Waste Characterization

Characterization results for the 15 food waste samples and a single grease trap waste sample are
presented in Table 5. The average VS/TS ratios for the food waste and grease trap waste were
high, indicating a high potential for digestion as expected. Nitrogen and phosphorous nutrients in
the grease trap waste were significantly lower than in the food waste suggesting these elements
may be limiting. The various parameters for the food waste samples varied greatly as indicated by
the high standard deviations relative to the means. The reason for the variability is likely
attributable to different amounts of meat, green vegetables, and starches present in the individual
samples.

Table 5. Summary of characterization of food waste (15 samples) and grease trap waste.

Food Waste
Analysis (Average * Std. Dev.) Grease Trap Waste
Volatile Solids (% Wet Weight) 26+6 67
Total Solids (% Wet Weight) 33+£15 68
VS/TS 0.85+0.18 0.98
TKN (% Dry Weight) 4.9+2.5 0.06
Total Phosphorus (mg/kg Dry Weight) 300+220 40
COD (g/kg Dry Weight) 1400+340 1500
Protein (% Dry Weight) 31+16 0.3
Fat (% Dry Weight) 18£8 91
Ash (% Dry Weight) 3.2+1.5 0.3
Total Carbohydrates (% Dry Weight) 48422 8.7

5.2.2 Biochemical Methane Potential (BMP)

The methane accumulation trends for BMP tests with individual food waste samples and the grease
trap waste sample are shown in Figure 8. These trends are corrected for the average methane
production by the inoculum alone in bottles without food or grease trap waste. The majority of
methane generation was observed in the first 10 days, however some generation continued for
another 10 to 20 days. The average net methane yield for the food wastes was 390+90 mL CHa4 per
g of food waste COD fed, with values ranging from 190 to 570 mL/g COD. The theoretical value,
based on assuming 5% of the COD used ends up in cell mass, is 380 mL/g COD. The observed
methane production from the grease trap waste sample was much higher, at 700 mL/g CODfed.
Some of the variation in the specific methane production is from applying the same average
inoculum correction to all bottles. Some of the variation may also be attributable to different
biodegradability of individual samples and/or enhancement of inoculum sludge digestion.
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Figure 8. Methane production trends for different food waste and grease trap waste samples
during BMP tests based on subtracting average methane production by the digester seed sludge-
only controls.

Due to the wide range of methane yields observed in the BMP tests, the food waste characteristics
were examined for any correlations with the methane yields in order to assess differences in
degradability. Of the food waste characteristics, the sum of the fat and protein contents was found
to best correlate with variations in the methane yields as shown by a trend line in Figure 9. The
ratio of methane to COD increased with the combined fat and protein content. The correlation was
not perfect and the results for three of the food waste samples did not fit the correlation. None of
the characteristics for these three samples explained the deviation of these three from the pattern
shown by the other wastes. Nevertheless, the data suggest that organic wastes with greater content
of fat plus protein digest to yield more methane per unit COD fed. One possible explanation for
these data is greater degradability of fat and protein relative to carbohydrates with the
carbohydrates containing more non-biodegradable COD. The carbohydrate fraction includes
cellulosic and potentially humic materials which are less biodegradable than fat and protein.
Another explanation is that fat and protein enhanced digestion of the sewage sludge used to seed
the BMP tests. Such enhancements have been observed in other studies (Kabouris et al. 2007,
Kabouris et al. 2009). In any event, this correlation is a useful engineering parameter for feed stock
characterization and digester design.
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Figure 9. Biochemical methane potential relationship to protein-plus-fat content of various food
wastes and a grease trap waste.

5.2.3 Volatile Solids Concentration in Food Waste Fed to the Digesters

Over 80% of the food waste VS was biodegradable such that digester VS concentration was much
lower than that typically found in municipal anaerobic sludge digesters unless the feed VS
concentration was above 10% (Figure 10). In addition, digesters fed with less than 5% VS
developed instability in the form of elevated VFA/TALK ratios, decreased pH, and poor methane
production. The cause was due to the dilute feed providing insufficient alkalinity to the digesters
via protein hydrolysis and de-amination rather than the volumetric COD load which was modest
at approximately 2.2 g-COD L™ d!. Digesters fed 10 to 15% VS in the feed were stable. These
digesters had COD loadings that ranged from 0.5 to 3.3 g-COD L™ d!, which were both above
and below the failed digester loadings.

The VS concentrations were significantly greater in the stable digesters compared to the unstable
digesters. When the feed contained 4 percent VS by weight, the digester contained less than
1 percent VS and was unstable. Therefore, a more concentrated food waste VS was fed to the
digester to increase digester VS. Feed concentrations greater than 10 percent VS increased digester
VSS concentrations to 4 percent and improved digester stability. The observed VS concentrations
in the digesters compare well with theoretical VS concentrations calculated with the following
formula:

Reactor VS = Feed VS x undegradable VS fraction
+Feed VS * degradable VS fraction * cell yield (1)
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Figure 10. Effect of food waste/FOG VS concentration in the digester feed on digester stability.

Where the non-biodegradable VS fraction was assumed to be 15%, and the cell yield was assumed
to be 0.12 g biomass VS per g VS consumed. The high biodegradability of the food waste
(e.g., 85%) led to an operational requirement that the digesters be fed concentrated food waste with
VS greater than 10%.

A VS loading rate per unit of digester volume is a common design and operating parameter for
anaerobic digestion of municipal sludge (Tchobanoglous et al. 2003). However, it was not as useful
of a parameter for determining stability of the laboratory digesters fed with highly digestible food
waste. An alternative metric termed the SELR (g-COD d! g-VSS™) is proposed as a unifying
design parameter for digester loading rather than VS (Evans et al. 2012). This metric is based on
two general concepts. First, methanogenesis has a certain kinetic capacity for energy conversion
following hydrolysis and fermentation of biodegradable organics to VFAs. If this capacity is
exceeded, the digester becomes unstable and the rate of acidogenesis outpaces the rate of
methanogenesis. By using energy loading rather than mass loading, the different specific energy
contents of various organic wastes can be normalized. Second, instead of defining loading on a
volumetric basis, we propose defining loading on an active biomass basis. The SELR is analogous
to the specific activity of an enzyme. Whereas the specific activity measures the substrate
concentration consumed per unit time per unit mass of enzyme (Lehninger 1975), the SELR relates
the energy loading rate per unit of methanogenic biomass. The SELR is also somewhat analogous
to the food-to-microorganism (F/M) ratio in the activated sludge process (Tchobanoglous et al.
2003). To ensure the SELR 1is a practical parameter, it must be based on readily available analytical
methods. We propose COD as a surrogate for energy content. We also propose VS or VSS as a
surrogate for active biomass. The SELR is then calculated as follows:

feed

SELR = Rcon _ %Ccop. )

Myss VXyss
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Rcop is the rate of energy fed to the digester based on feed flow rate (Q) and feed COD

concentration (Cécgle)d). Muvss is the amount of biomass in the digester estimated as the digester
volume (V) multiplied by the VS concentration (Xvss). COD is a reasonable surrogate for energy.
VS or VSS may not be the best surrogate for biomass especially if the feed contains a large portion
of non-biodegradable solids and the digester is not at steady state. Alternative approaches involve
measuring another parameter in the digester that is more directly related to biomass or estimating
the biomass concentration based on methane production rate measurements. Direct measurements
of biomass indicators such as adenosine triphosphate (ATP) (Velten et al. 2007) may be conducted
and should be more accurate, but VS and VSS were used for this analysis.

The SELR was calculated for these digesters and was also greater in the unstable region (less than
5% VS feed) than in the stable region (greater than 10% VS feed) (Figure 10). These data indicate
that while the volumetric energy loading rates were similar (2.2 g-COD L' d'! compared to 0.5 to
3.3 g-COD L' d), different digester VS concentrations (i.e., active biomass concentrations)
determined whether the digesters were stable or not — lower digester feed VS (e.g., 5%) led to too
high a SELR.

5.2.4 Trace Metal Nutrient Requirements

Despite increased feed VS concentrations and increased digester VS concentrations, the digesters
continued to experience some instability. As part of a process to identify causes of the instability,
the trace metals content of the food waste was tested. Metal nutrient deficiency has been observed
previously during food waste digestion (Hawkes et al. 1992). Figure 11 compares the trace metal
nutrient content of the food waste to required concentrations for methanogens (Scherer et al. 1983).
The required concentrations in the food waste were calculated from the range of values reported
for metals concentrations in methanogens and an assumed cellular yield of 0.05 g cells per g food
waste). Figure 11 indicates the food waste was deficient in nickel, cobalt, and possibly
molybdenum. After the trace nutrient limitations were identified, these three nutrients were added
to the feed along with boric acid. Although the biochemical need for boron is not well-established,
it is recommended in anaerobic culture media.
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Figure 11. Comparison of trace metal nutrient requirements to USAFA food waste composition.
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5.2.5 Grease Trap Waste Inhibition

During early tests of digester loading, digesters started at a loading of 10 g-COD L d"! failed
when grease trap waste was included as 10% of the COD load. The remainder of the COD load
was food waste. In contrast, digesters started at that same COD loading rate but without grease
trap waste were stable. In order to determine whether the grease trap waste was inherently
inhibitory, the performance of digesters fed grease trap waste plus food waste was compared to
that of digesters fed canola oil plus food waste. As shown in Figure 12, the digesters receiving
10% of their COD as either grease trap waste or canola oil failed immediately: gas production was
consistently low in these digesters, VFAs accumulated rapidly, and pH dropped below 6.5 within
one week of operation. In contrast, the digesters receiving 5% of their COD load as either grease
trap waste or canola performed stably, and with methane production rates similar to those seen in
the control with no grease trap waste or canola oil. These results clearly demonstrated that this
specific grease trap waste was not inherently inhibitory. Rather, digester failure was due to elevated
concentrations of FOG fed at a high COD loading rate.
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Figure 12. Methane production from digesters receiving FOG and canola oil. Percentages are the
fraction of total COD loading comprised by the grease trap waste or canola oil.

While grease trap waste had a relatively high BMP per unit COD (Figure 9), it is potentially
inhibitory because hydrolysis will liberate toxic long-chain fatty acids (Koster and Cramer 1987;
Lietal. 2002). Nevertheless, strategies that led to successful digester acclimation and start-up were
identified (Figure 13). Four conditions were compared: immediate loading of 10 g-COD L' d!
without grease trap waste, immediate loading of 10 g-COD L' d! with 10% grease trap waste,
immediate loading of 10 g-COD L' d"! with ramping of grease trap waste from 0% to 10%, and
ramping a 10% grease trap waste COD feed from 4 g-COD L' d! to 10 g-COD L' d!. The
methane production rates from these digesters are shown in Figure 13. As expected, immediate
feeding of 10 g-COD L' d'! of food waste without grease trap waste was stable but addition of
grease trap waste at this COD loading rate was unstable. Both ramping approaches (i.e., gradual
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increase of COD loading or grease trap waste percentage) led to stable digestion of a 10 g-COD
L' d! loading with 10% grease trap waste. These data demonstrate that stable digestion with
10% grease trap waste COD at a total COD loading rate of 10 g-COD L' d"! is possible, but startup
must include a ramping procedure. These results demonstrate that acclimation is critical if
high-lipid wastes, such as grease trap waste, are to be successfully digested.
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Figure 13. Effect of startup strategy on digester stability.

5.2.6 Effect of Varying SELR on Digester Performance

In order to assess the utility of the SELR as a guideline for stable digester loading rates, the
VFA/TALK ratios observed during digester operation were compared to the SELR. A VFA/TALK
ratio of greater than 0.1 has been suggested as an indicator of digester instability. Figure 14 shows
the relationship between SELR and this ratio. Digesters with a SELR of <0.4 g-COD g-VS™! d'!
generally maintained VFA/alkalinity values well below 0.1, although those loaded at more than
0.38 approached that threshold. At SELRs from 0.4 to 0.5, the VFA/TALK ratios were generally
higher than at lower SELRs, with a few excursions well above 0.1. Greater SELR led to increased
ratios of VFA/TALK and ultimately to digester failure.
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Figure 14. Ratio of VFAs to alkalinity in relation to the SELR.

Several further experiments were conducted to define the limits of reactor operation. Addition of
QACs was tested because these compounds were contained in sanitizers used at Mitchell Hall at
the time of the treatability test. Different sanitizers that did not include QACs were in use during
the field demonstration. Therefore, the treatability study results on sanitizer toxicity were not
applicable to the field demonstration. The QACs were found to cause reactor failure at
concentrations about 2,000 to 3,000 mg QAC/kg of food waste dry solids. Limited data from
USAFA are available to estimate the QAC concentration in Mitchell Hall food wastes.
Nevertheless, the QAC concentration in Mitchell Hall food waste was conservatively estimated to
range from 1,300 to 2,700 mg/kg on a dry weight basis. Therefore, QACs previously in Mitchell
Hall food waste may or may have been at inhibitory concentrations.

5.2.7 Steady State Digester Performance

Figure 15 summarizes the methane yields and VS destruction rates observed in digesters receiving
steady loadings of either 4 g-COD L' d"! or 10 g-COD L' d!, with and without grease trap waste.
There was also an increased methane yield from grease trap waste additions with a 4 g-COD L!
d! loading, but that increase was not observed at a 10 g-COD L' d”! loading. The VS destruction
rates were also increased in the 4 g-COD L' d! digesters compared to the 10 g-COD L d!
digesters, but grease trap waste addition had no apparent effect. The increase in VS destruction at
lower loading rates is due to the increased SRT. The lack of enhancement of VS destruction by
grease trap waste suggests the previously observed enhancements of sludge digestibility by FOG
(Kabouris et al. 2007; Kabouris et al. 2009) may be unique to sewage sludge co-digestion and not
applicable to food waste.
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Figure 15. Digester performance at steady loading rates of food waste alone or supplemented
with FOG. Boxes represent 25th and 75th percentiles and whiskers represent 5th and 95th
percentile. A) Methane yield; B) VS destruction.

5.2.8 Discussion and Conclusions

The average BMP of the food wastes was 390 mL/g COD, which suggests that the wastes were
highly degradable by anaerobic digestion. There were no major inhibitory effects apparent, as none
of the bottles experienced a lag before the onset of methane production. Many of the wastes tested
produced methane yields above 400 mL/g COD which is the theoretical value for full conversion
(Tchobanoglous et al. 2003). The grease trap waste produced the highest methane yield with
700 mL/g COD. This supports the readily-degradable nature of this waste, but also suggests that
it enhanced digestion of the sewage sludge inoculum. Recent studies have shown enhanced
methane yields from the addition of high-fat wastes to sewage sludge (Davidsson et al. 2008;
Kabouris et al. 2007; Kabouris et al. 2009; Luostarinen et al. 2009).
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The methane yield was quite variable between the wastes, and it was found that there was a
correlation with the fat and protein content of the food waste. Several factors may have contributed
to this correlation. Lignocellulose and some other types of carbohydrates are poorly degradable,
so the fat and protein may have represented a more highly-degradable fraction. The fat-plus-
protein content appears to be a useful and practical parameter for screening co-digestion wastes.

Digestion of high-fat wastes can be operationally challenging. Degradation of fats produces
long-chain fatty acids, which are potentially-toxic intermediates (Koster and Cramer 1987; Li et
al. 2002). Excessive loading of fats has been observed to lead to the inhibition of anaerobic
digestion (Hatamoto et al. 2007; Koster and Cramer 1987). Therefore, proper acclimation and
adaptation to new high-energy wastes is critical. Mitchell Hall grease trap waste was not uniquely
inhibitory since canola oil caused similar inhibition. Therefore, acclimation requirements apply in
general. Acclimation was not required at low COD loading rates (4 g-COD L' d!). The stability
of digesters with high COD loading rates (10 g-COD L' d'') was influenced by the presence of
grease trap waste. Digesters started with this COD loading rate of food waste alone showed
transiently elevated VFA/TALK ratios but subsequent acclimation and stability. This suggests
there might be an unstable period during which the digester would be vulnerable to further upset.
Digesters started at the high COD loading rate with 10% of COD from grease trap waste did not
acclimate and failed. Thus the need for special acclimation procedures depends on the energy
loading rate.

Acclimation of the digesters to high energy loading rates and grease trap waste was successful
using two different strategies. One strategy involved starting with a feed comprised of 90% food
waste and 10% grease trap waste (i.e., on an energy basis) and gradually increasing the energy
loading rate from 4 to 10 g-COD L' d"!. Another strategy involved starting with a feed comprised
of food waste only at an energy loading rate of 10 g-COD L d! and gradually increasing the
grease trap waste energy percentage from 0 to 10%. Combinations of these strategies can be
envisioned and are likely to be successful. These data demonstrate that grease trap wastes are not
inherently inhibitory but proper acclimation strategies are necessary.

In addition to acclimation, supplementation with trace metal nutrients and feeding concentrated
rather than diluted food waste was necessary. Trace metals analysis revealed that these food wastes
were deficient in cobalt and nickel, and possibly molybdenum. These three elements are required
as enzymatic cofactors, and are among the trace metals that have been identified as critical to
successful anaerobic digestion (Speece 1996). Feeding organic waste at a high VS concentration
also proved necessary for stable digester operation. The food wastes were highly degradable, with
VS destruction rates greater than 75%. Feeding the waste at VS concentrations typically used
anaerobic sludge digestion resulted in digester solids concentrations too low to support stable
operation. Digester performance improved when the food waste VS concentrations were kept at
greater than 10%.

The SELR (g-COD g-VS™! d'!) was introduced as a new concept and an alternative to the traditional
volumetric solids loading rate (g-VS L' d'). The SELR is based on the energy balance and
metabolic limits of digester microbial communities. It is especially appropriate for new and diverse
organic feed stocks being considered for anaerobic digestion. Support for the SELR concept
included observed relationships between digester stability and SELR values. While refinement is
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required, a maximum SELR 0.4 g-COD g-VS'! d!' appears to be justified for stable digester
operation for food waste. Further evaluation of this concept in a wide variety of digesters is
recommended to explore its validity and utility to other wastes. Evaluation of alternative methods
for active biomass quantification (e.g., ATP or prediction from methane production) in digesters
is also recommended.

5.3 DESIGN AND LAYOUT OF TECHNOLOGY COMPONENTS
5.3.1 General Overview

Figure 16 is a process flow diagram for the demonstration system installed and operated at the
USAFA WWTP. Two replicate 1230-L (325-gal) digesters with a working capacity of 950 L
(250 gal) were continuously mixed (100 revolutions per minute [rpm]), temperature-controlled
(37 °C), and included equipment for food waste mixing and pumping as well as pumps for wasting.
Biogas from the digesters was combined and routed through 2.3 kg of SulfaTrap R7 mixed metal
oxide adsorbent (TDA Research, Wheat Ridge, Colorado) for H2S removal. The biogas then
flowed to a 50-m’ triple-membrane biogas holder (Base Structures, Bristol, United Kingdom).
Biogas was then discharged to the USAFA flare. Near the end of the demonstration in Phase IV
biogas stored in the holder was purified using the VSA system described in Appendix F and
elsewhere (Jayaraman et al. 2015). The process was modified between Phases III and IV as
illustrated in Figure 16. The purpose was to eliminate water addition to the food waste/canola oil
mixture. Digestate was recycled and mixed with the food waste/canola oil mixture to make it
pumpable. Engineering drawings including site plans, process and instrumentation diagrams, and
mechanical drawings are included in Appendix G. The engineering drawings depict how the
demonstration trailer was originally built for the demonstration. However, several modifications
were made based on troubleshooting conducted during Phase I. These modifications along with
additional details on the demonstration system and described provided below.

WATER
FOOD WASTE WASTE GAS
CANOLAOIL PHASE I, Il, & BIOGAS
NUTRIENTS I FEED BIOGAS HOLDER

PROCESS

DIGESTER 1
VSA

DIGESTATE
SULFATRAP
MIX PUMP
BIOGAS
PURIFIED
FOOD WASTE BIOMETHANE

CANOLA OIL PHASE IV
NUTRIENTS FEED

PROCESS

DIGESTER 2

DIGESTATE
MIX TANK
DIGESTATE

Figure 16. Process flow diagram.
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5.3.2 Detailed Description of Demonstration Equipment

An existing test trailer (Figure 17) owned by King County, Washington was provided at no cost
to the ESTCP demonstration and modified to meet demonstration requirements. This section
describes the equipment.

S

Figure 17. Demonstration trailer.

Digesters

Each digester tank was 90 cm (36 in) in diameter and 200 cm (77 in) tall and constructed of
stainless steel (Figure 18). Each tank was constructed with a flat bottom and vertical baffles to
enhance mixing by top-mounted propeller mixer. Each digester was equipped with an
explosion-proof heating system (Chromalox, Pittsburgh, Pennsylvania AEPS-024-220-917,
120 V, 220 W, PCN/Part No. 235213, quantity 8; and AEPS-024-220-917 240 V 220 W, PCN/Part
No. 235211, quantity 4) and was insulated. A programmable logic controller was used to control
the heaters and maintain a digester fluid temperature of 37 °C. Digester mixing was accomplished
using a top-installed, single impeller mixer (Sharpe Mixers, Seattle, Washington) driven by an
explosion-proof 0.5-hp single-phase motor (Baldor VL5005A). The mixer impeller consisted of
three blades pitched at thirty degrees with a tip-to-tip diameter of 25 cm (10 in) and was operated
at a nominal shaft speed of 100 rpm. The impeller was positioned 25 cm (10 in) from the bottom
of the tank. Each digester was equipped with an overflow foam pot which was used to protect the
biogas system. The overflow foam pot was 15 cm (6 in) in diameter and approximately 150 cm
(60 in) tall and made of clear Polyvinylchloride (PVC). Each digester was equipped with a flame
arrestor and rupture disk intended to protect the digester from over pressurization.
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Figure 18. Insulated digester tank and foam pot.

Feed and Waste Systems

During Phases I through III food waste, canola oil were mixed with water and recirculated in a
380-L (100-gal) Nalgene feed tank using a 51-mm (2-in) air-operated diaphragm pump
(Figure 19). Chicken wire was secured to the lid of the tank to assist in screening debris from the
food waste (Figure 19). This pump was also used to transfer the mixture to the digesters through
Day 16 of Phase II. However the pump was not capable of precisely metering desired quantities
of mixture to the digester. On Day 17 a hand-operated diaphragm pump (Wastecorp Pumps, Grand
Island, New York, Sludge Sucker Model No. 2FA-H) was for the remainder of Phase II and for
Phase III. During Phase IV a 110-L (30-gal) tank and air-powered mixer (Grainger, 4 hp Dayton
Part No. 32V122) with three propeller mixers (Mixer Direct, Louisville, Kentucky, Model
PRPL04062) was used to mix food waste with digestate (Figure 20). The hand-operated
diaphragm pump was used to transfer the mixture back into the digester. Sludge wasting was
conducted during all phases using a diaphragm pump (Walden Model No. M2R, Grand Terrace,
California). Sludge wasting was conducted prior to feeding and the volume wasted was selected
to maintain an average digester volume of 950 L (250 gal).
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Figure 19. Feed tank, diaphragm pump, transfer hose, and digester with close-up of chicken wire
screen on feed tank lid.

