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ABSTRACT

High-Solids Anaerobic Digestion (HS-AD; aka Solid-State AD) is frequently used to process and
produce bioenergy from the organic fraction of municipal solid waste (OFMSW), including yard
waste, food waste and industrial organics. Compared with landfills or bioreactor landfills, HS-
AD promotes faster OFMSW degradation, higher biogas methane content, reduced greenhouse
gas (GHG) emissions and recovery of nutrients as compost. OFMSW diversion also saves
landfill space and improves leachate quality at landfills. HS-AD of OFMSW has been rapidly
increasing over the last decade in Europe and the US; however, no HS-AD facilities currently
exist in Florida. The overall goals of this project were to evaluate the potential for HS-AD in
Florida and improve methane production during HS-AD of the OFMSW. Specific objectives
were to: 1) evaluate the most appropriate technologies for implementing HS-AD of OFMSW in
Florida, 2) carry out fundamental research improve the biodegradability of lignocellulosic waste
through co-digestion with pulp and paper mill waste anaerobic sludge (P&P), and 3) identify
potential sites, collaborators and funding sources for a HS-AD demonstration in Florida.

State-of-the-Art of HS-AD: Current trends in Europe and the US suggest that single-stage HS-
AD technologies are most appropriate for implementation in Florida due to their low cost,
simplicity and reliability. The suitability of advanced HS-AD technologies, such as continuous
and multi-stage systems, will depend on industry and legislative developments. Key factors
affecting HS-AD economics include the quality, quantity, and proximity of OFMSW, markets
for compost, energy, and renewable energy credits, and public-private partnerships. Source-
separation of OFMSW is a critical factor affecting the economics of HS-AD, as it improves
energy recovery and compost quality. However, more research is needed on the sustainability of
source separation of putrescible waste in warm climates, such as Florida.

Enhancing Bioenergy Production: The potential to enhance methane production from yard
waste via inoculation with P&P sludge, which contains microbial populations that are acclimated
to a lignin-rich waste stream, was investigated. Side-by-side bench-scale HS-AD experiments
were carried out under mesophilic conditions with yard waste inoculated with P&P sludge
(bioaugmentation) and domestic wastewater anaerobic digester sludge. A 73% enhancement in
methane yield was observed using the bioaugmentation strategy. Trends in volatile fatty acid
concentrations suggested that increased methane production was due to acceleration of
hydrolysis in the bioaugmented digesters. Additional experiments showed that enhancement
could be sustained through digestate recirculation.

Potential for HS-AD Implementation in Florida: A detailed review of MSW management
trends in Florida was conducted, with a focus on recent trends in OFMSW generation and
management and relevant legislation. This information was used to identify locations where HS-
AD may be promising based on potential for bioenergy production, GHG emissions reductions
and nutrient recovery. Based on these criteria, the following counties were identified: Miami-
Dade, Broward, Palm Beach, Hillsborough, Orange, Pinellas, Duval, Lee and Alachua.
However, more research is needed to understand the compatibility of HS-AD with existing MSW
infrastructure, particularly WTE. Florida universities may represent an opportunity for HS-AD
demonstrations, as they generate large quantities of OFMSW, offer partnership and funding
opportunities, and are a hub for education of future MSW professionals. Legislative incentives,
as seen in Europe and California, would help foster implementation of HS-AD in Florida.
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Introduction

Anaerobic Digestion (AD) can be used to stabilize organic waste while recovering energy in the
form of biogas (a mixture of methane and carbon dioxide). Liquid AD is commonly used for
treatment of industrial, agricultural and municipal wastewaters, biosolids and sludges. However,
high-solids AD (HS-AD aka Solid-State AD; characterized by a total solids [TS] content > 15%)
is frequently used to process the organic fraction of municipal solid waste (OFMSW), including
yard waste, food waste and industrial organics. Compared with landfills or bioreactor landfills,
HS-AD promotes faster OFMSW degradation, higher biogas quality based on methane content,
reduced greenhouse gas (GHG) emissions and recovery of nutrients as compost. By diverting
OFMSW from landfills, HS-AD also saves landfill space, reduces leachate generation and
improves leachate quality. The implementation of HS-AD of OFMSW has been rapidly
increasing over the last decade in both Europe and the US; however, no HS-AD facilities
currently exist in Florida.
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Objectives

The overall goals of this project were to evaluate the potential for HS-AD in Florida and to
improve the rate of methane production during HS-AD of the OFMSW. Specific objectives
were to: 1) evaluate the most appropriate technologies for implementing HS-AD of OFMSW in
Florida, 2) carry out fundamental research at bench- and pilot-scales to improve the
biodegradability of lignocellulosic waste through co-digestion with pulp and paper mill waste
anaerobic sludge (P&P sludge), and 3) identify potential sites, collaborators, and funding sources
for a large scale HS-AD demonstration project in Florida

Objective 1: State-of-the-Art of HS-AD

Trends in AD technology selection in Europe were identified and a detailed chronological
database of HS-AD projects in the US was developed. Trends in AD development in the EU
indicate that: 1) HS-AD systems are economically and environmentally advantageous over liquid
AD (L-AD) systems for processing OFMSW, 2) thermophilic systems are more economical than
mesophilic systems, although mesophilic systems have historically been more common, 3)
single-stage systems are more common and the technology is more accepted relative to multi-
stage systems, although multi-stage systems are increasing in prevalence due to the
improvements in process efficiency when well-designed and operated, and 4) continuous systems
are more common in general than batch systems, although batch systems are often selected for
processing lignocellulosic wastes.

In the US, eight full-scale HS-AD facilities are currently operating, with a total capacity of
189,600 TPY (see map Fig. 2.3). Another 19 or more HS-AD projects are in the planning,
permitting, or construction phases. In general, there has been a preference for simple
technologies over more sophisticated systems. Single-stage, batch-type thermophilic digesters,
such as the SmartFerm and BioFerm systems, constitute more than half of the systems operating
in the US today. These systems are capable of processing source separated OFMSW (SS-
OFMSW), mechanically separated OFMSW (MS-OFMSW), or comingled MSW. The digestate
is free of pathogens and is considered compost by the EPA’s Process to Further Reduce
Pathogens (PFRP) program, but requires post-processing (e.g. trammel screening) to remove
contaminants. As the most proven form of HS-AD in the US, these systems are considered the
most suitable for HS-AD in the state of Florida. Other more advanced HS-AD technologies such
as continuous and multi-stage systems may become increasingly suitable, depending on industry
and legislative developments.

Key factors affecting the economics of HS-AD include the quality, quantity, and proximity of
available feedstock, markets for compost, energy, and renewable energy credits (RECs), and the
development of public-private partnerships. Source-separation of OFMSW is a critical factor
affecting the economics of HS-AD, as it improves energy recovery and compost quality.
However, more research is needed on the sustainability of source separation of putrescible waste
in warm climates, such as Florida. In general, HS-AD technologies cannot compete with the low
cost of landfilling. In San Jose California, we also observed HS-AD being used at a landfill site
for preprocessing comingled MSW before disposal. This practice has the potential to improve
energy recovery efficiency, saves landfill space, reduces greenhouse gas emissions, and reduces
leachate generation at landfill sites.
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Objective 2: Enhancing Bioenergy Production

Two sets of experiments were carried out to contribute to the improvement of biomethane
production in HS-AD. The goal of Experiment 1 was to investigate the potential to enhance
methane production from yard waste via inoculation with P&P sludge as an alternative to
wastewater anaerobic sludge (a conventional inoculum). Yard waste constitutes a significant
fraction of OFMSW; however, the biodegradability of yard waste in HS-AD is low. Chemical,
mechanical and thermal pretreatments have been shown to enhance biodegradability but each
incurs additional economic and environmental costs. P&P sludge was identified as a promising
alternative inoculum for HS-AD of yard waste because it contains microorganisms that are
acclimated to metabolizing lignocellulosic materials. In bench-scale studies, methane production
from yard waste inoculated with P&P sludge reached 100.2 + 2.4 L CHa/kg VS over 106 days of
digestion. This yield was 73% greater than that achieved through inoculation with wastewater
anaerobic sludge (58.1 £ 1.2 L CHa4/kg VS), a comparable enhancement to that achieved through
chemical or thermal pretreatment. Trends in the evolution of volatile fatty acid (VFA)
concentrations suggested that hydrolysis was accelerated in the bioaugmented digesters.
Additional experiments showed that the enhancement could be sustained through recirculating
digestate from the initial digesters, resulting in a 68.5% enhancement of methane yield. Although
the observed improvements were comparable to other pretreatment methods, the
bioaugmentation strategy used in this study could be a low cost and less resource intensive
alternative to pretreatment and, thereby improve the overall sustainability of HS-AD processes.

The goal of Experiment 2 was to investigate potential co-digestion strategies for improving the
overall efficiency of HS-AD. Yard waste was co-digested with food waste and municipal
wastewater biosolids in different combinations and ratios, and methane yields were measured.
Wastewater biosolids are a readily available substrate in many regions of the US facing increased
regulation and cost of biosolids disposal, including Florida. However, limited information is
available on their co-digestion with OFMSW in HS-AD systems. Oyster shells were identified
as a waste product that could be used as an alkalinity source and incorporated into the
experiment. The addition of food waste and biosolids led to increases in specific methane yields,
but reduced system stability due to high organic loading. The addition of oyster shells was shown
to be an effective measure for improving the buffering capacity of HS-AD against overloading
and acidification. The oyster shells consist primarily of calcium carbonate and show slow
diffusion properties, which promote long term stability of HS-AD systems during high-rate
digestion and digestion of putrescible substrates such as food waste.

A pilot-scale HS-AD system was constructed, which was used as a demonstration system and for
preliminary pilot-scale experiments exploring the effects of scale on HS-AD.

Objective 3: Potential for HS-AD Implementation in Florida

In Florida, there is a lack of organics recycling infrastructure. Based on the analysis carried out
in this project, the statewide recycling rate could be increased by as much as 13% through HS-
AD implementation. An estimated 7,000 and 3,500 TPY of bioavailable nitrogen and
phosphorus could be recovered, respectively. Approximately 500 MW of energy could be
generated from this waste stream, which translates to either 175 MW of electricity
(approximately 660,000 metric tons of CO2 equivalents per year) and 325 MW of heat, or to
nearly 80 million diesel gallon equivalents of compressed natural gas. Based on potential for
bioenergy production, GHG emissions reductions and nutrient recovery, Miami-Dade, Broward,
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Palm Beach, Hillsborough, Orange, Pinellas, Duval, Lee and Alachua counties were identified as
promising for HS-AD implementation. However, more research is needed to understand the
compatibility of HS-AD with existing MSW infrastructure, particularly WTE. The low costs of
energy and landfilling in Florida, lack of legislation incentivizing organics recycling, concerns
with collection and storage of putrescible waste in warm climates, lack of markets for compost
and RECs make the economics and acceptability of HS-AD challenging. Currently, HS-AD
implementation would only be economically feasible under specific circumstances where
significant quantities of high-quality substrate are available and partnerships can be formed for
the provision of substrate and sale of energy and compost (i.e. as seen with the Reedy Creek
Improvement District Harvest Energy L-AD project).

It is recommended that demonstration projects at universities and/or existing composting and
landfill sites be pursued through the development of public-private partnerships. Furthermore, it
is recommended that Florida policy makers promote the transition from the current disposal-
based waste management paradigm toward a recovery-based paradigm. Examples of such
policies include bans on landfilling recyclables (including yard waste), source-separation
mandates, pay-as-you-throw policies, and extended producer responsibility policies.

Conclusions

HS-AD recovers energy from OFMSW and can be paired with composting to enable recovery of
nutrients. In the process, GHG emissions that would result from uncontrolled or partially
controlled degradation of OFMSW in landfills are avoided. GHG emissions are also offset by
the substitution of fossil-fuel derived energy with biomethane, which can be used for heating,
electricity generation, and/or vehicle fuel. Diversion of OFMSW from landfills to HS-AD
facilities also reduces eutrophication impacts or additional energy and chemicals needed for
removing nutrients from leachate at wastewater treatment facilities. The recovery and use of
nutrients as fertilizer also reduces the impacts of inorganic fertilizer production (Haber-Bosch
process) and depletion of mineral P reservoirs.

Trends in HS-AD development in Europe and the US reveal that the optimization of HS-AD
technologies are necessary for accelerating the transition to HS-AD of OFMSW. This research
contributed to this effort by carrying out fundamental experiments on methane yield
enhancement through bioaugmentation of lignocellulosic waste with waste sludge from
anaerobic digestion of pulp and paper mill waste. This bioaugmentation strategy resulted in a
significant enhancement in methane yields, which was comparable to enhancements reported in
various pretreatment studies. The minimal impact of this strategy with respect to overall
operational costs and environmental impacts makes it an attractive alternative to pretreatment.

HS-AD of OFMSW is particularly promising for Florida due to the availability of OFMSW,
warm climate and high energy demands in urban areas. However, the legislative incentives that
are necessary for improving the cost-competitiveness of HS-AD technologies are generally
lacking. Therefore, it is recommended that efforts be initiated to increase recycling of waste
organics, especially by large industrial, institutional, and commercial generators (e.g. food
packaging plants, agricultural operations, schools, hospitals, grocery stores). HS-AD
demonstration projects may be most feasible under certain specific circumstances (e.g. at a
landfill with landfill-gas-to-energy, at a large composting site, or at a university with nearby
supermarkets, restaurants, hospitals, and schools). For such a project to come to fruition, public-
private partnerships and collaborative planning efforts are needed.
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1.0 INTRODUCTION

Anaerobic digestion (AD) is the decomposition of organic matter by microorganisms under
oxygen-free conditions. As the anaerobic microorganisms consume the organic material, they
emit biogas — a gas mixture composed of methane (CH4) and carbon dioxide (CO2), at ratios
ranging from 1:1 to 3:1, and trace amounts of hydrogen (Hz), hydrogen sulfide (H2S), nitrogen
gas (N2), and water vapor (Chum et al., 2011). AD is widely used for stabilizing and recovering
energy from high-strength industrial, agricultural and municipal wastewaters and organic sludges
(Khanal, 2008). Thus, large-scale AD is most often applied as a low solids technology referred
to as liquid AD (L-AD) (generally less than 15% total solids [TS]). It was not until the late
1980’s and early 1990’s that high-solids anaerobic digestion (HS-AD) technologies (those
designed to operate with a TS content > 15%) were developed in Europe, following increased
landfill taxation, banning of organics disposal in landfills, and mandated source-separation of
organic waste (De Baere and Mattheeuws, 2014). Since then, HS-AD of the organic fraction of
municipal solid waste (OFMSW) has developed rapidly in Europe (De Baere and Mattheeuws,
2014). A simple schematic of HS-AD for the recovery of resources from OFMSW is shown in
Figure 1.1 (Zupanci¢ and Grilc, 2012). In some cases, OFMSW, especially the food waste
fraction, has been integrated into L-AD systems at municipal or industrial wastewater treatment
plants (Rapport et al., 2008). However, in stand-alone systems specifically for OFMSW, HS-AD
technologies are largely preferred over L-AD because of the many advantages they offer (Table
1.1.) and the ease of pairing them with aerobic composting operations.