Figure 20. Phase IV feed tank and mixer assembly adjacent to the digester.

Sulfur Sorbent Column

TDA SulfaTrap R7 (2.3 kg) was tested in a clear PVC column measuring 5.1 cm (2 in) in diameter
by 91 cm (36 in) in length (Figure 21). An identical column packed with gravel was placed
upstream of the SulfaTrap column to attempt to drop out biogas condensate prior to the SulfaTrap
column.
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Figure 21. Gravel and SulfaTrap columns in series and photograph of SulfaTrap media.

Gas Storage Vessel

Desulfurized (i.e., sweetened) biogas was stored in a 50-m® triple-membrane biogas holder
(Base Structures, Bristol, United Kingdom) shown in Figure 22. This vessel is designed to
maintain a positive pressure on the biogas and prevent potential introduction of air that could form
a flammable mixture.

VSA System

The VSA system (Figure 23) was fabricated by TDA Research and is described in detail in
Appendix F. In general, the VSA system is based on a regenerable mesoporous carbon media
modified with surface functional groups to reduce the CO2 and H20 concentration in the biogas to
pipeline specifications. The adsorption of CO2 from the biogas stream is carried out at the biogas
delivery pressure (about 1.3 atm), while the sorbent is regenerated and CO: recovered under
vacuum (at about 0.2 atm). The bed is subsequently pressurized with the feed (biogas) gas. The
methane loss from the system is reduced by using intermediate pressure equalization steps between
the main adsorption and regeneration portions of the cycle. The methane loss with the full vacuum
swing cycle is minimal (i.e., less than 10%).
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Figure 23. VSA system.
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Instrumentation

The demonstration equipment included instrumentation for monitoring temperature, pressure,
liquid level, biogas flow rate, and biogas methane concentration.

o A temperature measurement device was installed in an existing thermowell on each
digester. Temperature was measured using a 3-wire resistance temperature device
(RTD) provided with a 4-20 mA transmitter (Mescon Series No. TH-11U,
Frankfort, IL). The RTD and transmitter assembly was factory calibrated for
(0 to 2000F (=17 to 940C) with an accuracy of + 0.50F (£ 0.30C).

o Each digester was equipped with a pressure gauge to measure headspace gas
pressure. The pressure gauge (Ashcroft, Stratford, Connecticut) selected is a
compound style with a range of 30 inches (76 cm) of water column vacuum to
30 inches (76 cm) of water column pressure. The gauge is provided from the factory
with an accuracy of +/- 5 % full scale.

o Biogas flow rate was measured using an explosion proof mass flow unit
(Fluid Components International, San Marcos, California, Model No. ST75V). The
flowmeter was factory calibrated for a gas mixture comprised of 65% methane and
35% carbon dioxide. The calibration range for the flowmeter was 0.05 to
0.5 standard cubic feet per minute (1.4 to 14 L/min). Standard conditions for the
flow meter calibration were 70 °F (21 °C) and 1 atmosphere absolute.

o Digester liquid level was measured using a Rosemount (Emerson Electric,
St. Louis, Missouri) model 3051C differential pressure transmitter. The transmitter
was factory calibrated for 0 to 72 inches (0 to 180 cm) of water column. The water
column and the tank diameter were used to determine the liquid volume.

o Methane concentration was measured using a Nova (Niagara Falls, New York)
Model 912A-CWX Landfill Gas Analyzer using nondispersive infrared detection
and automatic stream switching/sampling valves (Figure 24). The instrument was
factory calibrated for 0 to 100% methane by volume.

o Process monitoring and control was conducted using a programmable logic
controller with power supply, 1.5 MB ethernet processor, six 120VAC 16-point
input modules, two 8-point analog input modules, two relay output modules, and
five 8-point isolated relay input modules (Allen Bradley, Milwaukee, Wisconsin,
Compact Logix 1769-CRL1, ECR, IAl6, IF8, OW16, OWSI, PA2, L35E); a
Dell Precision T5600 computer with a Rockwell Automation FactoryTalk
(9518-HSE250) and RSVIEW (9701-VWSB100AENE) human machine interface;
and reporting software for Excel (Sytech [Franklin, Massachusetts] XLReporter
Professional, Real/Historical/ODBC — Single).
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Figure 24. Nova gas analyzer with stream switching valves.

Safety

Because of the flammability of biogas, the trailer was designed for 12 air exchanges per hour and
equipment rated for Class 1, Division 1 and Class 1, Division 2 environments as defined by the
NEC. The process equipment was physically separated from the control systems in the trailer by a
wall. Combustible gas detectors were included in the trailer to monitor concentrations of methane
within the atmosphere. Alarm conditions were set at 10% and 15% of the lower explosive limit.

54  FIELD TESTING

Food waste was collected from USAFA Mitchell Hall in 19-L (5-gal) buckets on an as-needed
basis generally around lunch time and sometimes around breakfast time. The food waste was
ground at USAFA using a commercial pulper system prior to landfilling (Figure 25).
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Figure 25. Food waste at Mitchell Hall was manually scraped into recirculating sluice water
which was then ground in a pulper/shredder (a). The slurry gravity-drained down one floor into
dewatering equipment (b). The dewatered and ground food waste (c¢) then dropped into a roll off
container (d) on the floor below where it was sent to a landfill. Food waste was collected in 5-
gallon buckets from the dewatering system (c).

The digesters were seeded with 950 L (250 gal) each of mesophilic anaerobic digester sludge from
the USAFA WWTP primary digester. Seeding for Phases I, II, and IV occurred on July 24, 2013;
December 20, 2013; and June 6, 2014, respectively. Phase III was a continuation of Phase II and
did not involve digester seeding.

Food waste was mixed with canola oil and nutrients prior to being fed to the digester. Canola oil
was used as a surrogate for USAFA grease trap waste based on treatability study results
(Section 5.2). Canola oil was added so that is comprised about 10% of the food waste/canola oil
VS. Nutrients were added at the concentrations shown in Table 6. Nutrient dosing was based on
treatability study results and related research regarding the potential role of selenium in mitigating
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ammonium toxicity (Zhang et al. 2010). Measured concentrations of metal nutrients in the
digestate are presented in Appendix H. The measured concentrations do not indicate limitations
based on previous research (Hawkes et al. 1992; Scherer et al. 1983; Speece 1996; Zhang et al.
2010).

Table 6. Nutrient concentrations.

ElEmentt EenEa T Element concentration
added to each batch of food :
Element Compound : . added to the digester on
waste+canola oil during Day 0 of Phase IV (mg/L)
Phases Il and 111 (mg/kg) y g

Boron H;BO; 11 2.4
Cobalt CoCl,*6H,0O 2.3 0.50
Molybdenum Na;Mo0O42H,0 6.4 1.4
Nickel NiSO46H,0 2.6 0.57
Selenium Na,SeO;*5H,0 1.7¢ 0.36

2 Not added until day 21.

Operation during Phase I had numerous challenges as the system was started up. These challenges
included mechanical failures, issues with inert debris in the food waste plugging and jamming
piping and equipment, leaks in the gas handling system, limited availability of food waste, and
loss of heating. These issues were resolved and the digesters were restarted in Phase I1. Digester
feeding generally occurred on Monday, Wednesday, and Friday. The feeding process during
Phases II and III involved addition of water to the mix tank followed by addition of food waste,
canola oil, and a nutrient stock solution to achieve a TS concentration ~10%. The food waste was
screened manually to remove non-food debris. The mixture was recirculated for about 10 minutes
prior to being fed to the digester. The digesters were drained prior to feeding by a volume equal to
the planned feed mixture volume. This approach prevented draining of newly added feed and
maintained a constant digester liquid volume. Additional details regarding digester feeding in
Phases II and III are included in Appendix I. During Phase IV only one digester was operated
because one of the digesters incurred a failure of its mixing shaft seal. Food waste and canola oil
were mixed with recycled digestate instead of city water. Sufficient digestate was used to reduce
the food waste/canola oil mixture TS to ~10% and then pumped back into the digester. Details on
gas biogas treatment methods conducted during Phase IV are presented in the TDA report included
in Appendix F.

The four phases of operation are shown graphically in Figure 26, which shows the trending of the
pH and biogas methane content during the operational phases. Table 7 shows the relationship
between dates of operation and elapsed time for these four phases.
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Figure 26. pH and biogas methane concentration trends during the four demonstration phases.

Table 7. Demonstration phases.

Phase Dates Elapsed Time (d)
1. Shakedown 7/24/13 to 12/19/13 0to 148

II. Restart 12/20/13 to 1/21/14 0to 32

II1. Stable Operation 1/22/14 to 4/25/14 33t0 126

IV. Modified Feeding Strategy 6/6/14 to 8/4/14 0to 59

55 SAMPLING AND ANALYTICAL METHODS

System monitoring and sampling involved a combination of on-line instruments and grab samples.
On-line instrumentation is described in Section 5.3.2 and Appendix F. In general grab sampling
was conducted weekly. Grab samples of food waste were collected from a single bucket. Digester
feed samples during Phases II and I1I were collected from the mix tank after addition of food waste,
canola oil, nutrients, and water. During Phase IV samples of food waste/canola oil mixed with
digestate were not collected because of hazards associated with H2S exposure. Rather, undiluted
food waste sampling and analysis was used to determine digester loading. Digestate sampling was
conducted by opening a valve at the bottom of the digester. Gas sampling for analysese of fixed
gases (CHs, CO2, N2, and O2) and sulfur compounds was conducted using Tedlar bags connected
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to sample taps on the biogas lines. Sampling for analysis of fixed gases from the VSA was
conducted using Tedlar bags and required synchronization with the timing of sorption and
desorption cycles because both purified gas and waste gas exited the same sampling port
(see Appendix F). Sampling for siloxane analysis was conducted using a methanol-containing
impinger (Saeed et al. 2002) provided by ALS Environmental (Simi Valley, California).

Analytical methods are listed in Table 8. The analyses were conducted by certified laboratories
(ALS Environmental; Kelso, Washington and Simi Valley, California) using standard methods
with the following exceptions. VFAs were analyzed using high performance liquid
chromatography with a C18 column and UV detection at 210 and 245 nm. COD analysis of food
waste and digester feed was conducted according to the Standard Operating Procedure (SOP)
included in Appendix J. In summary, food waste samples were weighed, mixed with a known
volume of water, and blended in a Vitamix (Cleveland, Ohio) blender until homogenized. Serial
dilutions were then conducted until the COD was in the range of the Hach COD test (50 to 1500
mg/L). The standard procedure for the Hach analysis was then followed. COD of the food waste
was calculated by multiplying the Hach COD reading by the dilution factor. Sulfur in the spent
SulfaTrap media was analyzed by Hazen Research (Golden, Colorado) using a Leco
(St. Joseph, Michigan) model S-200 Sulfur Determinator, equipped with the “short path” infrared cell,
halide scrubber, and autocleaner.

5.5.1 Calibration of Analytical Equipment

Factory calibrations for on-line instrumentation were used. All calibration procedures for field
equipment was carried out in accordance with the manufacturer’s instructions. pH probes were
calibrated daily with 7.0 and 10.0 buffers. The Hach COD test kit accuracy was checked with an
NIST traceable Hach standard (potassium phthalate, 1000 mg/L COD). The Nova gas analyzer
accuracy was checked with methane standards (65% and 100%).

5.5.2 Quality Assurance Sampling

Quality assurance sampling included collection of field replicates at a frequency of 5%. Summary
of the results from sampling and analysis is included in the Quality Assurance Summary
(Appendix K). In addition, multiple lines of evidence and data trends were used to interpret results
from this study. As such, the quality of the data for the study are considered good and individual
data quality issues were not considered serious with two exceptions. First, propionic acid results
were inconsistent and the HPLC chromatograms indicated peak interference with an unidentified
compound. Therefore, propionic acid data are considered suspect. Nevertheless, the contract
laboratory (ALS Environmental) applied its SOPs to accept or reject data. The accepted data were
used in calculation of ratios of VFA/TALK. Second, grab samples of gas from the VSA required
synchronization with the sorb/desorb cycles as described above. The sample collected on day 47
of Phase IV were not included in the data analysis because of contamination with desorption gas.
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Table 8. Analytical methods.

Maximum
Analyte Method Preservative | Holding
Time
Total Volatile Solids and Total
Volatile Suspended Solids EPA 160.4 4°C 7d
Total Suspended Solids SM 2540DP 4°C 7d
Total Fixed Solids SM 2540G 4°C 7d
Total Solids EPA 160.3 4°C 7d
Volatile Fatty Acids See text 4°C 8d
Ammonia SM 4500NH3-G 49C H,S04 28d
COD Hach Method 8000 NA NA
Food Waste Fat AOAC OMA 960.39° 49C NA
Food Waste Protein AOAC OMA Method 981.10 49C NA
Food Waste Ash AOAC OMA Method 923.03 4°C NA
Food Waste Moisture AOAC OMA Method 925.10 4°C NA
Calculated by difference (Subtraction of
Food Waste Carbohydrates moisture, fat, protein and ash from total) 21
CFR Part 101.9 4°C NA
Alkalinity SM 2320B 4°C 14d
pH pH probe NA NA
Total Metals (Ag, As, Ba, Cd, Cr,
Cu, Fe, Mg, Pb, Zn) EPA 6010C¢ 49C, HNO; 180 d
Total Metals (Co, Mo, Ni, Se) EPA 6020A 49C, HNO; 180 d
Total Metals (Hg) EPA 7470A 49C, HNO:s 28d
Fecal Coliforms SM 9221E 4°C Nay8,05 6h
Heterotrophic Plate Count SM 9215B 4°C 24 h
ZnAc; &
Total Sulfide SM 4500-S2-D NaOH 7d
Total Sulfur See text None NA
Ammonia SM 4500NH3-D 49C H,S04 28d
Hydrogen Sulfide Gas ASTM D5504-08°¢ None 24 h
RAE Systems sorbent tube No. 10-103-20
Hydrogen Sulfide Gas (Screening) (50 to 800 ppmv) NA NA
Siloxanes Air Toxics Method TO-14 Methanol 24 h
Fixed Gases (CHa, CO2, N2, O) ASTM D1946 None 24 h
a(USEPA 1979)
® (Eaton et al. 2005)
¢(AOAC International 2012)
d(USEPA 2013b)
¢ (ASTM International 2013)
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5.5.3 Decontamination Procedures

Food waste mixing tanks were cleaned with tap water following use. Sample bottles were new. No
other decontamination procedures were required as this was not a hazardous waste project.

5.5.4 Sample Documentation

Sample documentation involved completion of chain of custody forms with a pre-defined sample
naming conventions. Sample analytical results were transmitted to CDM Smith electronically as
electronic data deliverables (EDDs). The data from the EDDs imported into a master Excel
spreadsheet where data analysis was conducted.

5.6 SAMPLING RESULTS
5.6.1 Food Waste and Feed Characteristics

The characteristics of the undiluted food waste, the food waste/canola oil mixture, and the digester
feed are shown in Table 9. These characteristics are for food waste samples following manual
removal of non-food debris that included foil and plastic wrapping, plastic utensils, Styrofoam,
bottle caps, popsicle sticks, etc. (Figure 27). The debris comprised 0.54+0.69% on a wet mass
basis (N=48, median = 0.30%) and the maximum content measured was 3.1%. The debris-free
food waste solids contents were similar in phases III and IV and most of the solids were volatile
(96+0.8% in Phase III and 94+2.6% in Phase 1V). The pulping and dewatering process used at
USAFA produced a food waste product that contained greater than 20% TS. The TS and VS were
slightly increased by addition of canola oil. The food waste/canola oil mixture was diluted to less
than 10% TS during Phase III in contrast to Phase IV where the mixture was not diluted with water
prior to mixing with digester sludge and being pumped back into the digester. Thus the effective
TS that was fed to the digester in Phase IV was 25+6% compared to 9.2+1.3% during Phase III.
The ratio of COD to VS was greater in Phase IV than in Phase III, possibly due to variation in the
food waste composition over time and relatively greater fat and protein content during Phase I'V.
For comparison, the specific COD contents of carbohydrates, protein, and fat have been estimated
to be 1.06, 1.36, and 2.88 g-COD/g (Speece 1996; Stallman 2011). The fat, protein, and
carbohydrate content of the food waste varied considerably over time as illustrated by the relatively
high standard deviations (Table 9) and the observed temporal trends (Appendix H, Figure 2).

Renewable Energy Production From DoD Installation
Solid Wastes by Anaerobic Digestion 59 June 2016



Table 9. Average Food waste and digester feed characteristics.

Carbo-
TS VS COD COD/VS® | Fat | Protein | hydrate
Sample Phase (% by mass) (mg/L) (mg/mg) (% of dry organics)
Undiluted Food
Waste 3 26+2.8 254+2.8 - - 20+10 | 38+17 42421
Undiluted Food
Waste 4 2246.1 21+5.9 | 320,000£82,000 1.6£0.2 -
Undiluted Food
Waste/Canola Oil
Mixture? 3 29+2.6 28+2.7 - - 28+8.5 | 32+17 40+19
Undiluted Food
Waste/Canola Oil
Mixture? 4 25+6.0 24+5.8 | 390,000+£80,000 1.74+0.1 -
Digester Feed 3 9.2+1.3 | 89+1.3 | 120,000+29,000 1.2+0.2 -
Digester Feed" 4 25+6.0 24+5.8 | 390,000+£80,000 1.7£0.1 -

2 By calculation

® Identical to undiluted food waste/canola oil mixture
¢ Calculated using paired data

&% R L
i -, B S e R TR )

Figure 27. Photographs of typical debris removed from food waste prior to digester feeding.

The average canola oil mass fractions of the total VS added were 9.5+1.4% and 1142.8% in Phases
I and IV, respectively. Figure 28 shows the temporal variation of this fraction in each phase. The
canola oil fraction during Phase II was greater than the intended amount (i.e., 10%) and was
reduced around day 30.
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Figure 28. Canola oil VS mass percentage of the total food waste/canola oil mixture fed to the
digesters in each phase.

5.6.2 Phases Il and Il

Hydraulic and Organics Loading

Phase II covered the period from 0 to 32 days when the organic loading rate to the digesters was
gradually increased (Phase I covered equipment shakedown and results are not reported).
Commensurately the HRT and SRT decreased as illustrated in Figure 29. The HRT and SRT were
equal because the digesters were completely mixed. The period of stable operation (Phase III) was
considered to start on Day 33 based on pH (see Figure 26). During Phase III the average SRT was
40+14 d exceeding the goal of 15 d. Thus the “stable” Phase III covered the period of 2 to 3 SRTs.
Typically 3 SRTs are required prior to considering a digester at steady state. While this time period
was not met, other data reported below indicate the digester conditions and performance were
generally stable. Shorter SRTs were not possible because of limitations on loading rates as
described below.
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Figure 29. HRT and SRT during phases II and III. The goal is a minimum value for Class B
biosolids.

Volumetric organic loading rates based on VS and COD were not met during Phase III
(Figure 30). Loading rates were increased during Phase II (0 to 32 d). Further attempts to further
increase loading rates were not attempted during Phase III because the digesters were thought to
be showing indications of stress and potential failure at the time. While pH was in a physiologically
suitable range (7.8+0.1, see also Figure 26), the digester sludge was changing from a black to
brown (Figure 31) and the average ratio of VFA/TALK (Figure 32) was somewhat high
(0.15+0.09 mg-acetate equivalents/mg-CaCQO3) though not greater than the goal of 0.2 mg-acetate
equivalents/mg-CaCOs (see Appendix H, Figure 3 for trends of individual VFAs). Food particles
and a sheen suggestive of undigested canola oil were observed. However, as discussed below,
methane production continued indicating the digesters had not failed in spite of these observations.
SELR data (Figure 30b) provided a possible explanation as to why the organic loading rate could
not be increased further during Phase III. The SELR increased during Phase II and averaged
0.44+0.17 kg-COD kg-VSS™! d! during Phase III exceeding the goal of 0.26 kg-COD kg-VSS'!
d!. The average SELR was greater than the goal while the volumetric COD loading rate was less
than its goal because the digester VSS concentrations were low and decreasing during Phase III
(Figure 33). The SELR is equal to the volumetric COD loading rate divided by the VSS
concentration in the digester. The VSS was quite low (7300+£2000 mg/L) relative to typical
anaerobic digesters that operate at a VSS concentration of about 15,000 to 30,000 (Tchobanoglous
et al. 2003; Water Environment Federation 2010). This low and declining VSS concentration may
have limited further increases in the volumetric organic loading rate to the digesters.
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Renewable Energy Production From DoD Installation
Solid Wastes by Anaerobic Digestion 63 June 2016



1/20/14 (Day 31)

Duué-., . [-20- 2014
By

YRR TR gaber 2 . oy P
P" %.00 D pw e I v“ﬂ s

. T

2/10/14 (Day 52)

D:J“ {'..— ]

-

D"Jtl"t* 1 bl‘J‘r*"J !

Figure 31. Photographs of digester sludge during phases II and III.
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Figure 32. Ratio of VFA/TALK compared to goal during phases II and III.
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Figure 33. VSS and TSS concentration trends during phases II and III.

Methane Production

Both the biogas flow rate and the methane content in the biogas remained steady during Phase III
(Figure 34) supporting the conclusion that the digesters were stable and not failing. Typically one
of the eariest indicators of anaerobic digestion failure is a sudden drop in biogas production and a
decrease in the biogas methane content. Two spikes in biogas flow rate around 10 and 20 d were
artifacts attributable to digester foaming and flow meter disturbance. The foaming may have been
attributable either to startup conditions or the relatively greater canola oil fraction that was added
to the food waste through Day 28 (Figure 28). Foaming was not observed thereafter.
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Figure 34. Biogas flow rate and methane concentration during phases II and III.