In Europe, approximately 70% of the installed capacity for AD since 2009 has been HS-AD, and
in the Netherlands and Belgium approximately 80% of all composting operations incorporate AD
as a primary treatment (De Baere and Mattheeuws, 2014). In the US; however, HS-AD has been
stifled by the low cost of landfilling and the lack of legislative incentives for alternative OFMSW
management (Rapport et al., 2008; van Haaren et al., 2010; Li et al., 2011). Only a fraction of
US states have landfill diversion goals or organics disposal bans and source-separation of
organic waste is only required in a few locations (Goldstein, 2014; EREF, 2015a). Nevertheless,
the first commercial HS-AD facility was constructed in the US in 2012 at the University of
Wisconsin Oshkosh. Since then, legislative incentives have increased in the US, resulting in
increased development of HS-AD projects and a growing number of HS-AD technology vendors
doing business across the country (EREF, 2015a). The trend of increased legislative incentive is
expected to continue to accelerate and HS-AD is projected to emerge as a leading OFMSW
recycling technology (De Baere and Mattheeuws, 2014; RWI, 2013; EREF, 2015a).

A number of Life Cycle Assessments (LCAS) have been conducted to quantify the
environmental sustainability of AD for MSW (Haight, 2005; Edelmann et al., 2005; Sundqvist,
2005; Kim and Kim, 2010; CIWMB, 2009; Zaman, 2009; Morris et al., 2011; Levis and Barlaz,
2011; Bernstad and la Cour Jansen, 2012). AD provides environmental advantages over waste-
to-energy (WTE), landfill with landfill gas to energy (LFGTE), bioreactor landfill with LFGTE,
and advanced thermal treatment (gasification and pyrolysis) by more efficiently recovering
energy from OFMSW. When paired with source-separation (to ensure high-quality feedstocks)
and aerobic composting, AD provides advantages over composting alone by enabling energy
recovery and reducing emissions of volatile organic compounds (VOCs) and ammonia (De
Baere, 1999). These advantages, combined with efforts to reduce GHG emission, are motivating
research to improve the economic competitiveness and adoption of HS-AD technologies.
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Figure 1.1. HS-AD of OFMSW schematic (from Zupan¢i¢ and Grilc, 2012 CC BY 3.0 License
© The Authors).



Table 1.1. Benefits of AD and advantages and disadvantages of HS-AD vs. L-AD.

Benefits of AD

Summary

Reference(s)

Enables Energy
Recovery

Enables Nutrient
Recovery

Mass/VVolume
Reduction

Destruction of
Pathogens

Reduced GHG
Emissions

Reduced Odors

AD is an energy positive process. The production of biogas containing
CHaenables direct combustion for heating, lighting, cooking, conversion
to electricity in combustion engines, production of compressed natural
gas for use in vehicles, or injection into the natural gas pipeline network.

Valuable nutrients, especially N and P, are present in high
concentrations in the liquid/solid byproducts of AD and can be
recovered through post-processing (e.g. trommel and composting/curing
of the digestate).

Up to 50% substrate mass and volume reduction can be achieved
through AD. Because anaerobic microorganisms are slower growing
than aerobic, less excess biomass is produced in AD.

Long term exposure to high temperatures in a microbiologically
competitive anaerobic environment ensures reliable pathogen
destruction/inactivation.

AD significantly reduces GHG emissions through capture and energy
conversion CHs which otherwise would have been emitted through
degradation of organic waste in uncontrolled environments or as fugitive
emissions in landfills; additional offsets can be achieved through
offsetting fossil-fuel derived electricity consumption.

AD in enclosed reactors with biogas capture yields little odor.

Owens and Chynoweth,
1993; Tchobanoglous et al.,
2003; Khanal, 2008; Li et al.,
2011; Kothari et al., 2014

Owens and Chynoweth,
1993; Khanal, 2008; Li et al.,
2011; Kothari et al., 2014

Tchobanoglous et al., 2003;
Li etal., 2011; Kothari et al.,
2014

Wilkie, 2005; Khanal, 2008

Owens and Chynoweth,
1993; Tchobanoglous et al.,
2003; Edelmann et al., 2005;
Li et al., 2011; Kothari et al.,
2014

Wilkie, 2005; Khanal, 2008

Advantages of HS-AD vs. L-AD

Reduced Energy
Consumption

Reduced Water
Use

Reduced Reactor
Size

Reduced Post-
Processing

No Waste
Stratification

Less energy used for heating and internal mixing yields lower parasitic
energy losses and higher overall energy efficiency.

Zero or minimal water addition is required in HS-AD, leachate is often
recirculated, and minimal excess leachate production results in reduced
side-stream treatment costs.

The reduced moisture content and capacity for HS-AD systems to handle
greater organic loading rates yield lower required reactor volumes for
given loading/biogas yield rates.

The compost-like digestate byproduct of HS-AD requires only minor
post-processing (trommel/sieve and composting/curing) whereas L-AD
byproduct first requires dewatering.

In L-AD stratification of FOG and fibrous materials can create
operational challenges. This does not occur in HS-AD systems.

Li et al., 2011; Kothari et al.,
2014.

Lietal., 2011; Kothari et al.,
2014.

Guendouz et al., 2010; Li et
al., 2011; Kothari et al.,
2014,

Li et al., 2011; Kothari et al.,
2014,

Guendouz et al., 2010.

Disadvantages of HS-AD vs. L-AD

More Inoculum
Required

Reduced
Homogeneity

Longer Retention
Times

Lower moisture content can yield reduced microbe-substrate contact
resulting in greater inoculation requirements.

Lower moisture content reduces mixing capabilities and homogeneity of
digester contents yielding spatial variations in process efficiency.

Although retention times in HS-AD systems are often similar to those of
liquid systems (~20 days), up to three times longer retention times are
needed in HS-AD in some cases due to slower mass transport.

Lietal., 2011.

Kothari et al., 2014.

Li et al., 2011; Kothari et al.,
2014.




The overall goal of this research project was to investigate the potential for biogas production in
Florida from OFMSW using HS-AD. The specific objectives of this research project were to:

1) Evaluate the most appropriate technologies for implementing HS-AD of OFMSW in
Florida (Section 2).

2) Carry out fundamental research at bench- and pilot-scale to improve the biodegradability
of lignocellulosic waste through co-digestion with pulp and paper sludge (Section 3).

3) Identify potential sites, collaborators, and funding sources for a large-scale HS-AD
demonstration project in Florida (Section 4).

A comprehensive review of the development of HS-AD, development trends, and the state-of-
the-art of HS-AD was carried out to enable well-informed identification of appropriate
technologies for implementing HS-AD of OFMSW in Florida (Section 2). Two sets of
experiments comprising several phases of bench- and pilot-scale laboratory experiments were
carried out to explore potential methods to improve the overall efficiency of HS-AD, including
studies aiming to improve the biodegradability of lignocellulosic waste through inoculation with
P&P sludge and studies aiming to identify favorable co-digestion strategies (as reported in
Section 3). Findings from the fundamental research and the assessment of the state-of-the-art of
HS-AD were then utilized in combination with input solicited from Florida solid waste
management industry professionals to identify potential sites, collaborators, and funding sources
for a large-scale HS-AD demonstration project in Florida (Section 4).



2.0 OBJECTIVE 1: STATE-OF-THE-ART OF HS-AD

2.1 Introduction

A comprehensive review of HS-AD development and trends in implementation was conducted.
This assessment elucidates HS-AD technology types on the market, HS-AD technologies and
vendors in the United States and trends in HS-AD implementation in Europe and the US. The
information obtained from the assessment allows for the prediction of future trends and well-
informed identification of appropriate technologies for implementation of HS-AD in Florida.

2.2 Methodology

Information sources included “grey” and published literature, discussions with industry
professionals and technology vendors, and visits to facilities in the US and the Netherlands.

2.3 Results and Discussion

HS-AD systems are classified according to loading type (continuous, batch), number of stages
(single-stage, multi-stage) and temperature (mesophilic, thermophilic) (Rapport et al., 2008).
HS-AD systems can also be classified by feedstock (SS-OFMSW, MS-OFMSW, mixed MSW)
and whether they process a single substrate (OFMSW) or are codigesting (e.g. OFMSW with
biosolids) (De Baere and Mattheeuws, 2014). Figure 2.1 illustrates AD system “types” based on
these classifications. Table 2.1 summarizes advantages and disadvantages of different systems.

Single-Stage [
Multi-Stage  |— SS-OFMSW
MS-OFMSW
,< Thermophilic Single-Stage  |— Mixed MSW
Mesophilic Multi-Stage  |—
Batch
Single-Substrate
HS-AD
Anaerobic Continuous Co-Digestion
Digestion < Thermophilic \ Single-Stage |
L-AD Mesophilic Multi-Stage  |— SS-OFMSW
MS-OFMSW
< Single-Stage [— Mixed MSW
Multi-Stage  |—
| J\ ]\ J \ J |
/ | | [ [
TS Content Loading Operating Number of Stages Feedstock
Conditions Temperature

Figure 2.1. Possible AD system “types” based on predominant system classifications.



Table 2.1. Technical, biological, and environmental/economic advantages and disadvantages of
AD technologies for OFMSW by classification (adapted from Rapport et al., 2008).

System Criteria Advantages Disadvantages
. Simplifies material handling; reduced pre- Compac_tlon within digester can red_uce
Technical . . percolation and percolate recirculation
processing/treatment requirements A
capabilities
Batch . .
Vs. ioloaical Sepzratlon of r_]y.drzpl%/sw and £ Variable biogas production with time;
Continuous Biologica methanogenesis; higher rate and extent o reduced process control
digestion than landfill bioreactors
Economic and  Low capital cost; low O&M costs; lower .
. ; Less complete degradation
Environmental  overall impact
Technical More operationally flexible Complex design and materials handling
Multi-stage o Can tolerate high loading rates and Can be difficult to achieve true separation of
VS. Biological S . o
. fluctuations in loading rates phases in digesters
Single-stage E ic and
conomic an Can yield higher digestion efficiencies Increases capital and O&M costs
Environmental
. Requires minimal change in design (heat . .
Technical transfer systems) Requires more heat transfer equipment
Thern\:sophlllc Biological Improves digestion efficiency; improves Greater risk of process inhibition with
L 9 pathogen destruction thermophilic systems
Mesophilic
Economic and  Improves bioenergy production rate and Thermophilic systems require greater heat
Environmental marketability of compost input
Technical Requires no change in design Requires increased preprocessing
Co-digestion _ ) Enab_lgs optimization <_)f environmental Greater potential for variation in feedstock
vs. Biological conditions which can improve - N
. - . characteristics and shock inhibition
Single bioconversion rates
Substrate Economicand  Can yield significant enhancements in Can increase the economic and
Environmental  bioenergy generation environmental costs of waste collection
Collection is simple with mixed MSW, Collection schemes for SS-OFMSW can be
Technical and feedstock contamination is of little challenging; minor contamination (e.g. glass)
importance can pose a problem for digestate reuse
Source Source separation reduces variation in Processing mixed MSW poses threats of
Separated  gjq|ggical feedstock characteristics and yields more  contamination with strong inhibitory
OF'\\//;SW consistent conditions and performance compounds
Mixed MSW Less energy is needed for mixed MSW

Economic and
Environmental

collection; less energy is needed for
processing source separated waste and
more energy and nutrients are recovered

Processing mixed MSW increases energy
input requirements and reduces bioenergy
yields and nutrient recovery potential




Continuous HS-AD systems are normally loaded daily, with fresh material going in one end and
digested material coming out the other. These systems are configured as large plug-flow type
reactors. Batch systems normally consist of multiple “garage” or “shipping container” type
reactors that are loaded, sealed, and left to digest for a specified amount of time until they are
unloaded (Rapport et al., 2008). Single-stage systems use a single reactor for the entire AD
process, whereas multi-stage systems use two or more reactors with varying environmental
conditions and retention times to separately optimize different phases of the AD process (e.g.
hydrolysis and acidogenesis in one reactor and acetogenesis and methanogenesis in a subsequent
reactor) (Deublein and Steinhauser, 2008). Multistage systems sometimes feature both HS-AD
and L-AD (e.g. hydrolysis, acidogenesis, and acetogenesis via HS-AD and methanogenesis via
L-AD) (Deublein and Steinhauser, 2008). Mesophilic AD systems have operating temperatures
ranging from 35-40 °C, whereas thermophilic systems have operating temperatures ranging from
50-55 °C. Some multi-stage systems have different operating temperatures for each stage (e.g.
mesophilic first-stage and thermophilic second stage) (Lin et al., 2013).

De Baere and Mattheeuws (2014) provided a review of trends in AD of OFMSW in Europe,
which is summarized in Table 2.2. As of 2014, there were 244 full-scale AD plants for
processing OFMSW, with a total capacity of ~ 8 million TPY, 62% of installed AD in Europe
was HS-AD and the remaining 38% was L-AD. Installed capacity (TPY) for Europe by country
included: Germany (~2 million), Spain (~1.6 million), France (>1 million), Netherlands
(>750,000), Italy (>500,000), UK (>500,000), Switzerland (>300,000), with smaller installed
capacities reported for Belgium, Portugal, Austria, Poland, Norway, Denmark, Malta, Sweden,
Luxemburg, and Finland. A map of biogas facilities in the UK can be found at
http://www.biogas-info.co.uk/resources/biogas-map/. HS-AD is preferred over L-AD for
processing OFMSW due to their economic and environmental advantages, and this trend is
expected to continue in the future (De Baere and Mattheeuws, 2014). The majority of AD
systems in Europe as of 2014 were continuous systems; however, batch systems have been
increasing in popularity since 2009 due to their simplicity and low cost (De Baere and
Mattheeuws, 2014). Single-stage systems made up approximately 93% of AD capacity in 2014,
with only 7% being multi-stage (two-stage). Implementation of multi-stage systems has been
continuously declining because their benefits do not justify their higher capital and operating
costs (De Baere and Mattheeuws, 2014). Mesophilic digestion accounted for 67% of AD in
Europe in 2014, but thermophilic digestion is becoming increasingly common and is expected to
surpass mesophilic digestion as it is now considered mature and has been shown to yield net
economic benefits (De Baere and Mattheeuws, 2014).

With respect to feedstock, single substrate digestion (OFMSW) accounted for 89% of AD in
2014, with co-digestion (e.g. OFMSW with wastewater biosolids or livestock wastes)
representing only 11% of installed capacity (De Baere and Mattheeuws, 2014). The longstanding
trend has been from co-digestion to single substrate digestion, as “stand-alone” systems tailored
to process OFMSW have become increasingly common. More recently, there has been a slight
increase in co-digestion, as facilities in the agro-industrial sector have demonstrated the potential
economic advantages of co-digestion (De Baere and Mattheeuws, 2014). With respect to source-
separation, 55% of European AD systems in 2014 were processing SS-OFMSW while 45% were
processing mixed MSW. Increases in capacity for processing SS-OFMSW have been in direct
proportion to promulgation of regulations on source-separation of OFMSW in commercial,
institutional, and residential settings (De Baere and Mattheeuws, 2014).
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Table 2.2. Characterization of AD of OFMSW in Europe (De Baere and Mattheeuws, 2014).