Cycling of methane concentration and biogas flow rate were attributable to cyclic feeding.
Figure 35 shows a closer look at the data over a 22-d period. Digester feeding was conducted on
Monday, Wednesday, and Friday between days 90 and 106 and then daily between days 108 and
114. The mass of food waste fed to the digester on a Friday was 50% greater than that fed on a
Monday or Wednesday between days 90 and 106. The reason for this different organic loading is
that a Friday feed was intended to provide sufficient organics for 3 days of digestion whereas a
Monday or Wednesday feed was intended to provide sufficient organics for 2 days of digestion.
For the daily feeding test between days 108 and 112 the organic load was 50% of the previous
weeks’ Monday and Wednesday loads because the feed was intended to provide sufficient organics
for one day of digestion. The Friday feed on day 112 was a normal feed with an organic load
threefold greater than the previous daily MTWT feedings. Methane concentration was observed to
decrease immediately following each feed and then subsequently increase. The magnitude of the
decrease and increase was lowest following a daily feed (i.e., 1X organic load), greatest following
a Friday feed (i.e., 3X organic load), and intermediate following a Monday or Wednesday feed
between days 90 and 106 (i.e., 2X organic load). The initial decrease in methane concentration
was attributed to increased CO2 generation associated with acidogenesis. For example consider the
fermentation of glucose to hydrogen, carbon dioxide, and acetate:

CeH12C6 + 2H20 - 4H2 + 2CO2 + 2C2H402 3)

Figure 35 illustrates the rapid incease in acetic acid following feeding on Day 103. The generated
CO: effectively diluted the methane in the biogas. Methanogenesis was not inhibited, rather it just
occurred more slowly than acidogenesis. The subsequent increase in methane concentration was
due to consumption of available substrates (acetate and hydrogen) by the methanogens. ADM1
modeling of different feeding strategies (Figure 36) supports these observations. The modeled
decrease in methane concentration was 18% following MWF feeding versus 8% for daily feeding.
The observed methane concentration decreases (Figure 35) were 9.6+0.8% for MWF feeding
(days 90 to 106) versus 5.0+0.4% for daily feeding (days 108 to 112). While the absolute values
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of the observed and modeled decreases are different, they illustrate the effect on relative organic
loads and feeding frequency on methane concentration cycles. The ADM1 model was calibrated
based on earlier laboratory bench-scale studies and was not recalibrated for the pilot-scale
demonstration which may explain the differences in methane decreases. See Appendix E for
additional details on ADM1 modeling.
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Figure 35. Transient flow rates, methane concentrations, and acetate concentrations in response

to feeding (vertical dashed lines) on Monday (M), Wednesday (W), and Friday (F) or daily
(MTWTF).
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Figure 36. ADM1 model results showing transient methane concentrations in response to daily
feeding and MWF feeding.
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While methane production was consistent throughout Phase III (Figure 34), the production rate of
0.82+0.22 L/L/d was less goal of 2 L/L/d (Figure 37). The initially high rate on day 6 was
associated with the digester seed. It is likely that methane production was less than the goal because
of the lower organic loading rate (COD and VS loading rates) as discussed earlier (Figure 30).
Methane yields based on loaded COD and VS were 270+75 L/kg-COD and 360+70 L/kg-VS and
exceeded the goals of 190 L/kg-COD and 310 L/kg-VS (Figure 38). These support the conclusion
that low organic loading rates to the digesters rather than inhibition limited the volumetric methane
production rate.
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Figure 37. Volumetric methane production rate during phases II and III compared to goal.
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Figure 38. Methane yield per unit loaded COD (a) and VS (b) during phases II and I1I compared
to goals.
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A common metric used at WWTP is the methane production per unit of VS destroyed. Wastewater
treatment plant anaerobic digesters treating wastewater solids typically produce about 7.5 to 10 ft*
of methane per Ib of VS destroyed (470 to 620 L/kg) (Tchobanoglous et al. 2003; Water
Environment Federation 2010). Digester VS measurements were not initiated until day 76 thus
limited data from Phase III are available. The data show the methane yield based on VSD was
increasing over time (Figure 39) and averaged 440+140 L/kg (7.0£2.3 ft*/lb) with a maximum
value of 640 L/kg (10 ft*/Ib). Thus the methane production per unit VSD was within the typical
range further suggesting a lack of inhibition.
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Figure 39. Methane production per unit volatile solids destroyed during phase I11.

Energy Conversion

Food waste energy conversion to methane was assessed by calculating the the total COD of the
food waste/canola oil mixture fed to the digesters and the methane-COD (377 mL-CH4/g-COD at
standard conditions of 21.4 °C [70 °F] for the biogas flow meter) generated each week (Figure 40).
No discernable trends were observed indicating digester stability and the average energy
conversion was 73+19% which was about the same as the goal of 70%. This energy conversion
did not consider parasitic demands (e.g., heating, pumping, and mixing) nor did is consider
conversion of methane to electrical power. These aspects are discussed in Sections 6 and 7.
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Figure 40. Energy conversion based on COD loading and methane production during phases II
and III.
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Energy conversion was also evaluated on a specific rate basis. The specific methane production
rate was compared to the SELR to assess conversion of food waste energy (i.e., in terms of COD)
to methane (Figure 41). The total specific methane production rate was less than the SELR
(Figure 41a) and the slope of the correlation (Figure 41a inset) was 71% (intercept forced to 0, 12
= 0.41) which is consistent with the observed energy conversion of 73+19%. Laboratory bench-
scale BMP tests with USAFA food waste demonstrated that specific methane production per unit
COD loaded was correlated to the protein+fat content (see Section 5.2 and Appendix D). When
the SELR was based only on proteint+fat (Figure 41b) the energy conversion was 100%
(intercept forced to 0, r’=0.50). Additionally the temporal variations in the specific methane
production rate tracked the protein+fat SELR. These data suggest that methane production from
the food waste/canola oil mixture was controlled by the fat+protein content. Additionally, these
data indicate that measurement of fat+protein content is a potentially useful predictor of methane
yield and production rate. Carbohydrates were apparently not digested as well as protein and fat.
One hypothesis is that food waste carbohydrates include cellulosic materials that are relatively
recalcitrant to biodegradation compared to protein and fat.
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Figure 41. Specific methane-COD production rate compared to total SELR (a) and SELR based
on proteint+fat content (b). High methane production on Day 6 is attributable to the digester seed.
Insets show data from phase III (> 33 d) and line of unity.

The energy efficiency of 73+19% calculated above does not take into account parasitic energy
losses incurred during conversion of biogas energy into usable power. Conversion efficiencies
were calculated to assess the actual performance of the pilot digester and theoretical conversion of
biogas to compressed biomethane capable of being used for vehicle fueling. Parasitic losses and
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net energy performance criteria were calculated for a nominally sized digester (i.e., 1 million
gallons) which would be capable of handling 100 tons/day (95,000 kg/d) of food waste based on
the above results. Typical pumping flow rates, pump heads, and gas scrubbing compressor energies
were estimated or assumed. In summary, the following estimates and assumptions were used to
assess parasitic energy demands:

o All motor efficiencies were assumed to be premium, high efficiency motors at 93%
efficiency.
o Digester mixing energy: 40-minute tank turnover time, with low head draft tube

mixer pump at 0.1 ft of operating head and no static head. Draft tube mixer
efficiencies were assumed to be 80%.

. Sludge recirculation heating: 500 gpm pumps with 40 ft of head to pump through
the heat exchanger, no static head. Pump efficiency was assumed to be 65%.

J Hot water heating pump: 500 gpm with 25-ft head. Pump efficiencies were assumed
to be 80%.

o Digester feed pumps: Positive displacement pumps, providing 22-day SRT, pump
discharge pressure of 40 psig. Positive displacement pump efficiency of 50%.

o Gravity discharge from digester. No electrical energy required for plant boilers and
plant hot water loop as they are components of larger system.

J Assumed H2S and CO:2 removal with a water scrubber. No additional energy
required for compression as scrubbers operate at 8 to 10 bar, which is less than
compressed natural gas pressures.

o Water scrubber water pump assumed at 50 gpm, 6.5 bar pressure.
o Boiler combustion efficiency of 94% as gas is scrubbed of H2S and COz.
o Compressed natural gas pressure of 3600 psig, with isothermal compressors.

Isothermal compressors assumed to be 55% efficient and require 25 hp for
compressor cooling water pumping and radiator water cooling.

The energy efficiency accounting for parasitic demands was calculated to be 63% which is similar
to the goal of >50%. Calculations are in included in Appendix L.

Ammonia

Total ammonia concentrations in the digesters during Phase III were high (2900+420 mg-N/L) as
were free ammonia concentrations (180+46 mg-N/L). The pH increased because of the alkalinity
contributed by the increasing ammonia during Phase II and then stabilized (Figure 42). Several
studies have suggested that free ammonia is inhibitory at concentrations about 150 mg/L
(Ariunbaatar et al. 2015; Braun et al. 1981; McCarty and McKinney 1961). However others have
suggested that digester consortia can acclimate to higher concentrations (Yenigun and Demirul
2013). Stable methanogenesis was observed in the digesters between days 33 and 100 at the
observed free ammonia concentrations of 160428 mg-N/L (Figure 43). Prior to this time
(i.e., during Phase II) acetic acid concentrations increased along with free ammonia; the ratio of
VFA/TALK remained relatively contant and the volumetric methane-COD production rate
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decreased. Phase II from 0 to 33 d was considered to be a period of acclimation. The period from
33 to 100 d was stable based on constant VFA/TALK and contant volumetric methane-COD
production rate. The acetic acid concentration reached a maximum of 1600 mg/L on Day 41 and
then decreased further suggesting acclimation to the high free ammonia concentration. While
stable, the acetic acid concentration was 770+360 mg/L which is considered quite high. Formic
acid increased in parallel to acetic acid reaching a maximum concentration of 180 mg/L; clearly
discernable trends of other VFAs were not observed (Appendix H, Figure 3). VFA/TALK was
0.124+0.05 mg-acetate equivalents/mg-CaCO3 during the same period. These data suggest stable
methanogenesis in the presence of high free ammonia is possible and is associated with atypically
high VFA concentrations.
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Figure 42. pH and total/free ammonia trends in phases II and III.

After Day 100 a sudden increase in free ammonia was observed reaching a maximum of
280 mg-N/L. This increase was associated with a decreasing trend in methane production rate and
a slightly lagging increase in acetic acid and VFA/TALK. The sudden increase in free ammonia
may have been attributable to increased protein content in the food waste (Appendix H, Figure 2).
The decreasing trend in methane production rate was also associated with a decreased organic
loading rate (Figure 30) and decreased VSS (Figure 33). This transient period post day 100 may
have been associated with digester failure or acclimation to a new stable operating state. Neither
can be concluded based on the available data. Figure 44 illustrates that ratio of methane-COD
produced to protein+fat COD loaded did not decrease in response to increasing free ammonia.
These data support a lack of ammonia inhibition with a caveat — the data at the higher free ammonia
concentrations were measured under transient conditions (Figure 44). Thus definitive conclusions
regarding ammonia inhibition at concentrations greater than 180+46 mg-N/L cannot be made
based on the available data.
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Solids Destruction

High percentages of TS and VS destruction were observed (Figure 45). The average TSD and
VSD were 78+3.4% and 8143.0%, respectively. The observed TSD and VSD were greater than
~55% typically observed for waste activated sludge (Water Environment Federation 2010;
Tchobanoglous et al. 2003) and similar to values previous reported for food waste (Gray (Gabb)
2008). The TSD and VSD results were greater than the goals of 60% and 38% respectively.
Volatile suspended solids destruction (VSSD) was calculated as an estimate of the reduction of
food waste solids to digester sludge that may require subsequent disposal. The VSSD result of
92+2.7% indicates high food waste waste reduction can be achieved by anaerobic digestion.

TSD and VSD were not significantly different from the feed fat+protein content (Figure 46; p =
0.42 and 0.19, respectively based on a two-tailed t-test with equal variance). TSD and VSD were
significantly different different from the feed VS/TS ratio (p < 0.001 in both cases bases on a two-
tailed t-test with equal variance). These data suggest that the solids destruction was related to the
protein+fat content of the food waste/canola oil mixture and the carbohydrate fraction may have
been relatively recalcitrant to anaerobic digestion even at long SRT (40+14 d). Nevertheless, the
decreasing trend of TSS and VSS (Figure 33) reported above was in part attributable to high solids
destruction. For example, the average food waste/canola oil VS was 28+2.7% (Table 9) and the
final VSS on day 118 was 3500+1800 mg/L (Figure 33) indicative of 99% VSSD. This value is
greater than the average VSSD of 92+2.7% and slightly greater than the final measured VSSD
96+2.1%. A VSSD of 99% would suggest an effective growth yield (i.e., taking into account cell
death) of 1% which is low compared to typical values of 3 to 10% (Water Environment Federation
2010; Tchobanoglous et al. 2003). Therefore additional factors such as increased free ammonia
after day 100 (Figure 43) may have contributed to decreasing VSS trend in the digester.
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Figure 45. Volatile and total solids destruction compared to goals. Volatile suspended solids
destruction (VSSD) is also shown which was calculated from VSS in the digestate and VS in the
digester feed.
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Figure 46. Comparison of digester feed characteritics to observed average total and volatile
solids destruction.

ADM1 Modeling Summary

ADMI1 modeling was conducted to further explore observed trend in VSS. Modeling was
conducted to simulate: 1) washout of inerts introduced with the seed sludge; 2) digestion of VS
introduced with the seed sludge; and digestion of food waste/canola oil fed to the digesters.
Modeling assumptions, parameters, and supplementary results are presented in Appendix M.
Figure 47 shows model results for the different VSS fractions. The initial VSS of 8 g/L is equal
to the initial measured VSS in the digester. Inerts from the digester seed were modeled to washout
of the well mixed digester at a rate commensurate with the HRT. The amount of inerts being
introduced to the digester with the food waste/canola oil were assumed to be minimal (1%) based
on the high VS/TS of the food waste/canola oil mixture. The undigested solids were observed to
remain low consistent with the high digestibility of the food waste/canola oil. Microbial growth
(i.e., biomass) increased through Phase II (Day 32) and then remained relatively constant during
Phase III. The total VSS was modeled to decrease from 8 g/L to about 6 g/L by the end of Phase
III. Figure 48 compares these results to the observed VSS in the replicate digesters. The model
appears to have underestimated VSS between Days 33 and 72. Thereafter the model
underestimated the observed decline in VSS although considerable scatter was evident. Therefore
the model was only partially successful in explaining the observed VSS decline near the end of
Phase III. The apparent decline of VSS after ~100 d is unexplained and have been associated with
a reacclimation period as described above (Figure 43).
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Figure 48. Comparison of ADM1 model results to observed digester VSS.

5.6.3 Phase IV

At the conclusion of Phase III the pilot digesters were drained, the feeding process was modified
to eliminate food waste/canola oil dilution with water, and one digester was reseeded to initiate
Phase I'V. Digestate was used to mix and dilute the food waste/canola oil instead of potable water.
Phase IV did not have a startup or acclimation step analogous to Phase II. The SRT and HRT were
longer than in Phase III (i.e., 130+£91 d versus 40+14 d) because of the more concentrated food
waste/canola oil mixture digester feed. The duration of Phase IV was less than one SRT and the
digester was not considered to have reached steady state.
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The volumetric VS and COD loading rates and the SELR are presented in Figure 49. The loading
rates were kept relatively constant for the first 20-30 days and the were increased in excess of the
goals. The COD and VS loading rates did not parallel each other as well as during Phases II and
IIT (Figure 30). The reason may have been challenges with diluting and measuring the COD of
the undiluted food waste. Nevertheless, the general trends of organic loading increases through
day ~40 followed by decreases were similar. The modified feeding strategy resulted in the
volumetric VS and COD loading rates (2.9+0.8 g-VS/L/d [goal = 3.2] and 5.3+1.8 g-COD/L/d
[goal = 4.8]) possibly being met during the last 20 days of Phase IV considering data variability.
The Phase IV SELR (was similar in Phase IV (0.47+0.30 g-COD/g-VSS/d) to that in Phase III
(0.44+0.17 g-COD/g-VSS/d).

The pH transiently decreased and the VFA/TALK ratio transiently increased during the first
10 days of operation (Figure 50). Stable operation was observed for the remainder of Phase IV
though a second transient pH decrease was observed beginning ~40 d. The organic loading rate
was decreased in response to this second pH decrease. pH averaged 7.6+0.1 and remained within
the goal of 6.8 to 7.8. VFA/TALK was 0.12+0.09 g-acetate equivalents/g-CaCO3 and less than the
goal of 0.20. Biogas flow rates gradually increased and methane concentration remained generally
constant (6146.6%) during Phase IV (Figure 51). The methane composition was similar to that
for Phase III (59+4.6%). These data suggest the digester was relatively stable during its relatively
short period of operation. Thus the modified feeding strategy in Phase IV did not have adverse
effects on digester stability.
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Figure 51. Phase IV trends of biogas flow and methane content.

The modified feeding strategy clearly had the desired effect of increasing TSS and VSS over time
(Figure 52) in contrast to the decreasing trend observed during Phase III (Figure 33). The
increased VSS presumably was associated with a greater and more robust microbial population
that allowed the volumetric methane production rate goal of 2 L/L/d to be achieved at the end of
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Phase IV (Figure 52). Digester operation was stopped at this time and thus stability of this methane
production rate could not be determined. Nevertheless a clear increasing trend was observed
demonstrating the value of the concentrated food waste feeding strategy. The Phase IV methane
yields based on VS and COD loading were 490+140 L/kg-VS (compared to the goal of 310 L/kg
and the Phase III result of 360+70 L/kg) and 230+£150 L/kg-COD (compared to the goal of
190 L/kg and the Phase III result of 270+75 L/kg). Energy conversion (not including parasitic
energy demands) increased over time (Figure 53) and averaged 62+40%. Methane yields also
increased over time (Figure 54).
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Figure 52. Phase IV trends of solids and volumetric methane production rate compared to goal.
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Figure 53. Phase IV energy conversion.
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Figure 54. Methane yield per unit loaded COD (a) and VS (b) during Phase IV compared to
goals.

Ammonia

Total and free ammonia increased during Phase IV though the maximum concentrations were not
as great as in Phase III (Figure 55). The maximum free ammonia concentration in Phase IV awas
170 mg-N/L compared to 280 mg-N/L in Phase III. An initially high acetic acid concentration was
observed on day 6 of Phase IV which then decreased. It is uncertain whether this high
concentration was associated with the digester seed or attributable to the initial feeding of food
waste/canola oil and the observed pH and VFA/TALK (Figure 50). Thereafter acetic acid
concentration may have increased but considerable variability was observed. Average acetic acid
concentration during the stable Phase I1I period (from day 33 to 100) was 770+£360 mg/L compared
to 250+170 mg/L in Phase IV excluding the initial datum (3704370 mg/L including the initial
datum). The average free ammonia concentrations for the same periods were 160+28 mg-N/L for
Phase III and 110+£14 mg-N/L for Phase IV. Formic acid concentration consistently increased
during Phase IV (Figure 55) just as in Phase III (Appendix H, Figure 3). No clear evidence of
inhibition was observed during Phase IV. The data support the conclusions from Phase III that a
free ammonia concentration of 180 mg-N/L was not inhibitory and the food waste/canola oil
digestion was associated with elevated VFA concentrations.
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Figure 55. Phase IV trends of acetic and formic acids and free ammonia.

Residuals

The digestates in Phase I1I and IV were analyzed for various parameters that are related to potential
reuse (e.g., as fertilizer or compost amendment) and/or disposal. Table 10 summarizes the results
of testing. The results reported for Phase IV are for single grab sample collected on Day 54 of
Phase IV. In addition, Dr. Matt Higgins of Bucknell University conducted dewatering tests on a
sludge sample at the end of Phase IV. The sludge was not easily dewatered and the resultant cake
solids were 9.5%. The poor dewaterability was attributed to the high ratio of monovalent cations
(e.g., ammonium) to divalent cations (e.g., calcium) (see Appendix N).

The follow general conclusions can be made regarding digestate quality:
o COD concentration of the digestate was high in part because of the high VFA

concentrations. The VFA concentrations also resulted in the digestate having a
strong odor.

J TSS and VSS concentrations were moderate and would likely be greater with
prolonged operation at high solids loading in the feed.

o Dewatering the sludge was challenging.

o Ammonia was high indicating good potential as a nutrient source.
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o Metals were less than the RCRA toxicity characteristic for designating hazardous
waste. However, this regulatory criterion is not necessarily applicable to this sludge
if it is regulated under the Clean Water Act. Certain metals (i.e., Co, Mo, Ni, and
Se) were present because they were added to the food waste as nutrients. Others

may have originated either from the digester seed or the food waste.

Table 10. Digestate analysis results.

Analyte Units Result Regulatory Limit?
Total COD mg/L 30,000 NA
TSS mg/L 15,000 NA
VSS mg/L 14,000 NA
Total ammonia mg-N/L 2,500 NA
Total alkalinity mg-CaCOs/L 12,000 NA
pH 7.73 NA
HPC CFU/mL 6.6E+07 NA
Fecal coliforms MPN/100 mL 4.9E+04 NA
Sulfide mg/L 71 NA
Arsenic pg/L <100 5,000
Barium pg/L 25,700 100,000
Cadmium pg/L 15 1,000
Chromium pg/L 146 5,000
Cobalt pg/L 392 NA
Copper pg/L 3,660 NA
Iron pg/L 42,300 NA
Lead pg/L <100 5,000
Manganese pg/L 1,250 NA
Mercury pg/L 1.52 200
Molybdenum pg/L 764 NA
Nickel pg/L 499 NA
Selenium pg/L 260 NA
Silver pg/L 24 5,000
Zinc pg/L 7,140 NA
2 RCRA toxicity characteristic for hazardous wastes.
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5.6.4 Biogas Characterization and Purification

Biogas Characterization

Methane content of the digester biogas was 59+4.6% and 61+6.6% in phases III and IV,
respectively. These results are equivalent to the goal of 60%. The biogas also contained H2S and
several organosulfur compounds (Table 11). Digester biogas concentrations of H2S were
2,500+1,100 mg/m? (1,800+780 ppm) and 2,000+590 mg/m? (1,400+420 ppm) in phases III and
IV, respectively. The predominate organosulfur compounds detected in the biogas were methyl
mercaptan, n-propyl mercaptan, and dimethyl sulfide which were detected in both phases and at
frequencies greater than 10%. Several other organosulfur compounds were detected only in Phase
II1.

Siloxanes are typically present in anaerobic digester biogas at WWTP and originate from silicones
used in personal care products. Siloxanes were not expected to be present in the food waste/canola
oil digester biogas but were measured during Phase III nevertheless. Table 12 indicates low
concentrations of three siloxanes were detected in one of two samples. The detections were on
Day 59 which was just 19 d more than 1 HRT (40+14 d). On Day 118 they were not detected. Thus
the siloxanes were probably associated with the digester seed that was treating waste activated
sludge from the USAFA wastewater treatment plant.

Sulfur Removal

During Phase IV SulfaTrap was evaluated for H2S removal from digester biogas and VSA was
evaluated for CO2 and moisture removal. On Day 14, 2.3 kg of SulfaTrap was installed into the
gas purification system and Figure 56 illustrates the performance with respect to H2S removal.
H2S concentrations were reduced by 99.9% or more until breakthrough around 50 d. HaS
concentrations prior to breakthrough averaged 0.11+0.14 ppm (0.16 mg/m?). The sulfur content of
the spent SulfaTrap was 3.9% by weight. This is considerably less than the expected loading of
>20% (Appendix F). The reason for the lesser performance was moisture condensation on the
SulfaTrap media based on visual observation. Moisture condensation affects sulfur loading
capacity and mass transfer. Condensation would be prevented in a full-scale application by
maintaining biogas at a temperature above its dew point.
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Table 11. Biogas reduced sulfur compound concentrations.