Classification

% of Installed
Capacity

Trends

Expected Future Trends

. 0 i 0 A
Total Solids ~ 62% HS-AD, 38% OFMSW for more than 20 years, 62% of 244 pre\(alence due to the economic and
Content L-AD S . environmental advantages it offers
MSW AD facilities in Europe are categorized
compared to L-AD.
as HS-AD.
Loadin Continuous systems have traditionally Batch systems are expected to
ding > 50% Continuous  dominated the industry, but batch systems continue to increase in popularity due
Conditions . - - S
have been catching on quickly since 2009. to their simplicity and low cost.
No immediate changes in this trend are
Number of 93% Single-Stage,  Multi-stage systems have been continuously expected due to the higher investment
Stages 7% Two-Stage in decline since the 1990’s. and operating costs that accompany
multi-stage systems.
Thermophilic capacity is expected to
Operating 67% Mesophilic, Thermophilic digestion has been becoming surpass m_e_sophlllc capacity because
7 . - - thermophilic systems are now well-
Temperature  33% Thermophilic  increasingly common in the last decade. : .
proven and yield net economic
benefits in most cases.
The _trend_ has be_en almost unanlr_nous_ly from Laboratory research and the agro-
. co-digestion to single substrate digestion, as " -
89% Single- . - . industrial sector have demonstrated the
S dedicated” systems tailored for OFMSW - .
Co-digestion  Substrate, 11% ina have been desianed and potential economic advantages of co-
Co-digestion processing have been designed an digestion and thus, it may become
implemented; however, in recent years there increasinal comrrllon
has been a slight rise in co-digestion. gly '
. . . It is expected that source separation
Increases in capacity for processing source - . - .
55% Source- separated waste have been in direct regulations will continue to increase
Feedstock Separated, 45% P and therefore, digestion of source

Mixed MSW

HS-AD systems have been consistently
preferred over L-AD systems for processing

proportion to increases in legislation
regulating the source separation of OFMSW.

HS-AD will continue to increase in

separated OFMSW will continue to
increase.

A detailed database of HS-AD projects in the US is provided in Appendix A. Several pilot-scale
and/or demonstration-scale HS-AD projects were constructed prior to 2002, as described by
Rapport et al. (2008). The first full-scale demonstration HS-AD system in the US was
constructed in Clinton, NC in 2002 (Greer, 2011). The 3,380 TPY facility employs an HS-AD
technology (now marketed by Orbit Energy, Inc.) developed by the US Department of Energy
National Renewable Energy Laboratory (Greer, 2011). The first commercial HS-AD system in

the US was constructed in 2011 at the University of Wisconsin Oshkosh and began operation in
2012 (UW Oshkosh, 2015). Currently, eight full-scale HS-AD facilities are operating in the US,
with a total combined capacity of 189,600 TPY. Another 19 HS-AD projects were identified that
are in the planning, permitting, or construction phases (see database in Appendix A). The
majority of the existing and planned facilities, including the largest HS-AD facility in the
country (90,000 TPY in San Jose, CA) are located in California and utilize the SmartFerm
technology marketed by Zero Waste Energy, LLC (ZWE, US affiliate of the German company,
Eggersmann Group). However, several other vendors have established themselves in the North
American HS-AD market (Table 2.3) and several other states have implemented or are planning
to implement HS-AD. Figure 2.2 shows the number of HS-AD facilities in the US over time,
projected to 2017. Figure 2.3 shows the locations of existing and planned US HS-AD facilities.
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Figure 2.2. Total number of HS-AD facilities in the US versus time, 2011 to 2017 (projected).
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Figure 2.3. Locations of existing and planned HS-AD facilities in the US.

Primary characteristics of HS-AD technologies offered by US vendors are summarized in Table
2.3. The current status and trends in the development of AD of OFMSW in the US are provided
in Table 2.4. A database of existing and well-documented planned HS-AD projects in the US is
included in Appendix A. According to a recent report by the Environmental Research and
Education Foundation (EREF, 2015a), there are currently 181 AD facilities in the US processing
OFMSW, with a total OFMSW throughput of 780,000 TPY. Of these facilities, 81 are



wastewater treatment plant digesters accepting some food waste or FOG (fats, oils, and greases),
with a total throughput of 226,000 TPY (29%), 75 are on-farm digesters accepting food and/or
yard waste, with a total throughput of 140,000 TPY (18%), and 25 are stand-alone facilities
(designed specifically for processing OFMSW) with a total capacity of 406,000 TPY (52%). It
follows that approximately 47% of existing stand-alone capacity for AD of OFMSW is HS-AD
(189,600 TPY of 406,000 TPY). However, if all planned AD facilities for OFMSW come online
by 2017, HS-AD will be the dominant AD technology type for processing OFMSW in the US,
which parallels trends in Europe. With respect to the prevalence of HS-AD systems by other
classification categories, 61% of capacity (on a TPY basis) is of the batch variety, 63% is of the
single-stage variety, and 95% is of the thermophilic variety.

Table 2.3. Vendors of HS-AD technologies in the US.

Main Office Foundin Primar # of Facilities # of Facilities
Vendor Name Location Year g Partnersh); s in Operation in Development
P in the US in the US
Eggersmann Group,
Zero Waste Energy, LLC California 2009 IR el ) 57, >3 >7

Environmental
Solutions Group

CleanWorld Corporation
(formerly CleanWorld California 2009 UC Davis, Synergex >3 >1
Partners, LLC)

. . McGill
Orbit Energy, Inc. North Carolina 2002 BT >1 >5
BIOFerm Energy Wisconsin 2007 Viessmann C_sroup, > 1 ~1
Systems Schmack Biogas
Organic Waste Systems, Belgium
Inc. (subsid Ohio) 1988 AR 20 1
Harvest Power, Inc. Massachusetts 2008 GICON Bioenergie >0 >1
GmbH
. . Germany
Eisenmann Corporation (subsid 1L) 1977 NR >0 >2
Turning Earth,
LLC./Aikan North (Sﬁggi’;“g';) 2009 SOl GrouP. >0 > 1
America, Inc.
EcoCorp, Inc. Maryland 2000 NR >0 >0

Note: NR = Not Reported; > 0 indicates that zero facilities were identified, but that it is possible that some exist
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Table 2.4. Characteristics of HS-AD technologies available in the US.

Vendor Name Operating TS Loading Number Retention  Parasitic Energy
Temperature  Content Conditions of Stages Time Demand
Zero Waste Energy, LLC! Thermophilic < 50% Batch 1 21 days 20%
CleanWorld Corporation
(formerly CleanWorld Thermophilic ~10% Continuous 3 20-30 days NR
Partners, LLC)?
Orbit Energy, Inc.? Thermophilic < 45% Continuous 1 “short” 8%
BIOFerm Energy Systems* Mesophilic 25-35% Batch 1 28 days 5-10%
Organic Waste Systems, Inc.® Thermophl_ll_c < 50% Continuous 1 20 days NR
or Mesophilic
Harvest Power, Inc. Thermophilic NR Batch 2 > 14 days NR
Eisenmann Corporation’ Thermophilic NR Continuous 1 NR NR
Turning Earth, LLC.® Thermophilic NR Batch 2 21 days NR
EcoCorp, Inc.® Thermophilic ~ 35-40% Continuous 1 20 days 20%

Note: NR = Not Reported; 1ZZWE, 2013; ZWE, 2015; 2Zhang, 2013; CleanWorld, 2015a; CleanWorld, 2015b; 3Greer, 2011; Orbit

Energy, 2015; “BIOFerm, 2014; 5De Baere, 2012; ®Harvest Power, 2014; "Eisenmann, 2014; 8Aikan, 2015; ®EcoCorp, 2015.

Classification

Table 2.5. Characterization of AD of OFMSW in the US.

Current Status

Expected Future Trends

Total Solids
Content

Loading
Conditions

Number of
Stages

Operating
Temperature

Co-Digestion

Feedstock

Since 2011, the fraction of stand-alone capacity for
AD of OFMSW has increased from nearly 0% to
around 48% (189,600 TPY of 406,000 TPY).

Approximately 61% of HS-AD capacity is currently
of the batch variety (116,200 TPY of 189,600 TPY).

Around 63% of HS-AD capacity is currently of the
single-stage variety (119,600 TPY of 189,600 TPY).

Thermophilic digestion represents the vast majority
(>95%) of existing capacity for HS-AD of OFMSW.

Currently, 47% of capacity for AD of OFMSW is co-
digestion, with 29% being at wastewater treatment
plants and 18% being at farms.

Limited information exists on whether existing
facilities are processing mixed, mechanically
separated, or source-separated OFMSW.

HS-AD will become the dominant form of AD of
OFMSW by 2017 due to the economic and
environmental advantages it offers over L-AD.

14 of the 27 HS-AD systems expected to be in
operation by 2017 will be batch systems; no clear
trend exists in this respect.

Only 6 of the 27 HS-AD systems expected to be in
operation by 2017 will be multi-stage, suggesting
that single-stage systems are generally preferred,
likely due to their simplicity and low cost.

Thermophilic digestion is expected to remain the
dominant digestion type due to the increased
efficiency it offers and demonstrated stability.

The stand-alone capacity for AD of OFMSW is
expected to quadruple to 2.5 million tons by 2017
(EREF, 2015a) surpassing co-digestion as the
dominant form.

Increases in mandates on source-separating
OFMSW and studies indicating significant
economic advantages associated with processing
SS-OFMSW over MS-OFMSW suggest that
processing source-separated feedstock will be the
dominant form of AD of OFMSW.
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2.4 Summary of Major Findings

A timeline for the development of HS-AD is provided in Figure 2.4. L-AD is a mature
technology for stabilizing organic matter in municipal, agricultural and industrial wastewater,
biosolids and sludges. Many L-AD facilities add FOG and source-separated food waste to L-AD
systems to enhance energy generation rates. However, OFMSW landfill bans, landfill taxation,
and renewable energy incentives in the EU increased sharply in the 1980’s, resulting in high
demand for alternative OFMSW treatment technologies and spurring the development of HS-AD
systems. As legislation continued to increase and source-separation became common, HS-AD
became the primary form of OFMSW digestion in the EU. Based on our review of existing
projects in the US, implementation of HS-AD began in the US in the early 2000s. Now, with
legislation steadily increasing, trends in HS-AD development are mirroring those of the EU,
more HS-AD vendors are doing business in the US, implementation is accelerating, and HS-AD
capacity is projected to soon surpass L-AD capacity for processing OFMSW.

Sharp increase in landfill bans,
landfill taxation, and renewable
energy incentives in the EU

Accelerating development of OFMSW
recycling legislation and renewable
energy incentives in the US

L-AD is widely Source-separation A
implemented in \L mandates increasing in
the EU and the US number in the EU ( \
I I I I I I
I I I I
1970 /r 1980 1990 T 2000 2010 T 2020
Addition of OFMSW to S DS Stand-alone HS-AD

technology and becomes
dominant AD type for
OFMSW in the EU

Development of HS-AD Implementation of HS-AD
begins in the EU begins in the US

L-AD systems begins capacity surpasses

L-AD in the US

Figure 2.4. Timeline summarizing the development of HS-AD in Europe and the US.

Single-stage, batch-type thermophilic digesters, such as the SmartFerm and BioFerm systems,
constitute more than half of the systems operating in the US today. These systems are capable of
processing source separated OFMSW (SS-OFMSW), mechanically separated OFMSW (MS-
OFMSW), or comingled MSW. The digestate is free of pathogens and is considered compost per
the EPA’s Process to Further Reduce Pathogens (PFRP) program, but requires post-processing
to remove contaminants (e.g. trommel). As the most proven form of HS-AD in the US, these
systems are considered the most suitable for HS-AD in the state of Florida.

Key factors affecting the economics of HS-AD include the quality and quantity of available
feedstock, the cost of feedstock collection and storage, markets for compost, energy, and
renewable energy credits (RECs), and the development of public-private partnerships. In general,
HS-AD technologies cannot compete with the low cost of landfilling. In San Jose California;
however, we observed HS-AD being used at a landfill site for preprocessing comingled MSW
before disposal. This practice has the potential to improve energy recovery efficiency, saves
landfill space, reduces greenhouse gas emissions, and reduces leachate generation at landfill
sites.
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3.0 OBJECTIVE 2: ENHANCING BIOENERGY PRODUCTION

3.1 Introduction

This chapter discusses fundamental research carried out to improve the economic sustainability
of HS-AD by developing a low cost, low environmental impact process for enhancing methane
yields from lignocellulosic materials, such as yard waste. One of the pressing challenges
associated with methane production in HS-AD is the low degradability of lignocellulosic wastes
(Lietal., 2011). The lignin in these wastes is highly recalcitrant and the association of cellulose
and hemicellulose with the lignin acts as a barrier to the microbial populations that perform
hydrolytic conversion of cellulose (Tong et al., 1990; Zheng et al., 2014). Thus, HS-AD of
lignocellulosic waste requires long retention times to achieve sufficient degradation, which
reduces the environmental and economic sustainability of the process (Li et al., 2011). A
number of studies have demonstrated that physical, chemical, and/or biological pre-treatment can
increase methane yields from lignocellulosic wastes (Vervaeren et al., 2010; Bruni et al., 2010;
Kreuger et al., 2011; Zhao et al., 2014). However, recent reviews of pretreatment strategies have
concluded that the increased energy production does not justify the environmental and economic
costs incurred by these processes in most cases (Mosier et al., 2005; Hendricks and Zeeman,
2009; Zheng et al., 2014; Yang et al., 2015).

A potential low cost, low impact (with respect to energy or chemical inputs or waste generation)
strategy for enhancing methane yields from lignocellulosic wastes is bioaugmentation of
substrates with microbial populations capable of hydrolyzing lignocellulosic compounds.
Flocculent sludge from AD of biosolids from domestic wastewater treatment plants (WW-AD) is
the most common source of inoculum used for process start-up in HS-AD systems (Deublein and
Steinhauser, 2008) and has been shown to be more effective than other inoculum sources in
terms of maximizing methane yields in HS-AD of source-separated OFMSW (Forster-Carneiro
et al., 2007). However, the bacteria present in WW-AD sludge are not capable of hydrolyzing
lignocellulosics, resulting in slow hydrolysis rates and limited methane yields in HS-AD of yard
waste (Sharma et al., 1988; Izumi et al., 2010; Veeken, 2014).

In a prior study carried out in our laboratory, granular anaerobic sludge generated from the
treatment of waste from pulp and paper mills (P&P sludge) was identified as a promising
inoculum for HS-AD of lignocellulosic waste (Mussoline et al., 2013). P&P sludge contains
microbial populations that are acclimated to a lignin-rich waste stream and likely contains
hydrolytic communities capable of degrading lignocellulosics (Mussoline et al., 2013; Meyer and
Edwards, 2014). Mussoline et al. (2013) investigated the enhancement of methane production
from rice straw in HS-AD through bioaugmentation with P&P sludge. The theoretical maximum
specific methane yield from rice straw was reached in 92 days of digestion using a substrate to
inoculum (S/1) ratio of 1:2 on a wet weight basis. The specific methane yield achieved of 340 L
CHoa/kg VS was 47-74% higher than in similar studies using WW-AD inoculum and was
comparable to methane yields achieved in studies employing various pretreatment methods. The
results indicate that bioaugmentation of agricultural residues with P&P sludge is a promising
alternative to pretreatment for enhancing methane production in HS-AD; however, no prior
research has been carried out using this strategy to enhance methane production from OFMSW.
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The overall goal of this research was to investigate the potential to enhance methane yields from
HS-AD of OFMSW using this novel bioaugmentation strategy. Biochemical methane potential
(BMP) assays were carried out using yard waste inoculated with P&P and WW-AD sludge.
Measurements of concentrations of key indicator compounds in leachate from batch digesters as
well as lignin, cellulose, and hemicellulose content of the waste were used to provide additional
evidence of enhancement mechanisms. Studies were also carried out to investigate whether the
enhancement observed could be sustained through digestate recirculation, which is a common
practice in HS-AD systems (Li et al., 2011). Observed methane yield enhancements were
compared with enhancements reported in the literature for pretreatment of yard waste using
physical, chemical and biological methods.