Phase 111 Digester Biogas Concentration (mg/m?®)

Phase IV Digester Biogas Concentration (mg/m?)

Detection Detection
Compound Minimum | Average Median | Maximum | N | Frequency | Minimum | Average | Median | Maximum | N Frequency
Hydrogen Sulfide 1,300 2,500 2,600 3,900 6 100% 800 2,000 2,100 2,600 7 100%
Methyl Mercaptan 1.0 7.8 6.6 17 6 100% 0.00 0.34 0.00 24 7 14%
n-Propyl Mercaptan 0.00 14 3.9 64 6 67% 0.00 3.8 2.6 14 7 71%
Dimethyl Sulfide 0.00 34 0.00 18 6 33% 0.00 0.00 0.00 0.00 7 0%
tert-Butyl Mercaptan 0.00 0.77 0.00 4.6 6 17% 0.00 0.00 0.00 0.00 7 0%
n-Butyl Mercaptan 0.00 0.73 0.00 44 6 17% 0.00 0.00 0.00 0.00 7 0%
Ethyl Mercaptan 0.00 0.13 0.00 0.78 6 17% 0.00 0.00 0.00 0.00 7 0%
Thiophene 0.00 0.093 0.00 0.56 6 17% 0.00 0.00 0.00 0.00 7 0%
Carbonyl Sulfide 0.00 0.080 0.00 0.48 6 17% 0.00 0.00 0.00 0.00 7 0%
Isopropyl Mercaptan 0.00 0.053 0.00 0.32 6 17% 0.00 0.00 0.00 0.00 7 0%
Carbon Disulfide 0.00 0.00 0.00 0.00 6 0% 0.00 0.00 0.00 0.00 7 0%
Ethyl Methyl Sulfide 0.00 0.00 0.00 0.00 6 0% 0.00 0.00 0.00 0.00 7 0%
Isobutyl Mercaptan 0.00 0.00 0.00 0.00 6 0% 0.00 0.00 0.00 0.00 7 0%
Diethyl Sulfide 0.00 0.00 0.00 0.00 6 0% 0.00 0.00 0.00 0.00 7 0%
Dimethyl Disulfide 0.00 0.00 0.00 0.00 6 0% 0.00 0.00 0.00 0.00 7 0%
3-Methylthiophene 0.00 0.00 0.00 0.00 6 0% 0.00 0.00 0.00 0.00 7 0%
Tetrahydrothiophene 0.00 0.00 0.00 0.00 6 0% 0.00 0.00 0.00 0.00 7 0%
2,5-Dimethylthiophene 0.00 0.00 0.00 0.00 6 0% 0.00 0.00 0.00 0.00 7 0%
2-Ethylthiophene 0.00 0.00 0.00 0.00 6 0% 0.00 0.00 0.00 0.00 7 0%
Diethyl Disulfide 0.00 0.00 0.00 0.00 6 0% 0.00 0.00 0.00 0.00 7 0%
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Table 12. Digester biogas siloxane concentrations.

Phase 111 Digester Biogas Concentration (pug/md)
Detection
Compound Minimum | Average | Median | Maximum | N | Frequency
Decamethylcyclopentasiloxane 0 90 90 180 2 50%
Trimethylsilanol 0 48 48 96 2 50%
Dodecamethylcyclohexasiloxane 0 26 26 52 2 50%
Hexamethyldisiloxane 0 0 0 0 2 0%
Hexamethylcyclotrisiloxane 0 0 0 0 2 0%
Octamethyltrisiloxane 0 0 0 0 2 0%
Octamethylcyclotetrasiloxane 0 0 0 0 2 0%
Decamethyltetrasiloxane 0 0 0 0 2 0%
Dodecamethylpentasiloxane 0 0 0 0 2 0%
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Figure 56. Hydrogen sulfide removal by SulfaTrap installed on Day 14 and VSA operated
starting on Day 40. The Pre-VSA sample was collected from the biogas holder to provide a
direct measurement of the VSA inlet concentration.
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Carbon Dioxane and Moisture Removal

Biogas that has been desulfurized (sweetened) was stored in a biogas holder prior to treatment by
the VSA. Table 13 presents a summary of post-VSA gas composition and characteristics in
comparison to natural gas specifications. In general the goals for natural gas quality were met.
Nitrogen and oxygen measurements were compromised by accidentally introduced air during grab
sampling. This conclusion is supported by the ratio of oxygen to nitrogen was 39+7% which is
similar to though slightly higher than that for air (27%). Methane recovery was estimated to be
94+2.9% exceeding the goal of 80%. Detailed information on the VSA testing are included in the
TDA report included in Appendix F.

Table 13. Post-VSA gas composition and properties.

Parameter Post-VSA Natural gas specification
H,S 0.030+0.035 ppmv <4 ppmv

CH4? 98+0.5% >95%

CO,° 2.1+0.4% <3%

Ny ¢ 3.1+2.0% <3%

0;°¢ 1.2+0.6% <0.2%

Moisture content 0.10 g/m? (6 Ib/MMscf) 4 <0.12 g/m?® (< 7 Ib/MMscf)

a Result is corrected for air accidentally introduced into the samples during grab sampling. Uncorrected result is 94+2.9%.
® On-line infrared analysis indicated CO2 was less than 1.5%.

¢ Not corrected for sampling artifact.

4 Equivalent to a dew point of -40 °C
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6.0 PERFORMANCE ASSESSMENT

This section provides a detailed synthesis of the data presented in Section 5 with the Technology
Performance Objectives presented in Section 3. Several of the Quantitative and Qualitative
Performance Objectives are related and are discussed together below.

6.1 RENEWABLE ENERGY CONVERSION

Renewable energy conversion was evaluated with respect to: 1) energy conversion efficiency,
2) methane yield, 3) methane production rate, and 4) biogas methane content.

The energy conversion efficiency was first evaluated by comparing methane produced by the
digester to the food waste and canola oil loaded. The comparison was done on a COD-equivalents
basis as an estimate of potential energy content of the digester feed and biogas. The average energy
conversion in Phase III was 73+19% (Figure 40) and was similar to the goal of >70% though not
exceeding it. Energy conversion was steadily increasing during Phase IV (Figure 53) because the
digester operated for 59 d which was less than 1 SRT (130491 d). Thus the Phase IV energy
efficiency of 62+40% is not considered as good of an estimate as that for Phase IIl. The energy
efficiency reported above does not take into account parasitic losses including pumping, digester
heating, and conversion of biogas energy into usable power such as compressed natural gas for
vehicle fueling. When these losses are taken into account the energy efficiency for Phase III was
estimated to be 63% which exceeded the goal of >50%.

Methane yields were estimated based on VS and COD loading for Phases I1I and IV. The methane
yields based on VS loading in Phases IIl and IV were 360+£70 L/kg and 490+140 L/kg,
respectively. These yields were greater than the goal of 310 L/kg. The methane yields based on
COD loading in Phases Il and IV were 270+75 L/kg and 2304150 L/kg, respectively. These yields
were greater than the goal of 190 L/kg. The yields estimated during Phase III are considered more
reliable estimates than during Phase IV because values were relatively stable in Phase III
(Figure 38) and were increasing during Phase IV (Figure 54). The Phase III methane yield
calculated as a function of VSD was observed to increase over time (Figure 39) and was estimated
to be 440+140 L/kg (7.0+2.3 ft*/Ib) with a maximum value of 640 L/kg (10 ft*/Ib). These values
are consistent with previously reported yields of 470 to 620 L/kg (7.5 to 10 ft*/Ib) (Tchobanoglous
et al. 2003; Water Environment Federation 2010).

The volumetric methane production rate goal of 2 L/L/d was not met in Phase III. During this
phase 0.82+22 L/L/d was produced (Figure 37) and was limited by the organic loading rate as
discussed in Section 6.2 below. Phase IV involved modification of the food waste/canola oil
feeding strategy to eliminate water addition and effectively feed a more concentrated food
waste/canola oil mixture. This modification resulted in greater VSS concentrations
(compare Figures 33 and 52) and presumably greater microbial concentrations which in turn
allowed greater organic loading rates. The net effect was gradually increasing volumetric methane
production rates over the 59-d Phase IV operational period ultimately producing 2.0 L/L/d
(Figure 52). The average rate was 1.1+£0.65 L/L/d. Firm conclusions regarding the long-term
ability of the digester to produce > 2 L/L/d methane cannot be made based on the available data
because the digester was operated for only 0.45 SRT (59 d). Nevertheless, the consistent trend
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illustrated in Figure 52 suggests that meeting or exceeding the goal would have been likely if the
digester had been operated longer.

Biogas composition in Phases I1I and IV were 594+4.6% and 61+6.6%, respectively, and similar to
the goal of 60%. The biogas composition cycled due to the cyclic feeding method but was
consistent in both phases (Figures 34 and 51). Typical methane concentrations in digester biogas
range from 59 to 64% (Tchobanoglous et al. 2003; Water Environment Federation 2010).

In addition, the yield and rate of methane production was determined to be correlated to the
protein+fat content of the food waste (Figures 9 and 41). These observations suggests a useful
metric for prediction of methane production from food waste and FOG. They also suggest the
carbohydrate fraction of USAFA food waste was relatively recalcitrant. Recalcitrance to
biodegradation may have been caused by the carbohydrate fraction being comprised predominately
of cellulose (e.g., roughage or fiber) as opposed to starch and simple sugars.

The following conclusions can be made regarding the energy conversion performance objective:

o Energy efficiency of the food waste digestion process met but did not exceed the
goals of 70% for food water/canola oil COD conversion to methane. The goal of
50% considering parasitic power losses was exceeded.

o Methane yields based on VS and COD loading were exceeded reflecting the high
digestibility of the food waste.

o The protein+fat fraction can be used to predict methane production rate and
potentially methane yield.

o The methane content of the biogas was consistent (~60%) though it did cycle in
response to cyclic feeding. Continuous feeding would dampen this cycling.

6.2 DIGESTER CAPACITY/STABILITY

Digester capacity and stability was evaluated with respect to: 1) volumetric VS and COD loading
rates, 2) specific COD loading rates (SELR), 3) pH, 4) VFAs and the ratio VFA/TALK, 5)
ammonia and potential toxicity, and 6) food waste/canola oil composition.

The Phase III volumetric VS (2.4+0.6 g-VS/L/d) and COD (3.0+1.0 g-COD/L/d) loading rates
(Figure 30) were less than the goals of 3.2 g-VS/L/d and 4.8 g-COD/L/d. Attempts to increase
loading further between the start of Phase III on Day 33 and Day 100 were not made because of
several observations that suggested digester inhibition and potential for failure. These observations
included: 1) high concentrations of VFAs (e.g., acetic acid was as high as 1600 mg/L and averaged
770+£360 mg/L [Figure 43]), 2) relatively high VFA/TALK ratio (0.12+0.05 mg-acetate
equivalents/mg-CaCOs (Figure 32), 3) free ammonia concentrations (160+28 mg-N/L mg-N/L)
greater than those previously reported (150 mg/L) to be inhibitory (Ariunbaatar et al. 2015; Braun
et al. 1981; McCarty and McKinney 1961), and 4) digestate color changing from black to brown
(Figure 31). On the other hand pH during Phase III was not inhibitory (7.8+0.1). Inhibition was
later determined to not have occurred during this period based on methane yield and biogas
methane content (discussed above), stable methane production rates between Days 33 and
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100 (Figure 43), no observed effect of free ammonia concentrations on conversion of food
waste/canola oil fatt+protein to methane (Figure 44), and consistently high VSD and VSSD
(Figures 45 and 46). Insufficient nutrients did not explain the observed results since they were
supplemented and not observed to be limiting in the pilot demonstration (Appendix H, Figure 1)
as they were in the laboratory study (Figure 11). If inhibition had occurred for any reason, methane
production and yield would have decreased and the VSD and VSSD would have decreased leading
to increasing rather than decreasing VSS. The observed decrease in VSS (Figure 33) was
attributed to high VSSD rather than inhibition. The lack of apparent free ammonia inhibition may
be attributable to acclimation (Yenigun and Demirul 2013) or a shift in population from aceticlastic
to hydrogenotrophic methanogens. Hydrogenotrophic methanogens have been reported to be less
sensitive to free ammonia than aceticlastic methanogens (Wilson et al. 2012; Zhang et al. 2014).
Thus acetate oxidation to hydrogen and CO:2 and subsequent hydrogenotrophic methanogenesis
(Karakashev et al. 2006) may have been important in the food waste digesters. High VFA
concentrations may be characteristic this apparent acclimation. The brown sludge color may have
been associated with declining iron concentrations in the digester that started out at 92 mg/L and
ended at 12 mg/L (Appendix H, Figure 1). Iron sulfides are typically the cause of the black color
in anaerobic digestates.

The laboratory study provided initial evidence that a dilute digester feed could lead to digester
instability (Figure 10). Previous research has suggested that close associations between syntrophic
bacteria and methanogens promotes development of microenvironments that promote more rapid
digester startup and stability (McMahon et al. 2004). Based on these results, we hypothesized that
dilute VSS concentrations and associated dilute concentrations of syntrophic bacteria and
methanogens could lead to instability. The VSS concentration at the end of Phase IIl was
3,500+1,800 mg/L (Figure 33). This low VSS concentration was likely associated with low
microbial concentrations which would limit the achievable and sustainable volumetric organic
loading rate to the digesters. The SELR was used to evaluate organic loading relative to the low
VSS.

As described in Section 5.2, organic loading rates calculated as the VS loading rate per unit of
digester volume is a common design and operating parameter for anaerobic digestion of municipal
sludge but is not as useful of a parameter for anaerobic digestion of other types of organic wastes
which have variable biodegradability and energy content. An alternative metric termed the SELR
has been proposed (Evans et al. 2012). The Phase III SELR was 0.444+0.17 g-COD/g-VSS/d
(Figure 30) which exceeded the goal of 0.26 g-COD/g-VSS/d. Assuming a VSS concentration of
2% in an anaerobic digester treating waste activated sludge and a COD/VS ratio of 1.8 g/g, the
SELR goal translates to a volumetric VS loading rate of 2.9 g-VS/L/d (0.18 1b/ft*/d) which is near
the maximum at which anaerobic digesters are typically loaded (Tchobanoglous et al. 2003; Water
Environment Federation 2010). The observed value of 0.44+0.17 g-COD/g-VSS/d is 70% greater
than the goal suggesting that the organic loading was at risk of exceeded the metabolic capacity of
the microorganisms in the digester. However, the capacity was not exceeded based on the observed
methane yields and production rates. Furthermore, the specific methane production rate was
observed to correlate to the proteintfat SELR (Figure 41).
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One way to increase the volumetric organic loading rate to the digester is to increase the VSS
concentration. Phase IV evaluated this approach where the digester feeding process was modified
to eliminate dilution water. Digestate was recycled only to create a pumpable food waste/canola
oil slurry. The effective VS of the food waster/canola oil mixture fed to the digesters in Phases II1
and IV were 8.9£1.3% and 24+5.8%, respectively, an increase of 170%. This process change
achieved the desired goal of increasing VSS concentrations in the digester. The VSS
concentrations at the end of Phases III and IV were 3,500+1,800 mg/L (Figure 33) and 14,000
mg/L (Figure 52), respectively even though the starting VSS concentrations were both 7,800
mg/L. With the increase in VSS, the volumetric organic loading rate (Figure 49) and methane
production rate (Figure 52) increased compared to Phase III (Figures 30 and 37). The SELR did
not increase (0.47+0.30 g-COD/g-VSS/d in Phase IV versus 0.44+0.17 g-COD/g-VSS/d in Phase
IIT) providing additional justification for the SELR concept.

Canola oil was used to simulate USAFA grease trap was and can be inhibitory (Figure 12). Yet
digester startup strategy can be used to mitigate inhibition (Figure 13). A detailed study of these
concepts was not conducted during the field demonstration. However the demonstration did
provide relevant data. The initial canola oil content was ~15% and then was reduced to ~10%
(Figure 28). The initially high canola oil content in Phase III may have caused foaming
(Figure 34). Further testing at this high canola oil content was not conducted in Phase III. But a
similar trend of canola oil content was observed in Phase IV where foaming was not observed. The
increased VSS and SRT (130491 d in Phase IV versus 40+14 d in Phase III) may have mitigated
digester instability and foaming. The total fat content inclusive of food waste fat and canola oil
was 28+8.5% (Table 9) suggesting that high fat loading is possible without compromising digester
stability. However, acclimation and avoidance of shock loadings is warranted.

The following conclusions can be made regarding the digester capacity/stability performance
objective:

o Volumetric organic loading rates for VS and COD were not met on average but
were met near the end of Phase IV as a result of the feeding process modification.

o Feeding a concentrated food waste/canola oil mixture (e.g., 24+5.8% VS) in Phase
IV resulted in the ability to increase organic loading rates and methane production
rates. Feeding this concentrated mixture did lead to a long SRT (130491 d) but this
Phase did not operate sufficiently long (i.e., 0.45 SRT) to obtain steady state data.

o The SELR was a practical parameter that normalized volumetric organic loading
rates to food wastes with varying energy contents (i.e., protein, fat, and
carbohydrates) and to the VSS and associated microbial content in the digester. A
value of 0.4 g-COD/g-VSS/d was is considered to be a reasonable maximum design
value that allow stable digester operation.

o Free ammonia concentrations of 160 mg-N/L and potentially greater were not
inhibitory.

J Food waste/canola oil digestion was stable even though normal indicators of
instability (e.g., high VFA concentrations, high VFA/TALK, brown sludge) were
observed.
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6.3 WASTE SLUDGE RESIDUALS

Waste sludge residuals was evaluated with respect to: 1) solids destruction, and 2) physical,
chemical, and biological characteristics relevant to reuse or disposal.

In addition to energy recovery, solids destruction and minimization of solid waste generation is a
goal of food waste digestion. TSD and VSD in Phase I1I were 78+3.4% and 81+3.0%, respectively,
compared to goals of 60% and 38%. Phase IV results are reported in Section 3 however these
values are not considered reliable because the Phase IV digester was operated for less than 1 SRT.
The Phase III measured values include both suspended and dissolved solids fractions. Therefore
they do not represent the amount of sludge (i.e., undissolved solids) destruction. Calculation of
sludge destruction was conducted by comparing the VSS of the digestate to the VS of the food
waste/canola oil mixture. In doing this calculation the food waste/canola oil solids were assumed
to be completely undissolved. The result, defined as the VSSD, was 92+2.7%. The value for TSSD
was 91+£2.8%. Therefore, the anaerobic digestion process was capable of reducing solid waste
generation by 90%.

Biosolids generated by the process are regulated under 40CFR503(b) which provides definitions
for two classes of biosolids: Class A and B. Class B is relevant to this demonstration and requires
a 15-d SRT and 38% VSD. The SRT for Phase III was 40+14 d. Therefore the digestion process
met the requirements for Class B biosolids. These regulation as typically applied to waste activated
sludge from a municipal waste water treatment plant. Therefore these regulations may not be
directly applicable to food waste digestion. Class A would require digestion at higher temperatures
(i.e., thermophilic) and associated pathogen destruction. This was not evaluated but is a possible
approach to food waste digestion. Comparisons of mesophilic and thermophilic food waste
digestion have been conducted previously (Gray (Gabb) 2008).

Table 10 presented the results of the digestate analysis conducted in Phase IV. Based on these
results and the above discussion on solids destruction, the following conclusions can be made
regarding residuals from the process:

. The digestate contained high concentrations of ammonia (2,500 mg-N/L) and
various metal nutrients indicating it has high potential for use as a liquid fertilizer.
The ammonia concentration can be highly variable and will depend on the protein
content of the food waste feed. Some of the metals (Co, Mo, Ni, and Se) were added
because the food waste was deficient with respect to sustained methanogenesis.

o The solids content was low (1.5%) and these solids were difficult to dewater. These
aspects may provide challenges with respect to handling but addition of a source of
divalent cations (e.g., lime) may promote better dewaterability.

o Microbial pathogens (i.e., fecal coliforms) were present which may require special
handling if used as a liquid fertilizer.
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o No hazardous characteristics (e.g., hazardous metals in excess of RCRA toxicity
characteristics) were observed that would prohibit disposal. However, sulfide is
present as well as VFAs which can create a human health exposure (i.e., H2S) and
an odor issue. These attributes may affect its acceptability as a compost supplement
or a liquid fertilizer.

6.4 GASPURIFICATION

Gas purification was evaluated with respect to: 1) biogas composition, 2) H2S removal, 3) CO2
and moisture removal, and 4) potential renewable energy uses.

The biogas contained typical concentrations of methane (59+4.6% in Phase III) and H2S
(2,500+1,100 mg/m? [1,800+780 ppmv] in Phase III). The H2S was removed by more than 99.9%
by the SulfaTrap R7 adsorbent but sulfur loading was less than expected (3.9% versus > 20%)
because of moisture condensation on the SulfaTrap media. Laboratory studies conducted by TDA
with simulated biogas demonstrated sulfur loadings in excess of 20%. (Appendix F). A full-scale
system would be designed to prevent moisture condensation.

The VSA system was capable of recovering 94+2.9% methane compared to the goal of 80%.
Treated gas met all natural gas specifications with the exception of oxygen and nitrogen content.
However, sample contamination with air appears to have compromised sample results. Therefore,
the system was likely capable of generating natural gas that could be compressed for vehicle
fueling or injection into a natural gas pipeline.

6.5 GHG ACCOUNTING

The food waste digestion/biogas purification process has the potential to offset GHG emissions
by: 1) minimizing methane emissions from landfills, and 2) decreasing fossil fuel-derived COz
emissions that are generated via electricity production and vehicle use. A comparison of the food
waste digestion/biogas purification process to current methods of food waste management
(i.e., landfilling and composting) was conducted. Calculations are detailed in Appendix O.

GHG documentation was based on projected emissions from a nominally sized digester
(i.e., 1 million gallons). This digester would be capable of handling 100 tons/day (95,000 kg/d) of
food waste based on demonstration results. This digester is clearly oversized for most installations
but the results from calculations can be scaled to smaller facilities. The calculations assume that
the facility operates at a 40-d SRT, produces 270 L of methane per kg COD fed (from study
results), and is fed 120,000 mg/L COD (based on study food waste characteristics). Calculations
were also based on 94% methane recovery by the VSA process. Power for the process were
estimated. Electrical power was assumed to emit 1.34 pounds of CO: per kWh electricity
consumed (Energy Information Administration 2002).
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The calculated greenhouse gas emissions from a food waste digester is —470 tons per year (i.e., a
GHG offset). By comparison, previous research demonstrated that the greenhouse gas emissions
from landfilling and composting were 0.15 and 0.05 kg COze per kg food waste (Parry 2012).
Using the food waste characteristics of this study that would be an equivalent of 530 and 180 tons
per year for landfilling and composting, respectively. Thus, food waste disposal in anaerobic
digesters represents a significant greenhouse gas savings compared to landfilling and composting.
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7.0 COST ASSESSMENT

This study has shown that food waste digestion is technologically viable. The study showed that
the anaerobic digestion process reduced food waste solids and the biogas could be purified for use
as compressed natural gas. This section of the report examines the economic viability of the
process.