A pilot-scale HS-AD system was constructed, which was used as a demonstration system and
for preliminary pilot-scale experiments exploring the effects of scale on HS-AD. Appendix B
includes a photograph and a summary of preliminary data from this system. An additional set
of experiments was carried out to investigate co-digestion of yard waste, food waste and waste
activated sludge (wastewater biosolids) in HS-AD systems. Wastewater biosolids are a readily
available substrate in many regions of the US facing increased regulation and cost of biosolids
disposal, including Florida. However, limited information is available on their co-digestion with
OFMSW in HS-AD systems. These experiments are currently in progress.

3.2 Methodology

Mixed yard waste (containing branches, leaves, and needles, tree trimmings, shrub trimmings,
and other yard debris) was obtained from the University of South Florida campus (Figure 3.1).
The waste was shredded using a commercial shredder approximately one week prior to sample
collection. Upon collection, the sample was sieved to < 3 mm to improve homogeneity. In full-
scale HS-AD systems, grinding of waste to <40 mm particle size is common (De Baere, 2012).
P&P sludge from a mill in Matane, Canada was provided by Tembec, a Canadian based
manufacturer of forest products. The mesophilic (35°C) BIOPAQIC anaerobic bioreactor at the
Matane mill treats raw pulp and paper wastewater with a total suspended solids content near 200
ppm at a hydraulic retention time of 3.8 hours and generates a granular sludge. WW-AD sludge
was obtained from an outflow pipe from a digester at the Howard F. Curren Advanced
Wastewater Treatment Facility (HFCAWTF) in Tampa, Florida. HFCAWTF digests a mixture
of primary and waste activated sludge under mesophilic conditions with an SRT of 21 days and
generates a flocculent sludge. The inocula and substrate were stored at room temperature during
the experimental setup.

Experiments were designed based on defined protocols for BMP assays (Owen et al., 1978;
Jerger et al., 1982; Owens and Chynoweth, 1993; Angelidaki et al., 2009). Anaerobic digesters
were set up in triplicate in 250-mL glass bottles, sealed with metal crimp caps and silicone septa,
and placed in a thermostatically-controlled room maintained at 35 £ 2 °C. The TS content in the
digesters was set at 20%, a common TS content for HS-AD (Li et al., 2011). The S/I ratio was
set at 1/1 on a wet weight basis, a common relative concentration of inoculum (50% by wet
weight) for efficient start-up in batch HS-AD (Rapport et al., 2008; Li et al., 2011; Brown and
Li, 2013; Chen et al., 2014). It was assumed that sufficient micronutrient concentrations would
be provided by the substrate and inocula, and therefore, no additional nutrients were added to the
digesters.
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Two phases of batch HS-AD experiments were carried out in series. Figure 3.2 describes the
contents of the digesters assembled for all experiments. Phase 1 compared the performance of
digesters containing yard waste inoculated with P&P sludge (Phase 1 bioaugmented digesters)
with the performance of digesters containing yard waste inoculated with WW-AD sludge (Phase
1 control digesters). Phase 2 compared the performance of digesters containing yard waste
inoculated with digestate from Phase 1 bioaugmented digesters (Phase 2 bioaugmented digesters)
to the performance of digesters containing yard waste inoculated with digestate from Phase 1
control digesters (Phase 2 control digesters). Four additional digesters were prepared for both the
bioaugmented digesters and control digesters during the setup of Phase 1 of batch HS-AD for
intermediate chemical analysis as described below. Blank digesters (containing only inocula)
were prepared to correct for methane yields from inocula in the bioaugmented and control
digesters.

Figure 3.1. Photographs of batch BMP assay set up. Top row: Yard waste pile, screening,
screened waste, sludge. Bottom row: set up of materials, finished digesters.
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Figure 3.2. Phase 1 and 2 batch HS-AD digester compositions by wet weight.

Biogas was measured using a 50 mL frictionless syringe with a metal luer lock tip (Cadence
Science Inc, 5157) equipped with a 25-gauge needle (BD PrecisionGlide 305125) according to
previously described procedures (Owen et al., 1978; Jerger et al., 1982; Owens and Chynoweth,
1993). Biogas quality (approximate methane content) was determined by dissolving the carbon
dioxide portion of a 20 mL biogas sample into a 3 N NaOH barrier solution and measuring the
resulting liquid displacement (in accordance with ASTM D1827-92, 2002). Prior to each biogas
measurement, the digesters were shaken vigorously for approximately five seconds to dislodge
gas bubbles from the substrate.

Chemical analyses were performed on initial (feedstock) and final (digestate) samples in both
Phases 1 and 2 and on intermediate samples in Phase 1 at the end of weeks 1, 3, 6, and 9.
Samples were diluted with deionized (DI) water at a 1/2 ratio (mass of sample to volume of DI
water), mixed vigorously for three minutes, then centrifuged at 5,000 rpm for five minutes to
obtain a representative liquid fraction, as outlined in EPA Method 9045D (EPA, 2004). Standard
Methods (APHA, 2012) were used to measure supernatant pH (4500-H+B) and concentrations of
alkalinity as CaCOs (2320B), total volatile fatty acids (VFA) as acetic acid (10240), chemical
oxygen demand (COD) (5200B), total ammonia nitrogen (TAN) (10031), total nitrogen (TN)
(10072), and total phosphorous (TP) (8190). Concentrations, other than pH, were corrected to
leachate concentrations based on the measured TS content.

The total mass (wet weight) of the digester contents was measured at the beginning and end of
both phases, mass destruction was calculated, and a mass balance was conducted (Appendix C).
For both Experiments 1 and 2, TS and VS were measured according to Standard Methods (2540)
(APHA, 2012). Remaining ash from the volatilization of inoculum samples and digestate
samples was diluted and preserved with 1% nitric acid for digestion (72 hours at 50°C) and
elemental analysis (Na, K, Ca, Mg, Fe, Cu, Cr, Ni, Zn, Pb, Co, Mo, Se, and Mn) using a Thermo-
Scientific inductively coupled plasma mass spectrometer (ICP-MS). Undigested yard waste and
digestate from the bioaugmented digesters and control digesters from the first phase of batch HS-
AD were analyzed for lignin, cellulose, and hemicellulose content at the North Carolina State
University Environmental Engineering Laboratory using high-performance liquid
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chromatography (HPLC) as described by Davis (1998). For all analyses, the full contents of the
digesters were mixed thoroughly before grab samples were pulled and the mass of grab samples
used for the analysis was maximized in order to optimize sample homogeneity/minimize error.

Specific methane yields were calculated by first subtracting the total methane produced in the
blank digesters from the total methane produced in the bioaugmented and control digesters to
obtain the volume of methane originating from the yard waste. The resulting volume was then
adjusted to an equivalent volume at STP. Finally, the adjusted total methane volume (L) was
divided by the mass of VS (kg) of yard waste loaded to each digester. Percent enhancement in
methane yield was calculated as the percent difference in specific methane yields from
bioaugmented digesters and control digesters. Statistical significance was determined by analysis
of variance (ANOVA, a = 0.05) using Microsoft Excel with peritical = 0.05.