7.1 COST MODEL

To assess the economic viability, a simple cost model has been developed. The model utilizes
study performance conclusions including solids destruction, methane production, food waste
characteristics and SELR as well as published information for per capita food waste generation to
estimate the size of a full scale food waste digestion system. This will be done at three different
base sizes — net base size of 10,000, 20,000, and 40,000 personnel. Utilization of the methane fuel
was evaluated for the following technologies: heat production in boilers, CHP production,
biomethane production for pipeline quality natural gas, and biomethane production for vehicle
fuel. A White Paper prepared early in this study demonstrated that vehicle fuel can be the most
cost-effective use of biomethane generated from food waste digestion (Appendix C).

Costs of the digestion facility and sub-facilities for biogas methane production were estimated
based on published information, equipment quotes (adjusted to particular appropriate sizes), and
engineering judgment. Supporting calculations are included in Appendix P.

7.1.1 Full Scale Anaerobic Digestion Facilities

Facilities for bases of 10,000, 20,000, and 40,000 personnel were determined. Designs assumed a
total solids waste generation rate of 2 kg/capita/day with a food waste fraction of 14.5% of the
total municipal solid waste discarded (USEPA 2012). Thus, the per capita food waste generation
rate was 0.29 kg/capita/day.

Based on the study results, undiluted food waste has a VS content of 25%. Assuming a feed
mixture of FOG and food waste at a volumetric ratio of 1.2:100, which provides about 10% COD
from FOG of the total feed COD, then the COD and the VS content of the feed would
353,000 mg/L and 244,000 mg/L, respectively.

Using the calculated feed mixtures and an SELR 0.44 g-COD g-VSS™! d! as well as the average
VSSD 94%, then the estimated reactor volumes were calculated to be 160 m?, 320 m?, and 640 m?
for the 10,000-, 20,000-, and 40,000-personnel bases, respectively. To provide flexibility and
partial redundancy the required volumes were assumed to be constructed in two tasks. Biogas
production reported as methane for the three base sizes was projected to be 11 m*/h, 21 m*/h, and
42 m*/h from the smallest base to the largest base.

Capital costs for the anaerobic digestion system were calculated using CDM Smith engineering
cost curves. These curves were developed from many wastewater treatment plant digesters based
on volume of the digestion facility. The costs are full costs including tankage, pumping equipment,
boilers, and flares. The costs include contractor markups, mobilization, equipment startup, and
demobilization. They do not include engineering services. An additional 25% was added onto the
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construction costs to cover engineering and construction management services. Anaerobic digester
facilities were assumed to be constructed of concrete.

Based on the size of the digesters and the cost curves, the projected costs of the digester system
are as follows:

) 10,000 personnel base, $0.5M
) 20,000 personnel base, $0.8M
) 40,000 personnel base, $1.4M

Power draw for digestion equipment was calculated (Appendix P) as follows:

° 10,000 personnel base, 10 kW
° 20,000 personnel base, 12 kW
° 40,000 personnel base, 15 kW

The digester facility is assumed to require sampling and lab analysis once a day with a duration of
3 hours total. In addition, another 1 hour is allocated to maintenance. Analysis are assumed to
occur Monday through Friday only.

7.1.2 Gas Utilization Facilities

Methane gas generated from the anaerobic digestion facilities is a beneficial fuel. Most commonly
the fuel is used for one of four basic purposes: (1) production of heat, (2) production of heat and
power, (3) as a natural gas substitute, or (4) as a vehicle fuel (in the form of compressed natural
gas). All alternatives were assumed to include hot water boilers for heat production as the heat is
needed to maintain the anaerobic digestion process. However, the heat was assumed to have no
value as many locations there is not a demand for heat beyond the anaerobic digestion process. At
the methane lower heating value of 36 MJ/m® and typical engine efficiencies of 38%, the power
production ranges are estimated as follows:

o 10,000 personnel base, 33 kW
° 20,000 personnel base, 67, kW
° 40,000 personnel base, 133 kW

The size of the expected power production is less than typical internal combustion engines. As
such, CHP through the traditional engine would likely not be effective. However, the power
production aligns with typical microturbines. Therefore, it is assumed that any CHP solution would
utilize microturbines. Projected costs for CHP microturbines have been documented (Darrow et
al. 2015). Based on this document the expected project costs for a microturbine installation are as
follows:
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) 10,000 personnel base, $160,000
) 20,000 personnel base, $240,000
o 40,000 personnel base, $480,000

In addition to CHP, the biogas can be scrubbed to natural gas quality. Once scrubbed to natural
gas quality, it can be injected into a natural gas line as a natural gas substitute or compressed to
high pressures and used as a vehicle fuel. The cost of a vehicle fueling station was based on
published data (Smith and Gonzales 2014). Based on this document, the cost of a fast fill filling
station is estimated as follows:

) 10,000 personnel base, $270,000
o 20,000 personnel base, $510,000
o 40,000 personnel base, $640,000

Treatment of the raw biogas to natural gas quality require that all contaminants, moisture, sulfur,
and COz are removed. Table 14 presents the different gas purification and utilization systems with
the appropriate gas treatment technology. Note that for vehicle fuel, the system was analyzed
comparing both the TDA VSA and a water scrubber system.

Table 14 illustrates proposes several different technologies for gas treatment. Where, CO2 removal
is required, a VSA system and a water scrubber system are proposed for the gas treatment systems.
The VSA system is described in detail in Appendix F. For treatment systems combined with the
VSA system, SulfaTrap is proposed for treatment of H2S. A gas chiller is required for treatment
of gas to a microturbine and for gas treatment after the water scrubber. The VSA System removes
moisture as part of the treatment process.

Table 14. Comparison of various gas purification systems.

- . Delivery
e ulfur oisture Pressure
Utilization Removal Removal CO, Removal

(kPa gauge)
Cqmbmeq heat agd power Not required Gas chiller Not Required 517
using a microturbine
Ir.lJ ecpon into natural gas Iron sponge VSA VSA 103
pipeline
Vehicle fuel -VSA SulfaTrap VSA VSA 24,800
Vehicle fuel — water Water scrubber Gas chiller Water Scrubber 24,800
scrubber

As noted in the report in Appendix F, the VSA system produces gas at approximately 134 kPa
gauge. The water scrubber is assumed to produce scrubbed gas at 900 kPa. The VSA is assumed
to have a methane recovery of 92.6%. Based on communications with Dirkse Milieutechniek
(Netherlands), a water scrubber manufacturer, a water scrubber is assumed to have a methane
recovery of 97%.
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Gas treatment costs for iron sponge treatment, moisture removal, water scrubbers are based on
previous project equipment quotations. Equipment quotations are adjusted to this project based on
the “rule of six-tenths” (Perry and Chilton 1973; Williams 1947) which is as follows:

Cs = Ca X (SB/Sa)"® 4)
Where Cp = the approximate cost of equipment having size S

Ca = is the known cost of equipment having corresponding size Sa
Project costs are estimated to be 2 times the equipment cost for construction and installation, plus

another 25% for engineering. Thus the costs for the gas treatment options were calculated in
Appendix P as follows:

o Moisture removal — Rule of six tenths applied based on flow only
0 10,000 personnel base, $30,000
0 20,000 personnel base, $40,000
0 40,000 personnel base, $70,000

o Iron sponge — Rule of six tenths applied based flow only
0 10,000 personnel base, $120,000
0 20,000 personnel base, $170,000
0 40,000 personnel base, $260,000

o SulfaTrap — Rule of six tenths applied to TDA report in Appendix F
0 10,000 personnel base, $40,000
0 20,000 personnel base, $50,000
0 40,000 personnel base, $80,000

o Water Scrubber — Rule of six tenths applied based flow
0 10,000 personnel base, $130,000
0 20,000 personnel base, $190,000
0 40,000 personnel base, $290,000

o VSA, see Appendix F
0 10,000 personnel base, $140,000
0 20,000 personnel base, $210,000
0 40,000 personnel base, $320,000
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. Gas compressors for natural gas line pressure
0 10,000 personnel base, $130,000
0 20,000 personnel base, $140,000
0 40,000 personnel base, $150,000

o Gas compressors for microturbines
0 10,000 personnel base, $230,000
0 20,000 personnel base, $240,000
0 40,000 personnel base, $250,000

J Gas compressors for vehicle fuel — included in vehicle fueling station

Gas treatment systems were assumed to have the following power drawing equipment:

o Moisture removal (based on saturated gas at the flowrates)
0 10,000 personnel base, 0.5 kW
0 20,000 personnel base, 0.9 kW
0 40,000 personnel base, 1.7 kW

. Iron sponge and SulfaTrap, no electrical draw
. Water scrubber

0 Water circulation

= 10,000 personnel base, 4 kW
= 20,000 personnel base, 7 kW
= 40,000 personnel base, 14 kW
0 Gas pressurization, not included as water scrubber paired only with vehicle fuel
option that requires pressures in excess of the water scrubber pressure.

0 Tail gas treatment, in a biofilter
= Assumed at 5 kW for all sizes

o VSA, see Appendix F
0 10,000 personnel base, 4 kW
0 20,000 personnel base, 7 kW
0 40,000 personnel base, 15 kW
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o Pressurization to natural gas line pressure, assumes adiabatic compression
0 10,000 personnel base, 0.3 kW
0 20,000 personnel base, 0.7 kW
0 40,000 personnel base, 1.3 kW

o Pressurization for microturbines, assumes adiabatic compression
0 10,000 personnel base, 1 kW
0 20,000 personnel base, 2 kW
0 40,000 personnel base, 4 kW
o Pressurization to vehicle fuel pressures, assumes isothermal compression with
water cooled compressors.
0 10,000 personnel base, 5 kW
0 20,000 personnel base, 10 kW
0 40,000 personnel base, 19 kW

In addition to power costs, the operation of gas treatment will be impacted by
chemical/sorbent/media costs as well as O&M costs.

The iron sponge and VSA systems are projected to have a consumable cost. The consumable cost
projections for these technologies are as follows:

o Iron sponge, media replacement cost, based on $1.76 per pound of iron sponge
media

0 10,000 personnel base, $7,000
0 20,000 personnel base, $14,000
0 40,000 personnel base, $28,000

o VSA, see Appendix F
0 10,000 personnel base, $2,000
0 20,000 personnel base, $2,000
0 40,000 personnel base, $4,000

Projected operating costs for SulfaTrap were estimated in Appendix F at $41.31 per kg of sulfur,
this equates to the following costs:

o SulfaTrap, see Appendix F
0 10,000 personnel base, $17,000
0 20,000 personnel base, $35,000
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0 40,000 personnel base, $70,000

The projected labor requirements for the gas treatment systems are as follows:

7.1.3

Moisture removal, labor is assumed to be 1 hr/d

Iron sponge, typical labor is 1 hr/d, plus media change out of 40 hours for one week

of the year

SulfaTrap, typical labor is 12 hr/replacement with replacement occurring twice per

year

Water scrubber, typical labor of 2 hr/d, plus media cleaning 4 times per year at
40 hours per event

VSA, quantified in Appendix F at 208 hours per year

Gas compressors, assumed to be 1 hr/d

Cost Summary

A summary of the capital and the O&M costs for the systems is presented in Table 15. Note that
this analysis assumes $20/hr for O&M labor and electrical energy costs at $0.10 per kWh.

Table 15. Capital and O&M costs.

Capital O&M
Process [ 10,000 Base | 20,000 Base | 40,000 Base | 10,000 Base | 20,000 Base | 40,000 Base

Personnel Personnel Personnel Personnel Personnel Personnel
Digestion $500,000 $800,000 $1,400,000 $30,000 $30,000 $30,000
Microturbine $420,000 $520,000 $800,000 $20,000 $20,000 $20,000
Injection
into natural $310,000 $400,000 $550,000 $40,000 $60,000 $100,000
gas pipeline
(VSA)
Vehicle Fuel | g5 500 $770,000 $1,040,000 $40,000 $60,000 $120,000
with VSA
Vehicle Fuel
with water $430,000 $740,000 $1,000,000 $50,000 $50,000 $70,000
scrubber

7.1.4 Revenue and Cost Offsets

The CHP facility will produce electrical power that can be used to reduce facility power costs. The
heat from the CHP system is considered to be utilized for digester heating and not to have value
beyond the process. Based on the previously estimated power production, the CHP option will

offset the following electricity purchases.
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° 10,000 personnel base, 290,000 kWh/yr

° 20,000 personnel base, 590,000 kWh/yr

° 40,000 personnel base, 1,170,000 kWh/yr
Based on the methane produced and assuming a 94% recovery of methane in the gas scrubbing
technologies and parasitic gas demands for boiler heating, the total methane produced in terms of
GJ is as follows:

° 10,000 personnel base, 2,800 GJ/yr

° 20,000 personnel base, 5,700 GJ/yr

° 40,000 personnel base, 11,400 GJ/yr
In terms of GGE the gas:

J 10,000 personnel base, 25,000 gal/yr

° 20,000 personnel base, 50,000 gal/yr

° 40,000 personnel base, 99,000 gal/yr
The estimated fuel production for USAFA was estimated to be 6,000 to 10,000 GGE/year
(see Appendix P).

Assuming average electrical purchase costs of $0.10/kWh, minus 1¢ per kWh for engine
maintenance, using the current Henry Hub natural gas price of $2.65 per GJ and current gasoline
prices across the United States $2.319 per gallon, the following revenue or cost offsets are
available to the alternatives.

As power purchase offsets

. 10,000 personnel base, $30,000/yr
° 20,000 personnel base, $50,000/yr
° 40,000 personnel base, $110,000/yr

As wholesale natural gas

° 10,000 personnel base, $10,000/yr
° 20,000 personnel base, $20,000/yr
° 40,000 personnel base, $30,000/yr

As gasoline

° 10,000 personnel base, $60,000/yr
° 20,000 personnel base, $120,000/yr
o 40,000 personnel base, $230,000/yr
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7.2  COST DRIVERS

Non-technical cost drivers included installation population, local costs of food waste disposal
alternatives (e.g., landfilling or composting), trucking fees associated with food waste
transportation, and the cost of gasoline or diesel fuel. Technical cost drivers included the organic
loading rate to the digester, gas purification requirements, and the selected gas purification
technology. Finally, the ultimate end use of the biogas or biomethane had a large impact on cost
effectiveness of the technology. As discussed in Appendix B, the technology was initially
estimated to be cost-effective when the price of gasoline is $4/gallon and the landfill tipping fee is
$100/ton. As of the date of this report the price of gasoline is less than $3/gallon but has been in
excess of $4/gallon in the past. Landfill tipping fees vary widely across the country and can be
expected to increase in the future. As described in Section 7.3 below, the technology was cost-
effective under a broader range of scenarios that originally predicted.

7.3  COST ANALYSIS

In Section 7.1 the costs and projected revenues for two different digestion and gas utilization
technologies were compared. Based on that evaluation, it appears that scrubbing the biogas to
natural gas is not a cost effective technology. Additionally, the comparison of a high pressure water
scrubber for gas treatment to VSA suggests they have similar costs. This section of the report
evaluates the cost effectiveness of the various technologies.

Based on Section 7.2, the high pressure water scrubber has the capital costs and net revenues
presented in Table 16.

Table 16. Capital costs and net revenues for different alternatives.

Capital Net Revenues
Process 10,000 Base | 20,000 Base | 40,000 Base | 10,000 Base | 20,000 Base | 40,000 Base
Personnel Personnel Personnel Personnel Personnel Personnel
Dlgeétg’f? and 920,000 | $15320,000 | $2200,000 | (520.000) $0 $50,000
Digestion and
natural gas $810,000 $1,200,000 $1,950,000 ($60,000) ($70,000) ($110,000)
production
Digestion plus
VSA for vehicle $950,000 $1,570,000 $2,440,000 ($10,000) $30,000 $70,000
fuel
Digestion plus
high pressure $930,000 $1,540,000 | $2,400,000 | ($20,000) $40,000 $120,000
water scrubber
for vehicle fuel

Using an analysis period of 20 years and a discount rate of 1.2% (based on the real interest rate of
a 20 year note) the above costs can be presented in terms of net present cost and as annualized cost
as illustrated in Table 17.
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Table 17. Net present and annualized costs for different alternatives.

Net Present Cost Annualized Cost
Process 10,000 Base | 20,000 Base | 40,000 Base | 10,000 Base | 20,000 Base | 40,000 Base
Personnel Personnel Personnel Personnel Personnel Personnel
Digestion and
CHP $1,270,000 $1,320,000 $1,320,000 ($70,000) ($70,000) ($70,000)
Digestion and
injection into $1,870,000 $2,440,000 $3,900,000 ($110,000) ($140,000) ($220,000)
natural pipeline
Digestion plus
VSA for vehicle $1,130,000 $1,040,000 $1,200,000 ($60,000) ($60,000) ($70,000)
fuel
Digestion plus
high pressure | ¢} 524 909 $830,000 $280,000 ($70,000) ($50,000) ($20,000)
water scrubber
for vehicle fuel

Although none of the alternatives show a net revenue over the 20-year planning period when
amortized capital costs are considered, the current food waste handling system also have costs
associated with them. Considering that the estimated tons processed by the bases over the year is
1,200 ton/yr, 2,300 ton/yr, and 4,600 ton/yr for the 10,000, 20,000, and 40,000 personnel base, the
cost of food waste disposal is significant. Based on these yearly estimated food waste production
values the net cost for food waste disposal via digestion with CHP for energy recovery is as
follows:

J 10,000 personnel base, $58/wet ton
o 20,000 personnel base, $30/wet ton
o 40,000 personnel base, $15/wet ton

Net cost for food waste disposal in an anaerobic digester with biogas captured and scrubbed to
natural gas quality for sale to the natural gas utility has the following costs per ton of food waste
generated.

o 10,000 personnel base, $92/wet ton
o 20,000 personnel base, $61/wet ton
o 40,000 personnel base, $48/wet ton

For the digestion with methane converted to compressed natural gas for vehicle fuel using
SulfaTrap and a VSA, then the annual food waste disposal cost is as follows:
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o 10,000 personnel base, $50/wet ton
o 20,000 personnel base, $26/wet ton
° 40,000 personnel base, $15/wet ton

Using the anaerobic digester for food waste processing and scrubbing the gas with a water scrubber
prior to compressing for fueling vehicles, results in the following net food waste disposal costs.

o 10,000 personnel base, $58/wet ton
° 20,000 personnel base, $22/wet ton
° 40,000 personnel base, $4/wet ton

In comparison average landfill costs across the United States are about $50/wet ton (Clean Energy
Projects Inc. 2015). In comparison to composting, institutional on-site composting facilities have
a net cost of about $29 per wet ton and commercial composting facilities have a net cost of about
$52 per wet ton (Sparks 1998). Thus, even at the smaller 10,000 personnel base the technology is
cost competitive with landfilling and off-site composting (Figure 57). For installations serving a
population of 20,000, food waste disposal through anaerobic digestion and biogas recovery either
as a vehicle fuel or in a CHP facility is cost competitive with institutional on-site composting. At
larger bases of around 40,000 personnel, disposal of food waste via anaerobic digestion and biogas
purification appears to have economic advantages compared to traditional food waste disposal
methods.

Vehicle Fuel - VSA
Vehicle Fuel - Scrubber

Combined Heat & Power
Natural Gas

Compost - On-Site
Compost - Off-Site
Landfill

Food Waste Management
Alternative

0O 10 20 3 40 50 60 70 8 90 100
Cost (S/wet ton)

®m 10,000 personnel  m 20,000 personnel  m 40,000 personnel

Figure 57. Comparison of food waste management alternatives.
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8.0 IMPLEMENTATION ISSUES

The above project showed that anaerobic digestion of food waste at military bases is
technologically feasible and can be cost competitive with alternative methods of food waste
management depending on the size of the installation. Often anaerobic digestion systems are
custom-designed and built. However, in recent years, a number of companies have emerged that
specialize in manufacture of on-site anaerobic digestion systems. One important consideration for
a military installation is whether they have the staff to operate and maintain what is essentially a
wastewater treatment plant. Clearly if the installation already had a wastewater treatment plant on
site such as USAFA then the implementation is much easier. Alternatives do exist as described in
the Engineering Guidance Document included in Appendix Q. This document is intended to
facilitate technology evaluation, selection, and implementation. The alternatives include transport
to a local wastewater reclamation facility that has the capability of accepting food waste and FOG.

This study attempted to cover all the costs associated with food waste digestion, but it is likely that
some costs may not be included. Investigations that may be required to quantify some of the hidden
costs include the following. For vehicle fuel options, the cost of converting the vehicles to run on
compressed natural gas is not included. An approximate cost to convert a vehicle from gasoline to
compressed natural gas is $6,000 to $8,000. This is based on the range of costs of newly purchased
vehicles with either a gasoline or a compressed natural gas engine. A second cost not incorporated
into the analysis is the disposal of the digestate. The expected digestage volume is estimated to be
less than 5% of the estimated wastewater that would be generated by similarly sized plants. As
such, it may be possible to route the digestate through the facility sewer system. However, due to
the likely strength of the digestate the local sewer authority may restrict the discharge or impose a
fee for disposal. Consultation with the local sewer agency would be required prior to discharging
the digestate in the sewer.

This study was conducted at a time when gasoline prices are low compared to historically. In the
recent past gasoline prices exceeded $4 per gallon. At these prices the value of the technology
would be greater. Additionally, the study assumed an aggregate rate of electricity at $0.10 per
kWh. Electricity prices vary greatly across the country. Further, electricity pricing in some areas
and for larger customers can be more complicated. Finally, the treatment system would generate
more power than the system uses. As such, the treatment system may require a power purchase
agreement as well as additional relays and switches to protect the grid. The electric utility may not
provide $0.10 per kWh in a power purchase agreement. Another factor affecting technology cost-
effectiveness is local landfill tipping fees. Greater landfill tipping fees will result in the technology
being more cost effective.

Design of the facilities would need to be in compliance with all building codes and in compliance
with the National Fire Protection Association (NFPA) and the NEC. There currently is not a NFPA
code that pertains to mono-food waste digestion facilities. However, guidance could be provided
in NFPA 820 for WWTPs.

The technology would have a net reduction of greenhouse gas emissions compared to landfilling
and composting (Parry 2014). This technology may be able to be used to help DOD facilities move
in compliance with EO 13514 that calls for agencies to set percentage reduction targets for
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greenhouse gas emissions for fiscal year 2010. Specifically, the order addresses reducing fossil
fuel use in vehicles.

Table 18 presents the design criteria that can be used to size equipment and facilities for an
independent food waste handling system. It should be noted that Table 18 does not include the
influent characteristics of the food waste. These characteristics should be assessed based on actual
food waste data from the plant. The researchers recognize that the food waste generated at the Air
Force Academy and used as the basis for this study may be different than at other facilities. Further,
the processing applied at the Air Force Academy, specifically the grinder and pulper, may not exist
at all facilities. As a result, the facility will need to work with potential vendors of food waste
pulping and grinding systems. These vendors are likely to process the food waste differently,
which may have impacts on the food waste concentration and other characteristics. Additional
engineering design guidance is provided in the companion Engineering Guidance Report
(Vandenburgh and Evans 2016). Food waste characteristics will affect digester performance but
COD and SELR were determined to be a useful parameters for evaluating food waste suitability.
In addition, Experience with co-digestion of food waste also suggests a minimum COD of 20,000
mg/L with the optimum > 50,000 mg/L (Hare 2016). The minimum VS/TS value is 65% with the
optimum being > 85%. Also refer to Appendix C for information relevant to desired waste stream
characteristics.

Table 18. Design criteria.

Suggested
Parameter Design Comments
Value
Methane Use design value to predict methane production from digester. Use for sizing
. 400 L CH4/kg A - . .
Production (VS gas utilization equipment and determining potential revenues and offsets
. VS loaded . iy
basis) from biogas utilization
Methane Use design value to predict methane production from digester. Use for sizing
. 250 CHu/kg A - - .
Production gas utilization equipment and determining potential revenues and offsets
. COD loaded . Lo
(COD basis) from biogas utilization
Specific COD 1 14 o cOD/g- . iy o
loading rate Use design value for sizing the anaerobic digestion facilities.
VSS/day
(SELR)
pH 7.8 Design value for understanding operational pH in digester
TS Reduction 78% Use design value for projecting solids to be disposed after process
VSS Reduction 92% Use in combination with SELR to size anaerobic digestion facilities
Biogas CH4 o Use in combination with methane production to determine size of required
60% . . .
Content digester gas piping and other digester gas conveyance system, flares, etc.
Biogas H,S 3 .
Content 2,900 mg/m Use to size hydrogen sulfide removal systems
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Memorandum
To: Dr. Andrea Leeson
From: Dr. David Parry, Dr. Patrick Evans and Cale McPherson

Date: January 31, 2010

Subject: Economics White Paper for ER-200933, Renewable Energy
Production from DoD Installation Solid Waste by Anaerobic Digestion

This white paper provides a preliminary expression of the projected economic benefit for the
anaerobic digestion of DoD installation solid waste. Projections made within are based on the
best available data for construction, operation and maintenance (O&M) costs, as well the
expected performance of the proposed technology. The economic analysis has been
completed using the National Institute of Standards and Technology (NIST) Building Life-
Cycle Cost (BLCC) Program for MILCON Analysis: ECIP Project.! This methodology and
white paper were requested by the SERDP/ESTCP Program Office in during the Fall, 2010 In-
Progress Review.

Base-Case and Proposed Technology Definition

The ECIP Life-Cycle Cost analysis tool requires user inputs that define the capital and O&M
costs and savings for the alternative/technology of interest. Costs and savings are based on a
comparison with a base-case or do-nothing alternative. For this economic analysis it was
assumed that food waste and other digestible organics would be diverted from disposal in a
landfill (the base-case) to an organic waste anaerobic digestion system with energy recovery
(the proposed technology). To provide a consistent basis of comparison, a population of
50,000 individuals was assumed. Per capita waste generation was estimated at 0.6 pounds of
wet waste per day as reported by an EPA study published in 2008.2 Additional alternative
specific assumptions are described below.

Base-Case: Landfilling

Landfilling of organic waste was the assumed base-case as it is the most common disposal
method currently employed within the United States. According to the 2008 EPA study, 31.7
million tons of food waste is disposed of each year in the United States. Over 97 percent of
the waste is disposed of without recovery, and 87 percent of the waste ends up in a landfill.

! Federal Energy Management Program: Information Resources, 2010
2U.S. EPA, 2008
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The average cost for disposal at a landfill in the United States is $43.99 per wet ton, with a
range between $15 and $120 per wet ton.3

Based on these assumptions, the disposal of food waste from 50,000 individuals would cost an
average of $241,000 per year with a range of $82,000 to $657,000.

Proposed Technology: Anaerobic Digestion

The initial definition and cost estimate for the anaerobic digestion and energy recovery
system is based on a source separated organic stream, a Greenfield site for installation,
complete mix digesters, biogas recovery to generate a renewable compressed natural gas
(rCNG) vehicle fuel, and national averages for construction, O&M, power and vehicle fuel
costs. Major pieces of infrastructure and equipment included:

e Complete Mix Anaerobic Digesters (tanks, piping, mixing equipment, etc.)
e Hot Water Boilers for digester heating

e Processing and Dewatering Equipment

¢ Biomethane Treatment to bring the biogas to natural gas quality

e 1CNG Fueling Infrastructure to compress the biomethane and dispense it as a vehicle
fuel equivalent in quality to CNG, but renewable in nature

Additional process specific assumptions are provided in Table 1 with references given in the
attached calculations sheet.

Table 1
Process Assumptions for Life-cycle Cost Analysis
Process Characteristic Value Units
Source Food Waste Solids Content 30 %
;Z:i:e Food Waste Volatile Solids: Total Solids 0.86 Ibs VS/Ibs TS
Digester Solids Residence Time (SRT) 20 days
Digester Feed Solids Content (Loading) 10 %
Digester Volatile Solids Loading Rate 0.27 lbs VS ft day™
Volatile Solids Destruction 80 %
Biogas Yield 22 ft3/Ib VS destroyed
Biomethane Treatment Efficiency 95 %
Produced Biosolids Solids Content 25 %

% Waste Business Journal, 2010
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Capital and O&M costs for the equipment and infrastructure were based off of recent
construction costs and estimates performed by CDM for installations around the United
States and Canada including: St. Joseph, MS; Edmonton, AB; Deer Island, MA; Seattle, WA;
Des Moines, IA and Dallas, TX. Unit capital costs were compared to industry reports where
possible to confirm the accuracy of estimations.>

The capital costs for the digestion and energy recovery system are summarized in Table 2.
Each line item represents the installed cost inclusive of overhead, insurance, bonding and
escalations.

Table 2
Capital Costs for Anaerobic Digestion and Energy Recovery System
Item Capital Cost
Anaerobic Digester S 1,290,000
Dewatering & Processing Equipment S 281,000
Biogas Boiler S 38,300
Biomethane Treatment System S 1,240,000
Vehicle Fueling System S 1,240,000
Subtotal S 4,089,300
Design S 818,000
Total S 4,907,300

Recurring costs of the proposed technology include power, routine and non-routine
maintenance on major equipment, labor, and chemicals. Recurring savings include avoided
landfill tipping fees, avoided trucking fees, avoided vehicle fuel costs from the generation of
the rCNG vehicle fuel, and avoided soil amendment costs from using the digested and
dewatered product for land application. A summary of these recurring costs and savings is
provided in Table 3.

* AgStar U.S. EPA, Jan. 2010
® Greer, 2007
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Table 3
Recurring Costs and Savings for Anaerobic Digestion and Energy Recovery System
Item Cost (Savings)
Cost
Power Costs S 85,200
Anaerobic Digestion O&M S 64,700
Processing and Dewatering O&M S 37,100
Biomethane System O&M S 45,000
Vehicle Fueling O&M S 52,900
Savings
Avoided Tipping Fees S (151,000)
Avoided Trucking Fees S (34,300)
Avoided Vehicle Fuel S (645,000)
Avoided Soil Amendment S -
Total S (545,400)

The values provided in Table 2 are based on the following assumptions:

Power Costs: Based on national average power costs and includes power demand for
all equipment.6

Anaerobic Digestion O&M: Includes routine and non-routine maintenance and labor
for digestion system and is based on 5 percent of the digester capital construction cost.
Cost is exclusive of power costs, which are carried separately.

Processing and Dewatering: Costs include polymer and labor demand for the
processing and dewatering equipment. Cost is exclusive of power costs, which are
carried separately.

Biomethane System O&M: Includes routine and non-routine maintenance for the
biomethane treatment system. Cost is based on a similar system installed at the South
Treatment Plant in Renton, WA.7 Cost is exclusive of power costs, which are carried
separately.

Vehicle Fueling O&M: Includes routine and non-routine maintenance for the vehicle
fueling infrastructure (gas dryers, compressor, dispensers, control panels). Cost is
based on CDM experience and reported O&M from manufacturers

® U.S. Energy Information Administration, 2005
" Nelson, 2008
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Avoided Tipping Fees: Based on the national average for tipping fee of $43.99 per wet
ton.? The savings is realized from diverting the food waste from the landfill to the
digestion system.

Avoided Trucking Fees: Based on an estimated trucking/hauling cost of $10 per wet
ton. The savings is realized from diverting the food waste from the landfill to the
digestion system.

Avoided Vehicle Fuel: Based on the national average cost for unleaded gasoline of
$2.78 averaged of the previous 12-months.?

Avoided Soil Amendment: No value assumed in the initial analysis as monetizing the
value of the biosolids can be difficult and is uncommon. Instead, it is assumed that all
biosolids generated are sent to the landfill and are subject to standard tipping and
trucking fees.

Life-Cycle Cost Analysis

Based on the above assumptions and estimates an initial baseline ECIP Life-Cycle Cost
estimate was performed to determine the simple payback period, and the savings to
investment ratio (SIR) for a 10-year and 20-year project life-cycles when the technology is
installed under “national average” conditions. National average conditions were defined as
the average cost for key economic inputs such as construction, power, tipping fee and fuel
costs. However, because national average costs are only applicable to a small subset of the
U.S. market and because they only capture a snapshot of current market rates, sensitivity
analyses were performed to evaluate the simple payback and SIR based on changing
conditions. The following is a summary of all analyses performed:

Baseline: National average costs for power, vehicle fuel and tipping fees
Tipping Fee Sensitivity: Tipping fee varied between $20 and $150 per wet ton
Cost of Electricity Sensitivity: Power costs varied between $0.05 and $0.25/kWh
Cost of Vehicle Fuel: Vehicle fuel costs varied between $2.00 and $6.50/ gallon

Digester Feed Concentration: Feed concentration to the digester varied between 5 and
30 percent.

Biosolids Value: Biosolids value varied between $0 and $15.00 per dry ton.

& Waste Business Journal, 2010
° U.S. Energy Information Administration, 2011
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Copies of the ECIP report summaries are provided in the appendix of this memorandum for
reference.

Baseline Analysis

The initial baseline alternative used national average costs for construction, O&M costs
including power rates, vehicle fuel costs and tipping fees as well as the process assumptions
detailed in Table 1. A summary table for baseline analysis is provided in Table 3.

Table 3

Baseline Life-Cycle Cost Analysis
ypack 10 yrs 20 yrs
yrs
9.06 1.04 1.89

According to DoD Instruction Number 4170.11 the above project installed under “national
average” conditions would meet the minimum requirements for funding. The minimum
DoD requirements are a simple payback of less than 10 years and a savings to investment
ratio (SIR) of 1.25.10 For the 20-year project life-cycle, the SIR is 1.89.

Tipping Fee Sensitivity

In recognition that tipping fees vary considerably across the United States, a sensitivity
analysis was conducted to explore how tipping fees ranging from $20 to $150 per wet ton
would influence the life-cycle cost metrics. While this range is outside of the current range in
the United States, it was selected to encompass the near term range with an expectation that
tipping fees will increase in the future. Current tipping fees have been increasing at
approximately 6 percent per year as the cost of construction and operation of landfills has
increased.!! This sensitivity is presented graphically in Figure 1.

19°U.S. Department of Defense, 2009
' U.S. Landfill Tipping Fees Reach New Record, Despite Economic Downturn, 2010
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Figure 1
Tipping Fee Sensitivity Analysis
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As can be noted in Figure 1, the economic metrics of the proposed technology are greatly
influenced by the tipping fee associated with the waste disposal. As tipping fees increase, the
simple payback reduces and the SIRs increase sharply. A minimum tipping fee of
approximately $40 per wet ton is required to have a simple payback of less than 10 years. The
SIR remains above 1.25 for the entire range of tipping fees for the 20-year life-cycle. For the
10-year life-cycle, a minimum tipping fee of $80 per wet ton is required to have an SIR greater
than 1.25.

Cost of Electricity Sensitivity

In recognition that power costs vary considerably across the United States, a sensitivity
analysis was conducted to explore how power costs ranging from $0.05 to $0.25/kWh would
influence life-cycle cost metrics. This sensitivity is presented graphically in Figure 2.
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Figure 2
Cost of Electricity Sensitivity Analysis
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The sensitivity depicted in Figure 2 suggests that the economic metrics of the proposed

technology are mildly influenced by the cost of power. As the cost of power increases, the

Savings:Investment Ratio

simple payback period increases and the SIRs decrease. The reason for this is that there is a
relatively significant power demand associated with the conversion of biogas to vehicle fuel.
As power costs increase, the associated O&M costs increase and reduce the overall benefit of

this project. In absence of other variables, the cost of power would need to remain below

$0.10/kWh for the proposed technology to meet the minimum standards for DoD

installations. In excess of this rate, additional variables would need to be considered to

determine the viability of the technology.
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Cost Vehicle Fuel Sensitivity

In recognition that the cost of vehicle fuel is volatile and that it varies across the United States,
a sensitivity analysis was conducted to explore how the cost of fuel ranging from $2.00 to
$6.50 per gallon would influence the life-cycle cost metrics. This sensitivity is presented
graphically in Figure 3.

Figure 3
Cost of Vehicle Fuel Sensitivity Analysis
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The sensitivity depicted in Figure 3 suggests that the economic metrics of the proposed
technology are influenced significantly by the cost of vehicle fuel. As fuel prices increase, the
simple payback period decreases and the SIRs increase. The simple payback reduces to less
than 10 years and the SIR exceed 1.25 on a 20-year project life-cycle when vehicle fuel costs
exceed $2.50 per gallon. This sensitivity suggests that the cost of vehicle fuel has one of the
largest impacts on the economic viability of the proposed technology and thus should be
considered carefully when evaluating the technology for implementation.
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Digester Feed Concentration Sensitivity

The digester feed concentration and solids retention time (SRT) determines the required
digester volume, which is directly related to the capital cost of the system. This sensitivity
analysis explores how the feed concentration, and by extension the digester volume and
capital costs, influence the economic metrics of the life-cycle analysis. For this sensitivity the
assumed feed concentration was varied between 5 and 30 percent solids. This sensitivity is
presented graphically in Figure 4.

Figure 4
Digester Loading Rate Sensitivity Analysis
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The sensitivity depicted in Figure 4 suggests that the economic metrics of the proposed
technology are mildly influenced by the digester feed concentration, but that the influence is
diminished as the feed concentration increases above 10 percent solids. At around 10 percent
solids, the simple payback period reduces to less than 10 years and the SIRs are in excess of
1.25. Above 10 percent solids the metrics continue to improve, but at a reduced rate. The
reason for this is that the digester costs represent a fraction of the overall project costs. Even
as these costs are minimized by increasing the feed concentration, the other costs remain
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constant and keep the economic metrics relatively stable. Overall, it appears that assuming
other national average conditions, a digester feed concentration of 10 percent or greater is
sufficient to ensure that the project meets the established minimum DoD standards.

Biosolids Value Sensitivity

For the initial analysis it was assumed that any biosolids generated during the digestion
process would be disposed of at a landfill and would be subject to the same trucking and
tipping fees associated with food waste disposal. This sensitivity analysis explores how the
economic metrics are influenced if the biosolids are not disposed of, but are used as a soil
amendment. The sensitivity explores biosolids values between $0 and $15 per dry ton. The
$0 value would represent a condition where the biosolids are given away (thus avoiding the
landfill and trucking fees) and the $15 value would represent a condition in which the price
point for the biosolids is set modestly. This sensitivity is presented graphically in Figure 5.

Figure 5
Cost of Vehicle Fuel Sensitivity Analysis
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The sensitivity depicted in Figure 5 suggests that the economic metrics of the proposed
technology are not influenced significantly by the price point of the biosolids product.
However, the ability to give away or sell the biosolids does have a significant impact on the
economic metrics. Recall that the initial analysis, which assumed a disposal fee for the
biosolids, had a simple payback of 9.06 years and SIRs of 1.04 and 1.89 for the 10 and 20-year
life-cycles respectively. By finding a beneficial use for the product, the simple payback was
reduced to approximately 7 years, with SIRs of 1.25 and 2.25 for the 10-year and 20-year life-
cycles respectively.

Conclusions

Based on this preliminary economic evaluation, it is expected that the proposed technology
would meet the established minimum DoD standards for financing under national average
conditions for construction, O&M, tipping fee, fuel and power costs. Additionally, as tipping
fees and fuel costs increase, the economic viability of technology improves significantly
approaching simple payback periods of less than 5 years and SIRs greater than 3.0.

When evaluating minimum conditions for installation, it is suggested that a minimum tipping
fee of $40 per wet ton and or minimum fuel cost of $2.50 per gallon be present at the
installation to ensure conformance with the minimum DoD standards. Other project
variables such as the cost of power, the digester feed concentration, and the value of the
biosolids product are also important considerations, but are not as influential.

Completion of the demonstration at the US Air Force Academy is required to validate many
of the assumptions listed in Table 1 of this memorandum. However, treatability testing
conducted to date has indicated that the assumptions are reasonable for USAFA food waste.
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ESTCP ER-0933 Renewable Energy Production
from DoD Installation Solid Wastes by
Anaerobic Digestion

1.0 Purpose/Objective

This calculation sheet was developed to estimate the capital and operational costs of a
greenfield installation system capable of digesting foodwaste and capturing the biogas for
use as vehicle fuel. Outputs from this sheet were used in the BLCC Milcon:ECIP Life-Cycle
Cost analysis tool to estimate the simple payback and savings to investment ratios for 10-year
and 20-year project lifecycles

2.0 Procedure

The calculation sheet systematically estimates capital and operational costs based on standard
operational, construction and O&M parameters. Each individual input for the ECIP analysis is
calculated separately.

3.0 References/Data Sources
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4.0 Variable Definitions

Variable Definition Source

BiogasSavailable Amount of biogas available for conversion to Calculation Based
biomethane, expressed in kW

Biogasgenerated Volumetric flow rate of biogas generated during |Calculation Based
digestion

BiogaSheating Amount of biogas required to provide digester Calculation Based
heating, expressed in kW

Biogas uy Low heating value of biogas CDM Lab Analysis; East Bay

MUD, 2008

Biogaspower Equivalent power of biogas generated based on  |Calculation Based
flow rate and heat content

Biogasield Biogas yield per pound of volatile solids CDM Lab Analysis; East Bay
destroyed MUD, 2008

Biomethane,y.i.pe |AMount of biomethane available for conversion  [Calculation Based
to rCNG, expressed in kW

Biomethaneca | The capital cost for the biomethane treatment Calculation Based
system

Biomethane gyt The unit cost for the biomethane treatment Nelson, 2008

Biomethaneescen, |Efficiency of biomethane system at converting Nelson, 2008

fuel to biomethane (i.e. methane capture

Biomethane apor The unit cost for labor and materials to operate Nelson, 2008

Biomethanepye, |The calculated power demand for the biomethane [Calculation Based

system
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BiOSOIidSDryLoad

Mass load of biosolids generated per day, not
including water

Calculation Based

Biosolidsts

Assumed solids content of dewatered biosolids

Earle, 2005

Biosolidsyae

Value of the biosolids product as a soil
ammendemnt

CDM Experience

BiOSOlidSWetLoad

Mass load of biosolids generated per day,
including water

Calculation Based

energy

Boilercapial The capital cost for the boiler Calculation Based
Boilercost The unit cost for a hot water boiler CDM Experience
Boilerefficiency Efficiency of boiler at converting fuel to thermal  |Industry Standard

Boilersje

Estimated size of boiler required to meet digester
heat demand

Calculation Based

Constructioncest

The total construction cost for entire system
including all overhead, insurance, escalationes,
etc.

Calculation Based

Density

Density of food waste and water

Industry Standard

Designcost

The design cost for the entire system

Calculation Based

Dewateringcapital

The capital cost for the dewatering system

Calculation Based

Dewateringcost

The unit cost for dewatering equipment

Earle, 2005

Dewateringpower

The calculated power demand for the dewatering
system

Calculation Based

Digestaters

Calculated concentration of digested solids within
the digester

Calculation Based

Digestatewetioad

Mass load of digested solids generated per day,
including water

Calculation Based

Dige ste lactivevolume

Active volume of digester

Calculation Based

Digestercapital

The capital cost for the digester

Calculation Based

Dige ste I'conevolume

Cone volume of digester

Calculation Based

Digestercest

The unit cost for a digester

AgStar US EPA, Jan. 2010;

Greer 2007

Digesteryeat

Heat demand of the digesterincluding heatlosses
and heating up of influent feed

Calculation Based

Digesterisading

Energeticloading to digester in terms of mass of
VS per unit volume per day

Calculation Based

Digestersgr

Solids rentention time in digester

Industry Standard
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5.0 Calculations

DEFINITIONS
people := 1 therm := 10°BTU polymer := 1
VS =1 biosolids := 1 wet =1
TS:=1 dollars := 1 dry =1
waste =1 KWriyel = 1kW digestate := 1
digester := 1 GGE := gal

System Sizing - ASSUMPTIONS
population := 50000 e people

Ib e wet e waste

people e day
Ib
Density := 8.34 —
gal
lbe TS
FWrg = .30 ———
Ib e waste
FWys = 08622 V>
VST T he TS

DigestergrT := 20day

Ibe TS

Influentyg := 0.10 ———
Ib e waste

System Sizing - CALCULATIONS
First, calculate the total load per day of waste generated
FWwetLoad := population e wastepcpgd

Ib e wet e waste
day

FWWetLoad = 30000 °

FWpryLoad = population e wastepcpd © FWts

Ib

FWpryLoad = 9000 ¢
day
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Second, calculate the load to the digester after the food waste is diluted down

I:WDryLoad

DigesterwetLoad :=
Influenttg

Ib e wet e waste
day

Digesteryetloag = 90000 e

Third, confirm the amount of dilution water required to thin out the feed

DigesterwetLoad — FWwetLoad
Density

gal

day
Fourth, calculate the active volume in the digester based on the desired SRT.

Dilutiongjgw = 7194

DigestenyetLoad

Digesteractivevolume = Density e Digestergrr

Fifth, calculate the additional volume in the digester for the cone space

Digesterconevolume := Digesteractivevolume ® 20%

Digesterconevolume = 43165 e gal

The digester volume is the sum of the active and cone volumes
Digesteryolume := Digesteractivevolume + Digesterconevolume
Digesteryglume = 258993 o gal

Check the digester loading rate on an energy basis to ensure that it meets expected
loading rates

. I:WDryLoad * FWys

Digesteractivevolume

: lbe VS
Digesterjgading = 0.27 ® R

# o day
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C:\Documents and Settings\mcphersonca



(CDM Job #.___50957-73968__ Calc By.__CAM

Client; ESTCP__ CHK By/Date:__DLP & PJE .01/27/11 Datle: __01/26/11
Project;ER-0933 RvwBy/Date:_ Calc #:
Detail:

Digester Heating Requirements - ASSUMPTIONS
SFheatloss = 1.3
Temppigester := 98A°F
Temppgy := 55A°F
Temppijution = 90A°F

Digester Heating Requirements - Calculations

First, calculate the thermal energy in the feed (food waste + dilution water)

Heatreed := Temprw ® FWwetLoad + TeMPpilution ® Dilutiongjey  Density
Ibe A°F
day

Second, calculate the thermal energy required in the digester

Heatpgeq = 7050000 o

Heatpigester := TeMPpigester ® FWwetLoad + T€EMPDigester ® Dilutiongigy © Density
Ibe A°F
day

The heat demand is the difference between the thermal energies times a specific heat
requirement and efficiency. The heat demand calculated here will be used to estimate the

biogas available for utilization

HeatDigester = 8820000.

Digester = (Heat i — Heat )- _1BTU. e SF
g heat * Digester Feed Ibe A°F heatloss
. BTU
Digesterpeat = 95875 H
r

Digesterpeat = 28 « kW

The boiler is sized assuming no heat recovery from the recycle flow and follows the
same principles as above.

BTU
j . (TempDigester - TempFW) * SFheatloss

Boilergj,e := Digester o|1—
size g WetlLoad ( Ibe A°F

Boilergjze = 61 kW

MathCAD V14 Saved 1/31/20112:02 PM Page 6
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Biogas Generation - ASSUMPTIONS

VSpestruction := 80%

3
Biogasyjeld := 22 —————
98Syield Ibe drye VS
. BTU
Biogas| yy := 580 ——
i3

Biogas Generation - CALCULATIONS

First, calculate the amount of volatile solids destroyed in the digester

Ibedrye VS

day
Second, calculate biogas produced using a unit production/yield

VSD = 6192«

Biogasgenerated := Biogasyielg® VSD

#3

day

BiogaSgenerated = 136224 o

Biogaspower := Biogasgenerated ® Biogasi Hy
B'OgaSpower = 965 ° kaue|

Biogas Utilization - ASSUMPTIONS
BO|Iereff|C|ency = 83%

rCNG := 114000 BTY
LHV = GGE

Third, calculate the raw power of the biogas fuel based on the biogas heating value

MathCAD V14 Saved 1/31/20112:02 PM
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Biogas Utilization - CALCULATIONS

First, calculate the amount of biogas used for heat.

Digesterpeat
Biogas i ==
JaSheating Boilereficiency

Biogasheating = 34 ® kWiye|

The biogas available for other uses is the gas produced less that which is used for heating

Biogasayailable := Biogaspower — Biogasheating

Biogasayailable = 931 ® KWy e|

Calculate the volume of biomethane (250 psig) that can be generated from the available

biogas based on the system efficiency

Biomethanegyailable := Biogasayailable ® Biomethaneeiciency

Biomethanegyailaple = 884 © kWjyg

Calculate to volume of rCNG (4,500 psig) that can be generated from the avaialable

biomethane

rCNGayailable := Biomethaneayailable

rCNGayailable = 884 © kWiye

rCNGavailable

ICNGGGE = ‘CNG 1y

GGE
day

rCNGgGE = 635 ¢

Biosolids Generated - ASSUMPTIONS

Ibe TS

Biosolidstg := 0.2 ———
Ib e biosolids

MathCAD V14 Saved 1/31/20112:02 PM
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Biosolids Generated - CALCULATIONS

First, calculate the solids content of the digestate based on the VS destroyed, assuming a
conservation of mass within the digester.

lbe TS

Digestaterg = 0.031¢ —
g s Ib e digestate

First, calculate the mass load dry solids leaving the digester based on the amount of solids
destroyed.

BiosolidspryLoad := FWwetLoad ® FWTs — VSD

Ibedrye TS

day

Second, calculate the volumetric load of solids leaving the digester on a wet basis based on
the digestate solids concentration and the density of solids

BiosolidspryLoad

DigestatewetLoad = -
DigestateTg

Ib e wet o digestate
day

Digestateyyet oad = 90000

Third, calculate the volumetric load of dewatered biosolids based on the assumed solids
content of the product.

BiosolidspryLoad

BiosolidsTg

Ib e wet e biosolids
day

The difference between the digestate and biosolids wet load is the mass of water expelled

each day as pressate. This mass can be converted to a volumetric load of water by the
density.

Pressatewwet| oad := Digestatewwet| oad — BiosolidSwetl oad

Ib
Pressatewetl gag = 78768 o
day
Pressateggw == -
Density
MathCAD V14 Saved 1/31/20112:02 PM Page 9
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gal
day

Pressatepgy = 9445 ¢

The ammount of water sent to the sewer is the difference between the dilution flow and
the pressate flow

Sewergjow := Pressatep|qy — Dilutiongigy

gal
day

Sewergjgw = 2250 @

O & M - ASSUMPTIONS

hp
106gal

kW e hr
tone TS

kW e hr

10%BTU

kW e hr
GGE

Powergewatering :=

Powerpjogastreatment = 13
Power,cng = 1.75

Ib e polymer

Polymergewatering := tone TS

dollars

Polymergggt := 3 ————
Ib e polymer

O & M - CALCULATIONS

Calculate the power demand for the digester

Digestionpower := POWernixing ® Digesterygjume

Digestionpgyer = 10 © KW
Calculate the power demand for the dewatering equipment
Dewateringpower := POWergewatering ® Biosolidspry| oad

Dewateringpower = 0.82 ¢ KW

MathCAD V14 Saved 1/31/20112:02 PM Page 10
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Calculate the power demand for the biomethane gas purification system

Biomethanepower := POWerpjogastreatment ® Biomethaneayajiable

Biomethanepgwer = 39 © kW

Calculate the power demand for the rCNG compression/fueling system

rICNGpower := Power,eng ® ICNGggE
Calculate the total power demand as the sum of all the power demands

Totalpower = 96 ° kW

SENSITIVITY INPUTS
. dollars
Digestercost := 5
gal
. dollars
Dewateringcgst := 200000 ———
dry e ton
day
. dollars
Boilercgst := 220000
36bhp
PoWercoe = 0.1012 2014rS
Cost = S W e hr
. dollars
Biomethanecgst := 1400
Wiyel
. dollars
Biomethane| gpor := 0.17
therm
dollars
fuel
dollars
rCNGLabor = 020
therm
MathCAD V14 Saved 1/31/20112:02 PM
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CNGyaue = 2.78 dGOIC':‘: o-1
TippingFeeyqjue = 43.09 30138 | 4
Truckingygye := 10 d(z!irs o -1
Biosolidsygjye := 0 dt:!irs o -1
SUMMARY,/LCC INPUTS

Calculate individual component capital cost

Digestercapital := Digestercost ® Digesteryojyme

Dewateringcapital := Dewateringcost ® Biosolidspryi oad

Boilercapital := Boilercost ® Boilersjze

rCNGcapital := 'CNGcost ® TCNGayailable

Total construction costs for LCC input

+ ICNGcapital

Design costs for LCC input

Designcost := Constructioncgst ® 20%

Biomethanecapital := Biomethanecost ® Biomethaneayajiaple

Constructioncgst := Digestercapital + Dewateringcapital + Boilercapital + Biomethanecapital -

MathCAD V14 Saved 1/31/20112:02 PM
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Calculate total costs for power

OMpower = (TOtalPower) * Powercost

Calculate total energy use for LCC input

Totalgjectricity = Totalpower ® 1yr

Totalgjectricity = 842 x 10° e KW e hr
Calculate the O&M for the individual components

5%

OMpigestion := Digestercapital ®

yr

OMgijomethane := Biomethane| apor ® Biomethaneayailable

OM;cNG = TCNG| apor ® Biomethaneayailable

Revenue;cng := TICNGggE ® 'CNGygjue

therm

rCNG ayailable = 2.65 x 10°

yr

%

OMpewatering := Polymergewatering ® Biosolidspryi oad ® Polymercost + Dewateringcapital ® 5;

MathCAD V14 Saved 1/31/20112:02 PM
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RevenueTipping = (FWwetLoad — Biosolidswet oad) ® TippiNgFeeyaie

. . . 1
Revenuerrycking = (FWWetLoad - BlosolldsWetLoad) e Truckingyajye = —O;

Revenuegiosolids := Biosolidsyajye ® Biosolidspry| oad

SIMPLE PAYBACK

OMrTotal := OMpower + OMpigestion + OMpewatering + OMBiomethane + OMCNG ---

dollars
OMTotal = ~5.45x 10° e
yr
Constructioncgst + Designcost
OMrTotal® -1
Paybacksimple = 9 ® yr
MathCAD V14 Saved 1/31/20112:02 PM Page 14
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Appendix C: DoD Food Waste Generation White Paper

C-1



Memorandum

To: Dr. Andrea Leeson
From: Dr. Patrick Evans
Date: December 7, 2015

Subject: DoD Waste Stream Characterization White Paper for ER-200933,
Renewable Energy Production from DoD Installation Solid Waste by
Anaerobic Digestion, Revision 3

A DoD waste characterization analysis was conducted to identify and quantify waste streams
generated by the Navy, Marine Corps, Air Force, and Army that are suitable for anaerobic
digestion. The analysis consisted of two parts. In part one, data and information from the DoD
branches were collected and reviewed to identify total waste generation rates and component-
specific generation rates. In part two, the waste component categories were evaluated for their
suitability for anaerobic digestion. This white paper was compiled to summarize the results of
the DoD waste characterization analysis.

DoD Waste Stream Characterization

The most readily available and reliable data on DoD waste streams is in terms of mass
generation rates, e.g., tons/yr. Mass generation rates are typically documented as part of a
military base’s standard operating procedures for use in billing and conservation measures.
Mass generation rates were available from all four combat branches of the DoD.

More specific characterization data identifying separate DoD waste streams by component, e.g.,
plastics, paper, metals, food waste, etc., is rare and considerably less reliable than the mass
generation data. Component specific data is uncommon because DoD wastes are typically
comingled and disposed of in heterogeneous mixtures. Component identification in a
comingled waste stream is a difficult, messy, and time consuming process that requires hand
sorting and/or visual inspection. Due to the substantial manual input required for waste
identification, studies characterizing the individual components are expensive and are
conducted on an infrequent basis.! Further, because there is no uniform directive or
requirement within the DoD for the tracking and documentation of individual waste
components, it is done inconsistently. None of the branches track total waste generation by

! (Tchobanoglous, Theisen, & Vigil, 1993)
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component. The Navy and the Marine Corps track recycled materials by component, but
because these branches do not estimate capture rates of recyclable materials, the data is
insufficient for estimating total component specific generation rates.

A summary of the collected data from the four branches is provided below.

Navy Solid Waste Characterization

The NAVFAC provided Navy installation waste characterization data for the FY 2005 through
FY 2009.2 The data included total waste generation rates, and component specific recycling
rates. The total waste generation data for the Navy is provided in Table 1. Per capita
generation rates were estimated based on population estimates provided by the DoD Statistical
Information Analysis Division (DoD SIAD).3

Table 1
Navy Total Waste, 2005 to 2009 (in tons and pounds per capita per day)

Total Waste Generation
Year 2005 2006 2007 2008 2009 Average
Population, in thousands 421 396 262 254 252 317
Total MSW - tons 751,646 691,747 611,463 608,811 587,334 650,200
Total MSW — pcpd 9.8 9.6 12.8 13.1 12.8 11.6

The reported waste generation at Navy installations shows relative consistency, ranging from
9.6 to 13.1 pounds per person per day with an average of 11.6.

Recycled material data for the Navy is summarized in Table 2.

2 (Hamilton, 2010)
3 (Department of Defense, 2010)
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Table 2

Navy Recycled Materials, 2005 to 2009 (tons, %, and pounds per capita per day)

Recycled Materials, Tons

Year 2005 2006 2007 2008 2009 Average

Population, in thousands 421 396 262 254 252 317

Paper and Paperboard 35,068 30,924 28,636 28,257 31,605 30,898
Yard Trimmings 11,263 2,781 4,116 7,232 2,102 5,499
Food Scraps 1,579 2,131 6,976 766 1,806 2,652
Metals 56,611 61,280 57,692 46,932 61,504 56,804
Glass 1,597 1,020 868 736 846 1,013
Wood 24,558 10,754 12,089 20,110 12,478 15,998
Rubber and Leather - - - - - -
Textiles - - - - - -
Misc. Inorganic Wastes - - - - - -
Plastics 1,677 1,413 1,942 1,673 3,244 1,990
Other 25,256 17,169 18,518 34,308 17,579 22,566

Recycled Materials - tons 157,609 127,471 130,837 140,014 131,163 137,419

Recycled Materials, %

Year 2005 2006 2007 2008 2009 Average
Paper and Paperboard 22.3% 24.3% 21.9% 20.2% 24.1% 22.5%
Yard Trimmings 7.1% 2.2% 3.1% 5.2% 1.6% 4.0%
Food Scraps 1.0% 1.7% 5.3% 0.5% 1.4% 1.9%
Metals 35.9% 48.1% 44.1% 33.5% 46.9% 41.3%
Glass 1.0% 0.8% 0.7% 0.5% 0.6% 0.7%
Wood 15.6% 8.4% 9.2% 14.4% 9.5% 11.6%
Rubber and Leather - - - - - -
Textiles - - - - - -
Misc. Inorganic Wastes - - - - - -
Plastics 1.1% 1.1% 1.5% 1.2% 2.5% 1.4%
Other 16.0% 13.5% 14.2% 24.5% 13.4% 16.4%

Recycled Materials - % 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%

Recycled Materials, pcpd

Year 2005 2006 2007 2008 2009 Average
Paper and Paperboard 0.46 0.43 0.60 0.61 0.69 0.56
Yard Trimmings 0.15 0.04 0.09 0.16 0.05 0.09
Food Scraps 0.02 0.03 0.15 0.02 0.04 0.05
Metals 0.74 0.85 1.21 1.01 1.34 1.03
Glass 0.02 0.01 0.02 0.02 0.02 0.02
Wood 0.32 0.15 0.25 0.43 0.27 0.29
Rubber and Leather - - - - - -
Textiles - - - - - -

Misc. Inorganic Wastes - - - - - -

Plastics 0.02 0.02 0.04 0.04 0.07 0.04

Other 0.33 0.24 0.39 0.74 0.38 0.42
Recycled Materials - pcpd 2.1 1.8 2.7 3.0 2.9 2.5
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Marine Corps Solid Waste Characterization

The NAVFAC also provided Marine Corps installation waste characterization data for the FY
2006 through FY 2009.4 Like the data provided for the Navy, this data included total waste
generation rates, and component specific recycling rates. The total waste generation data for
the Marine Corps is provided in Table 3. Per capita generation rates were estimated based on
population estimates provided by the DoD SIAD.>

Table 3
Marine Corps Total Waste, 2006 to 2009 (in tons and pounds per capita per day)

Total Waste Generation
Year 2006 2007 2008 2009 Average
Population, in thousands 218 163 188 199 192
Total MSW - tons 234,969 246,931 235,659 221,101 234,665
Total MSW — pcpd 5.9 8.3 6.9 6.1 6.7

The reported waste generation at Marine Corps installations shows relative consistency,
ranging from 5.9 to 8.3 pounds per person per day with an average of 6.7. This generation rate
is lower than the rate estimated for the Navy.

Recycled material data for the Marine Corps is summarized in Table 4.

4 (Hamilton, 2010)
° (Department of Defense, 2010)
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Table 4

Marine Corps Recycled Materials, 2005 to 2009 (tons, %, and pounds per capita per day)

Recycled Materials, Tons

Year 2006 2007 2008 2009 Average

Population, in thousands 218 163 188 199 192

Paper and Paperboard 10,900 9,825 13,422 15,036 12,296
Yard Trimmings 2,293 1,289 1,867 2,124 1,893
Food Scraps 4,518 6,610 5,783 1,800 4,678
Metals 18,930 37,686 23,580 19,394 24,898
Glass 639 558 248 331 444
Wood 14,796 14,520 14,741 22,037 16,524
Rubber and Leather - - - - -
Textiles - - - - -
Misc. Inorganic Wastes - - - - -
Plastics 490 771 422 648 583
Other 2,236 10,294 14,683 7,630 8,711

Recycled Materials - tons 54,804 81,552 74,746 69,001 70,026

Recycled Materials, %

Year 2006 2007 2008 2009 Average
Paper and Paperboard 19.9% 12.0% 18.0% 21.8% 17.6%
Yard Trimmings 4.2% 1.6% 2.5% 3.1% 2.7%
Food Scraps 8.2% 8.1% 7.7% 2.6% 6.7%
Metals 34.5% 46.2% 31.5% 28.1% 35.6%
Glass 1.2% 0.7% 0.3% 0.5% 0.6%
Wood 27.0% 17.8% 19.7% 31.9% 23.6%
Rubber and Leather - - - - -
Textiles - - - - -
Misc. Inorganic Wastes - - - - -
Plastics 0.9% 0.9% 0.6% 0.9% 0.8%
Other 4.1% 12.6% 19.6% 11.1% 12.4%

Recycled Materials - % 100.0% 100.0% 100.0% 100.0% 100.0%

Recycled Materials, pcpd

Year 2006 2007 2008 2009 Average
Paper and Paperboard 0.27 0.33 0.39 0.41 0.35
Yard Trimmings 0.06 0.04 0.05 0.06 0.05
Food Scraps 0.114 0.222 0.169 0.050 0.138
Metals 0.48 1.27 0.69 0.53 0.74
Glass 0.016 0.019 0.007 0.009 0.013
Wood 0.37 0.49 0.43 0.61 0.47

Rubber and Leather - - - - -
Textiles - - - - -
Misc. Inorganic Wastes - - - - -
Plastics 0.01 0.03 0.01 0.02 0.02
Other 0.06 0.35 0.43 0.21 0.26
Recycled Materials - pcpd 1.4 2.7 2.2 1.9 2.1
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Air Force Solid Waste Characterization

The Air Force Center for Engineering and the Environment (AFCEE) provided total waste
generation data for FY 2002 through FY 2008 (with the exception of FY 2004, which was not
available) for Air Force installations.6 The waste statistics for the Air Force are summarized in

Table 5. Per capita generation rates were estimated based on population estimates provided by
the DoD SIAD.”

Table 5
Air Force Waste Stream Data, 2002 to 2008
Waste Generation
Year 2002 2003 2005 2006 2007 2008 Average
Population, in thousands 457 464 467 448 446 440 454
Total MSW - tons 1,902,944 | 1,011,119 764,781 2,321,002 840,233 528,852 1,228,155
Total MSW — pcpd 22.8 11.9 9.0 28.4 10.3 6.6 14.8

The reported waste generation at Air Force installations varied substantially throughout the
years, ranging from 6.6 to 28.4 pounds per person per day with an average of 14.8. A fourfold
difference between low to high is substantial and unusual. No explanation was given from the
Air Force to explain the difference in generation rates. It was expected that per capita
generation rates would be decreasing as conservation measures were implemented. If the 2006
data is ignored, the per capita generation is steadily reducing since 2002.

Army Solid Waste Characterization

Army solid waste data was obtained from the Solid Waste Annual Report Website$? via the
Army’s online Installation Management Application Resource Center. Data was collected from
four different reports:

e Installation Spreadsheet Totals (FY03 - FYO08)

e Headquarters (AEC) Army Report 1 - (Overall)

¢ Headquarters (AEC) Army Report 2 - (MSW Diversion)
e Measures of Merit (MoM) Elements

The waste statistics for the Army are summarized in Table 6. Per capita generation rates were
estimated base on population estimates provided by the DoD SIAD.10

6 (Carper, 2010)

7 (Department of Defense, 2010)
8 (U.S. Army, 2010)

% (Eng, 2010)

10 (Department of Defense, 2010)
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Table 6

Army Waste Stream Data, 2003 to 2008

Waste Generation
Year 2003 2004 2005 2006 2007 2008 Average
Population, in thousands 611 616 635 656 674 715 651
Total MSW - tons 1,759,624 3,544,886 2,209,752 2,328,227 2,859,805 2,237,291 2,489,931
Total MSW - pcpd 15.8 31.5 19.1 19.5 23.2 17.2 21.0

The Army had the highest per capita generation rates of any of the four branches. Generation
rates ranged from 15.8 to 31.5 pounds per person per day, with an average of 21.0. No general
trend is observed in the generation numbers.

DoD Waste Data Comparison

A summary table of the average waste generation rates across the DoD was compiled for
relative comparison between the different branches and for subsequent comparison with
reported waste generation rates from detailed studies.

The summary waste generation data across the DoD is provided in Table 7.

Table 7
DoD Waste Stream Data
Total Waste Generation
Branch Navy Marine Corps Air Force Army DoD Total
Population, in thousands 317 192 454 651 1,614
Total MSW - tons 650,200 300,163 1,228,155 2,489,931 4,668,449
Total MSW - pcpd 11.6 8.7 14.8 21.0 15.8

The summary generation numbers indicate a few things about waste generation across the DoD.

e The Army is the single largest generator of solid waste based on its larger population
and its higher per capita generation rate.

e The Marine Corps is the smallest generator based on its smaller population and lower
per capita generation rate.

e DPer capita generation rates range between 8.7 and 21.0 pounds per person per day, with
an average of 15.8.

e Average waste generation across the DoD is approximately 4.7 million tons per year

The discrepancy between the per capita generation numbers could be attributable to a number
of factors including the possibility that one branch simply generates more waste per capita than
the other due to different conservation measures or different activities under command. One
would expect the Navy and the Marine Corps, which operate in the naval arena, to have more
stringent waste generation policies and practices to minimize wasted space on a vessel afloat.
Variation can also be introduced based on reporting methodology in which the different
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branches or individual bases consider specific wastes differently. For instance, green waste at
one base may not be included in waste generation statistics because it is immediately diverted
into mulch at the point of generation, while another base may track the green waste because it is
generated and then transported before diversion to mulch or other disposal. Likewise, sewage
sludge and ash may not be included in the waste generation statistics depending on an
individual base’s treatment and disposal practices. No information was available from the DoD
to determine if different reporting practices were employed at different bases or in different
branches.

DoD Waste Data Validation

To further understand and validate the per capita generation rates and to estimate component
generation rates, the total waste generation numbers were compared with detailed studies from
the Army Corps of Engineers and the U.S. EPA.

Table 8 is populated with waste characterization data from the U.S. EPA report: Municipal Solid
Waste in the United States: 2007 Facts and Figures'! and from the Army Corps of Engineers report:
Solid Waste Generation Rates at Army Base Camps.12 The EPA report is the most up to date and
detailed analysis of the solid waste in the United States. The Army Corps report is the only
known waste characterization study conducted at a DoD installation. The characterization was
conducted in 2003 and 2006 at two Army base camps to determine the relative generation rates
of waste components on a per capita basis.

Table 8
Army Base Camp and U.S. Waste Stream Characterization Data
2003 (Camp A) 2006 (Camp B) 2007 (US)
Component pcpd % pcpd % pcpd %
Paper and Paperboard 14 9% 4.1 23% 1.5 33%
Food 1.0 7% 1.5 8% 0.6 12%
Vegetation 0.1 1% 0.2 1% 0.6 13%
Metals 0.1 0% 0.7 4% 0.4 8%
Glass 0.1 1% 0.1 1% 0.2 5%
Wood 11.4 72% 2.9 16% 0.3 6%
Rubber and Leather 0.0 0% 0.0 0% 0.1 3%
Textiles 0.1 0% 0.3 1% 0.2 5%
Plastics 1.2 8% 2.0 11% 0.5 12%
Sewage Sludge?! 0.2 1% 1.9 10% - 0%
Ashes? 0.0 0% 2.2 12% - 0%
Other 0.1 1% 2.3 13% 0.1 3%
Total Waste Generated" 15.8 100% 18.2 100% 4.6 100%

! Sewage sludge and ash were not included in the U.S. EPA waste characterization and are not reflected in the total waste
generated

The data provided above suggests a few key things about waste generation at DoD installations.

11 (U.S. EPA, 2008)
12 (U.S. Army Corps of Engineers, 2008)
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Component generation, such as wood waste, can vary considerably from base to base.
Wood waste from Camp A was 72 percent of total waste generated, while it represented
just 16 percent of total waste generated from Camp B. One possible explanation for the
high wood waste fraction of the Camp A waste is that the camp was not fully
established and was generating significant construction and shipping waste to bring in
new materials. An established camp, like Camp B, may have less wood waste, but
higher concentrations of other wastes, as it is more reliant on locally available materials
and supplies and is not in active construction.

Total generation at Army base camps are relatively consistent, but are approximately
four times as high as the U.S. National Average.

The total waste generation rates at the Army base camps are consistent with the
projections made in Table 7 for the entire DoD, suggesting that the estimate is
reasonable for projections within the DoD. Camp A waste generation rates were
identical to the projected average of 15.8 pounds per capita per day.

Certain fractions of the waste stream can vary considerably from Army base to Army
base in both the relative (fraction of total) and the absolute (pounds per capita per day
generated) basis.

0 Paper and Paperboard, and Wood generation rates showed the most relative and
absolute variation.

0 Metals, Sewage Sludge, Ashes, and Other wastes showed great relative variation,
but little absolute variation.

0 Food and Vegetation, Glass, Rubber and Leather, Textiles, and Plastic waste
showed some relative variation, but were generally consistent on an absolute
basis between camps and when compared with the U.S. EPA national average.

Food waste generation rates for the two Army base camps were 1.0 and 1.5 pounds pcpd
compared to the US average of 0.6 pounds pcpd. Army food waste generation was 7 to
8% of total MSW generation compared to 12% for the US. Total food waste generation by
the DoD was estimated to range from 330,000 to 560,000 tons per year using the range of
percentages in Table 8 and total MSW generation data in Table 7.

Conclusions from DoD Waste Characterization

The DoD waste characterization analysis was helpful to quantify the relative waste generation
rates across installations. Based on the data provided by the different branches and based on
the specific analysis performed by the Army Corps of Engineers, it is estimated that solid waste
is generated at approximately 15.8 pounds per capita per day. Waste generation by specific
component proved to be more difficult to estimate due to differences in waste tracking
methodologies and installation activities. There does not appear to be enough data available
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from the DoD to make a detailed estimate of waste generation by component. Nevertheless,
DoD food waste generation was estimated to be 330,000 to 560,000 tons per year.

Suitability of Waste Components for Anaerobic Digestion

Anaerobic digestion is an organic waste treatment technology that uses microbiological
communities to break down complex organics to reduce the overall solids mass and volume
while generating a biogas energy product. Regardless of the waste stream utilized, anaerobic
treatment follows the same biological and chemical pathways using related microbial
populations. The anaerobic treatment process is represented in Figure 1.13

Figure 1
Anaerobic Digestion Process

Complex Organic Matter
carbohydrates, proteins, fats

Hydrolysis

Soluble Organic Molecules
sugars, amino acids, fatty acids

Fermentation

Volatile Fatty Acids
porpionate, butyrate, alcohols

Acetic Acid Acetogenesis H, + CO,

Methanogenesis (.‘,H4 + C:()2 - Methanogenesis

Due to the relative uniformity of the anaerobic digestion process, and the substantial amount of
data available from stable sewage sludge anaerobic digestion systems, general characteristics
for digestible waste have been developed. These general characteristics are described below.

13 (EPA, 2011)
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Feedstock Characteristics
¢ Organic: The primary characteristic of a good digester feedstock is that it is organic in
nature. Anaerobic digestion is biological process that utilizes organic compounds as an
energy source. Inorganic compounds are not readily metabolized by the microbial
population and are not appropriate for anaerobic digestion.

e C:N Ratio: The ideal carbon to nitrogen (C:N) ratio is between 20 and 30 for stable
digestion. The higher carbon concentration helps provide sufficient organic matter for
the microbiological community to feed on, while the lower nitrogen concentration
provides a key nutrient at a low enough concentration to encourage growth while
limiting ammonia toxicity. Anaerobic digestion of wastes with lower C:N ratios are
possible, but ammonia toxicity becomes problematic and must be monitored carefully.
Ammonia toxicity is relatively common when anaerobically digesting chicken waste,
which has a C:N ratio between 5 and 10.14 Digestion at higher C:N ratios is also possible,
but it can be difficult to maintain due the absence of nitrogen, which is a rate limiting
nutrient for the anaerobic bacteria.

e Trace Nutrients: Micronutrients including phosphorus, magnesium, iron, molybdenum,
nickel and cobalt are essential for the stable growth of anaerobic populations.’> In the
absence of these micronutrients, the methanogenic archea are growth inhibited and
digesters tend towards upsets as volatile fatty acids accumulate, the pH drops, and the
microbiological community dies.

e Absence of Inhibitory Compounds: Inhibitory compounds such as disinfectants,
antibiotics and heavy metals can negatively influence the digester population and result
in digester upsets. The ideal digester feedstock will be free of inhibitory compounds.
However, use of sanitizers and disinfectants is common and these products contain
inhibitors such as quaternary ammonium compounds. Such compounds are found in
anaerobic digester sludge and thus are tolerated within certain limits. The exact limits
that are inhibitory is a current area of research and is not well defined.

Assessment and Conclusion on the Suitability of DoD Wastes for Anaerobic Digestion

To simplify the assessment of the available DoD waste streams, Table 9 comparing the
component waste categories was developed based on the ideal feedstock characteristics
discussed previously.

14 (Speece, 1996)
15 Ibid.
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Table 9
Evaluation of DoD Waste Stream for Anaerobic Digestion
. Trace Inhibitor Suitable for
Organic . . .
Compound? C:N Ratio Nutrients Compounds A.naer?blc
Component Present? Present? Digestion?
Paper and Paperboard Yes 145:1 No Maybe No
Food Yes 19:1 Yes Maybe Yes
Vegetation Yes 14:1 Yes Maybe Maybe
Metals No <5:1 No Yes No
Glass No <5:1 No No No
Wood Yes 250:1 No Maybe No
Rubber and Leather No 40:1 No Maybe No
Textiles No 12:1 No Yes No
Plastics No >500:1 No Yes No
Ashes No 50:1 No Yes No

Based on the criteria in Table 9, only the food waste and vegetation waste streams are

candidates for treatment through anaerobic digestion. Food waste is the best candidate and is
well suited for biogas production. Vegetation may be a good amendment to be added to a food
waste digestion process. In this case a compost product would be generated in addition to the
biogas. All of the other waste streams are either inorganic, have insufficient carbon, nitrogen, or

trace nutrients, or are known to have inhibitory compounds latent within the stream.

Typically, after a preliminary assessment of a candidate waste stream is completed, the
candidate waste stream is subjected to lab and pilot scale tests to confirm its overall
applicability and digestion characteristics. These lab and pilot scales are currently being
completed for DoD food wastes as part of this project. Results from this analysis are
forthcoming and will be reported in subsequent reports and presentations.
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Table A

Complete United States Waste Stream Data

Thousands of Tons

Year 1960 1970 1980 1990 2000 2004 2005 2006 2007
Paper and Paperboard 29,990 44,310 55,160 72,730 87,740 86,450 84,840 85,350 83,010
Yard Trimmings 20,000 23,200 27,500 35,000 30,530 31,770 32,070 32,400 32,630
Food Scraps 12,200 12,800 13,000 20,800 26,810 29,410 30,220 31,040 31,650
Metals 10,820 13,830 15,510 16,550 18,910 19,980 20,060 20,660 20,750
Glass 6,720 12,740 15,130 13,100 12,760 12,890 13,320 13,520 13,580
Wood 3,030 3,720 7,010 12,210 13,110 13,890 14,080 14,100 14,210
Rubber and Leather 1,840 2,970 4,200 5,790 6,710 7,150 7,360 7,400 7,480
Textiles 1,760 2,040 2,530 5,810 9,440 10,980 11,380 11,870 11,920
Misc. Inorganic Wastes 1,300 1,780 2,250 2,900 3,500 3,650 3,690 3,720 3,750
Plastics 390 2,900 6,830 17,130 25,540 29,480 29,240 29,810 30,730
Other * 70 770 2,520 3,190 4,000 4,130 4,170 4,310 4,430

Total MSW Generated 88,120 121,060 151,640 205,210 239,050 249,780 250,430 254,180 254,140

Percent of Total Generation

Year 1960 1970 1980 1990 2000 2004 2005 2006 2007
Paper and Paperboard 34.0% 36.6% 36.4% 35.4% 36.7% 34.6% 33.9% 33.6% 32.7%
Yard Trimmings 22.7% 19.2% 18.1% 17.1% 12.8% 12.7% 12.8% 12.7% 12.8%
Food Scraps 13.8% 10.6% 8.6% 10.1% 11.2% 11.8% 12.1% 12.2% 12.5%
Metals 12.3% 11.4% 10.2% 8.1% 7.9% 8.0% 8.0% 8.1% 8.2%
Glass 7.6% 10.5% 10.0% 6.4% 5.3% 5.2% 5.3% 5.3% 5.3%
Wood 3.4% 3.1% 4.6% 6.0% 5.5% 5.6% 5.6% 5.5% 5.6%
Rubber and Leather 2.1% 2.5% 2.8% 2.8% 2.8% 2.9% 2.9% 2.9% 2.9%
Textiles 2.0% 1.7% 1.7% 2.8% 3.9% 4.4% 4.5% 4.7% 4.7%

Misc. Inorganic Wastes 1.5% 1.5% 1.5% 1.4% 1.5% 1.5% 1.5% 1.5% 1.5%
Plastics 0.4% 2.4% 4.5% 8.3% 10.7% 11.8% 11.7% 11.7% 12.1%
Other * 0.1% 0.6% 1.7% 1.6% 1.7% 1.7% 1.7% 1.7% 1.7%
Total MSW Generated -% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
Pounds Per Capita Per Day (pcpd)
Year 1960 1970 1980 1990 2000 2004 2005 2006 2007
Population, in millions 180.7 205.1 227.2 249.5 282.2 293.2 295.9 298.8 301.6
Paper and Paperboard 0.91 1.18 1.33 1.59 1.70 1.61 1.57 1.57 1.51
Yard Trimmings 0.60 0.62 0.66 0.77 0.59 0.59 0.59 0.59 0.59
Food Scraps 0.37 0.34 0.31 0.46 0.52 0.55 0.56 0.57 0.57
Metals 0.33 0.37 0.37 0.36 0.37 0.37 0.37 0.38 0.38
Glass 0.20 0.34 0.36 0.29 0.25 0.24 0.25 0.25 0.25
Wood 0.09 0.10 0.17 0.27 0.25 0.26 0.26 0.26 0.26
Rubber and Leather 0.06 0.08 0.10 0.13 0.13 0.13 0.14 0.14 0.14
Textiles 0.05 0.05 0.06 0.13 0.18 0.20 0.21 0.22 0.22
Misc. Inorganic Wastes 0.04 0.05 0.05 0.06 0.07 0.07 0.07 0.07 0.07
Plastics 0.01 0.08 0.16 0.38 0.50 0.55 0.54 0.55 0.56
Other * 0.00 0.02 0.06 0.07 0.08 0.08 0.08 0.08 0.08
Total MSW Generated -pcpd 2.7 3.2 3.7 4.5 4.6 4.7 4.6 4.7 4.6

* Includes electrolytes in batteries, fluff pulp, feces, and urine in disposable diapers. Details may not add to total

due to rounding




Waste Summary Data

US Navy
FYO05 - FY09
2005 2006 2007 2008 2009 Average
(tons) (tons) (tons) (tons) (tons) (tons)

Food 1,579 2,131 6,976 766 1,806 2,652
Glass 1,597 1,020 868 736 846 1,013
Metals 56,611 61,280 57,692 46,932 61,504 56,804
Other (non-food) 25,256 17,169 18,518 34,308 17,579 22,566
Paper & Paperboard 35,068 30,924 28,636 28,257 31,605 30,898
Plastic 1,677 1,413 1,942 1,673 3,244 1,990
Wood 24,558 10,754 12,089 20,110 12,478 15,998
Yard/Green Waste 11,263 2,781 4,116 7,232 2,102 5,499
Total Recycle by Cat 157,609 127,471 130,837 140,014 131,163 137,419
Composting 23,513 21,667 14,533 8,703 13,962 16,476
Recycled Antifreeze 287 240 90 219 206 209
Recycled Lead Acid

Batteries 1,237 1,812 2,115 1,431 2,227 1,764
Recycled Used Motor

Qil 8,498 5,134 2,385 4,158 4,341 4,903
Total Recycled 191,144 156,324 149,960 154,526 151,900 160,771
Landfilled 367,500 362,669 277,130 261,310 247,078 303,138
Incinerated 45,416 52,469 58,125 58,769 63,967 55,749
Landfilled Antifreeze 311 94 116 463 91 215
Landfilled Lead Acid

Batteries 55 238 41 163 163 132
Landfilled Used Motor

Qils 7,971 879 898 42 435 2,045
L_Oils(wte) 229 176 60 100 141
LR_Oils(wte) 3,402 3,408 2,571 3,677 3,265
Total Disposed 421,253 419,979 339,894 323,379 315,510 364,003
Total Waste 612,397 576,303 489,854 477,905 467,410 524,774
% Recycled 31% 27% 31% 32% 32% 31%
% Not Recycled 69% 73% 69% 68% 68% 69%
Food Waste % Rcyc 0.8% 1.4% 4.7% 0.5% 1.2% 2%
Food Waste % Total 0.3% 0.4% 1.4% 0.2% 0.4% 1%
F+Y+C % Rcyc 19% 17% 17% 11% 12% 15%
F+Y+C % Total 6% 5% 5% 3% 4% 5%
Number of Installatns 103 105 103 102 95 102

R_Anti
R_LAB
R_OQils

L_Anti

L_LAB
L_Oils

71712010

Recycled Antifreeze

Recycled Lead Acid Batteries
Recycyed Used Motor Oils

Landfilled Antifreeze

Landfilled Lead Acid Batteries
Landfilled Used Motor Oils




Waste Summary Data
US Marine Corps

FYO06 - FY09
2006 2007 2008 2009 Average
(tons) (tons) (tons) (tons) (tons)

Food 4,518 6,610 5,783 1,800 4,678
Glass 639 558 248 331 444
Metals 18,930 37,686 23,580 19,394 24,898
Other (non-food) 2,236 10,294 14,683 7,630 8,711
Paper & Paperboard 10,900 9,825 13,422 15,036 12,296
Plastic 490 771 422 648 583
Wood 14,796 14,520 14,741 22,037 16,524
Yard/Green Waste 2,293 1,289 1,867 2,124 1,893
Total Recycle by Cat 54,804 81,552 74,746 69,001 70,026
Composting 9,064 5,336 6,381 4,273 6,264
Recycled Antifreeze 373 102 325 399 300
Recycled Lead Acid

Batteries 1,091 769 2,063 996 1,230
Recycled Used Motor

Oll 1,506 1,840 1,025 2,340 1,678
Total Recycled 66,838 89,598 84,539 77,010 79,497
Landfilled 145,126 135,042 133,175 126,041 134,846
Incinerated 21,697 21,597 16,340 16,373 19,002
Landfilled Antifreeze 44 38 36 57 44
Landfilled Lead Acid

Batteries 105 4 41 82 58
Landfilled Used Motor

Oils 363 44 1 - 102
L Oils(wte) 37 131 289 - 114
LR_Oils(wte) 759 477 1,237 1,537 1,002
Total Disposed 168,130 157,333 151,120 144,091 155,169
Total Waste 234,969 246,931 235,659 221,101 234,665
% Recycled 28% 36% 36% 35% 34%
% Not Recycled 72% 64% 64% 65% 66%
Food Waste % Rcyc 7% 7% 7% 2% 6%
Food Waste % Total 2% 3% 2% 1% 2%
F+Y+C % Rcyc 24% 15% 17% 11% 16%
F+Y+C % Total 7% 5% 6% 4% 5%
Number of Installatns 19 18 17 18 18

R_Anti
R_LAB
R_OQils

L_Anti

L_LAB
L_Oils

7/7/2010

Recycled Antifreeze
Recycled Lead Acid Batteries
Recycyed Used Motor Oils

Landfilled Antifreeze
Landfilled Lead Acid Batteries
Landfilled Used Motor Oils




Waste Summary Data

US Army
FYO03 - FY08
FY03 FYo4 FY05 FYO06 FYo7 FYo08 Average
(tons) (tons) (tons) (tons) (tons) (tons) (tons)

Total SW Generated

(Tons) 1,759,624 | 3,544,886 | 2,209,752 | 2,328,227 | 2,859,805 | 2,237,291 2,489,931
Landfill (Tons) 874,954 739,763 891,997 488,958 517,058 527,811 673,424
C&D Landfill (Tons) 167,919 | 1,156,898 244,038 366,339 389,730 358,406 447,222
C&D Diverted (Tons) 334,538 | 1,189,487 488,738 924,944 | 1,461,907 769,615 861,538
Total C&D Generated

(Tons) 502,456 | 2,346,385 732,776 | 1,291,283 | 1,851,637 | 1,128,021 1,308,760
C&D Diversion (%) 67% 51% 67% 72% 79% 68% 66%
Non-WTE Incinerator

(Tons) 28,922 23,244 39,115 51,012 47,701 32,666 37,110
WTE Incinerator (Tons) 63,774 50,357 47,521 41,858 45,987 50,014 49,919
Compost (Tons)* 16,707 14,723 11,846 9,950 11,140 9,073 12,240
Recycle (Tons) 599,442 | 1,556,464 969,108 | 1,357,477 | 1,842,471 | 1,251,036 1,262,666
SW Diversion (%) 39% 46% 47% 61% 66% 59% 53%
MSW Generated 1,223,252 | 1,150,971 | 1,367,642 944,750 964,533 | 1,041,349 1,115,416
MSW Diverted 253,751 331,837 425,073 362,806 354,745 432,668 360,147
Percent Diverted 21% 29% 31% 38% 37% 42% 32%
WTE 63,774 50,357 47,521 41,860 45,987 50,014 49,919
Commodities Paper 83,014 89,007 90,372 87,370 85,574 76,062 85,233
Commodities Other 115,099 160,403 241,432 192,341 201,569 124,603 172,574

* - equivalent to recycled yard waste which is considered equivalent to generated yard waste

7/7/2010

Based on data pulled from SWARWeb Reports




Waste Summary Data

US Air Force
FY02 - FYO8

FY02 FYO3 FYO5 FYO06 FYO7 FYO08 Average

(tons) (tons) (tons) (tons) (tons) (tons) (tons)
Solid Waste Composted (tons) 54,985 26,055 30,381 24,689 19,022 25,920 30,175
Solid Waste Mulched (tons) 43,503 57,226 42,061 40,538 50,564 18,122 42,002
Solid Waste Recycled (tons) 359,822 193,848 203,195 1,241,843 224,125 154,091 396,154
Solid Waste Reused (tons) 32,082 102,158 75,212 465,727 62,478 24,098 126,959
Solid Waste Donated (tons) 4,607 2,784 3,030 52,652 23,715 2,907 14,949
Total Diverted/Recycled
SW(tons) 494,999 382,070 353,869 1,825,450 379,904 225,137 610,240
C&D Debris Diverted (tons) 1,567,537 694,474 1,647,490 1,863,864 974,963 1,409,634 1,359,660
Solid Waste Sent to Disposal
Facilities (tons) 1,407,945 629,049 375,249 461,984 424,039 277,828 596,016
C&D sent to Disposal Facilities
(tons) 458,742 179,627 236,149 271,803 322,582 329,449 299,725
Solid Waste Incinerated (tons) - - 35,663 33,568 36,290 25,887 21,901
C&D Incinerated (tons) - - 999 424 524 97 341
SW Disposed (incl
Incineration) 1,407,945 629,049 410,912 495,552 460,329 303,715 617,917
SW Diversion Rate 26% 38% 46% 79% 45% 43% 50%
C&D Disposed (incl
Incineration) 458,742 179,627 237,148 272,227 323,106 329,546 257,199
C&D Diversion Rate 77% 79% 87% 87% 75% 81% 82%
SW Incineration Rate 0% 0% 5% 1% 4% 5% 3%
SW Compost/Mulch Rate 20% 22% 20% 1% 18% 20% 12%
Total SW Generated 1,902,944 1,011,119 764,781 2,321,002 840,233 528,852 1,228,157
Total C&D Generated 2,026,279 874,101 1,884,638 | 2,136,091 1,298,069 | 1,739,180 1,659,726
Total Waste Generated 3,929,223 1,885,221 2,649,419 4,457,093 2,138,302 2,268,032 2,887,883
Total Waste Diverted 2,062,536 1,076,544 2,001,359 | 3,689,314 1,354,867 | 1,634,771 1,969,900
Total Waste Diversion Rate 52% 57% 76% 83% 63% 72% 68%

7/7/2010
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