3.3 Results and Discussion

TS content (by wet weight), VS content (by wet weight), and alkalinity of yard waste samples
and inocula used in Phases 1 and 2 of batch HS-AD experiments are shown in Table 3.1.
Elemental characterization of the inocula is shown in Table 3.2. Elements selected were those
that have been shown to play important roles in AD. Minimum recommended concentrations and
inhibitory concentrations (where applicable) as reported by Deublein and Steinhauser (2008) and
Zupanci¢ and Grilc (2012) are shown alongside the results of the elemental analysis (Table 3.2).

Table 3.1. Substrate and inocula alkalinity, total solids content, and volatile solids content.

Phase 1 Substrate and Inocula Phase 2 Substrate and Inocula
Pulp and Wastewater  Yard Waste BioZSarS:ei\ ted Cp:gﬁiioll Yard Waste
Paper Sludge AD Sludge for Phase 1 ug . for Phase 2
Digestate Digestate
Alkalinity
(mg/L as CaCos) 2100 580 250 1400 480 130
TS
(% of wet weight) 10.0+0.2 0.60 + 0.03 50.8+3.4 185+0.1 23.7+0.3 64.2+0.5
VS
(% of TS) 205+£2.0 3.71£0.36 47.7+4.4 415+£34 442 £1.7 57.4+£1.6

NOTE: All TS and VS values are expressed as averages plus or minus standard deviations of samples run in triplicate.
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Table 3.2. Elemental characterization of inocula and minimum and inhibitory concentrations
(Deublein and Steinhauser, 2008; Zupan¢i¢ and Grilc, 2012).

Minimum - Phase 1 Phase 1
Element Recommended Cc:;](r:]:rjllttrc;tc)ilon PquSellgg Zaper WaStSﬁVJthr AD Bioaugmented Control
Concentration 9 9 Digestate Digestate
MG 100-200 3500-5500 1180 £ 40 898 £ 21 171+ 25 84.7+17.4
(mg/kg)
K 200-400 3500-4500 382+4 126 +3 180 + 13 178+3
(mg/kg)
Ca
100-200 2500-4500 828 + 20 1230 + 80 2370 £ 140 2560 £ 70
(mg/kg)
Mg 75-150 1000-1500 84.3+0.7 87.8+45 121 +10 146 £ 2
(mg/kg)
(mg/Lg) 0.005-50 28-300 0.515 £ 0.005 0.271 + 0.021 0.128 + 0.027 0.024 £ 0.012
Fe 1.0-10 1750 49.7+£35 61.8+45 176+2.6 132+1.6
(mgrkg)
) 0.005-0.5 10-300 0.758 £ 0.038 0.232 £0.016 1.03 + 0.066 0.235 £ 0.006
(mg/kg)
Cu >0 150-300 8.93£0.03 9.01+0.50 2.56+0.13 1.16 £0.12
(mg/kg)
Zn
>0 3-400 113+ 0 7.46 +0.48 16.8+1.0 6.28 +0.21
(mg/kg)
Pb 0.02-200 8-340 0.327 + 0.004 0.606 + 0.021 0.065 +0.018 0.024 £0.012
(mg/kg)
= 0.06 N/A 0.588 + 0.030 0.027 £ 0.002 0.272 £ 0.017 0.016 + 0.000
(mg/kg)
Mo 0.05 N/A 0.475 + 0.024 0.242 +0.012 0.165 +0.013 0.015 £ 0.006
(mg/kg)
= 0.008 N/A 0.029 £ 0.010 0.125 + 0.009 0.016 + 0.007 0.019 + 0.009
(mg/kg)
Mn 0.005-50 1500 7.68 £ 1.87 0.973 £ 0.064 5.16 +0.18 5.31+0.578
(mg/kg)

NOTE: All values are expressed as averages plus or minus standard deviation of samples run in triplicate; potentially inhibitory
concentrations are shown in bold; potentially limiting concentrations are shown in italics

Specific methane yields achieved in the Phase 1 bioaugmented and control digesters (Figure 3.3)
were 100 + 2 L CH4/kg VS and 58 + 1 L CHa/kg, respectively. Specific methane yields achieved
in the Phase 2 bioaugmented and control digesters (Figure 3.4) were 34 + 0 L CHa/kg VS and 21
+ 0 L CHa/kg VS, respectively. Significant enhancement in methane yield was observed when
P&P sludge was used as an inoculum compared with wastewater anaerobic sludge in both Phase
1(72.7 £7.6%, p = 1.03E-3) and Phase 2 (68.5 + 4.0%, p = 5.15E-7), as shown in Figure 3.5.

No significant differences were observed in average biogas quality (based on methane content)
in bioaugmented or control digesters, and biogas quality was not significantly different between
the two phases. Initial, final, and intermediate chemical analyses results from Phases 1 and 2 are
shown in Tables 3.3 and 3.4. Trends observed in the evolution of key chemical parameters in
Phase 1 bioaugmented and control digesters (Table 3.3) correspond with observations in methane
yields (Figure 3.3).

The lignin, cellulose, and hemicellulose contents (fraction of dry sample) in the digestate from
the Phase 1 bioaugmentation digesters were 42.4 + 0.4%, 10.8 + 0.4%, and 8.0 + 0.3%,
respectively (Figure 3.6). The lignin, cellulose, and hemicellulose contents in the digestate from
the Phase 1 control digesters were 43.0 + 0.2%, 12.6 = 0.4%, and 9.3 £ 0.4%, respectively
(Figure 3.6). Lignin, cellulose, and hemicellulose contents in the bioaugmented digestate were
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not significantly different from the control digestate (p = 0.206, p = 0.0518, and p = 0.0624,
respectively). However, the average cellulose and hemicellulose contents detected in the
bioaugmented digestate were 16.0% and 16.1% lower, respectively, than the average contents
detected in the control digestate, and the p-values for these parameters were close to peritical.

VS destruction was calculated for both phases of HS-AD but was not significantly different in
either phase due to high standard deviations. However, total mass destruction (by wet weight)
was also calculated (Figure 3.7) and was significantly higher in bioaugmented than in control
digesters for both phases (Phase 1 p = 0.0200 and Phase 2 p = 0.0462). During Phase 1, total
mass destruction was 4.67 £ 0.72% and 1.02 £ 0.18%, for bioaugmented and control digesters,
respectively. During Phase 2, total mass destruction was 2.88 £+ 0.07% and 2.37 £ 0.30%, for
bioaugmented and control digesters, respectively. A mass balance was carried out based the
initial and final mass of VS and the overall production of methane and carbon dioxide (Appendix
C). The percent error in the mass balance for Phase 1 bioaugmented and control digesters and
Phase 2 bioaugmented and control digesters was 0.84%, 1.26%, 1.48%, and 1.47%, respectively.

Specific Methane Yield (L CH,/kg VS)
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Figure 3.3. Specific methane yields observed in Phase 1 of batch HS-AD over 106 days; error

bars represent standard deviations of samples run in triplicate.
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Phase 2 Bioaugmentation: Yard waste inoculated with bioaugmented digestate
® Phase 2 Control: Yard waste inoculated with control digestate
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Figure 3.4. Specific methane yields observed in Phase 2 of batch HS-AD over 82 days; error
bars represent standard deviations of samples run in triplicate.
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Figure 3.5. Percent enhancement in methane yield achieved in Phases 1 and 2 of batch HS-AD.
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Table 3.3. Evolution of pH and concentrations of alkalinity, SCOD, TAN, and VFA in Phase 1.

Digester/Samplina Da H Alkalinity VFA TAN sCOD
g pling Day P (mg/L as CaCOs) (mg/L as Acetate)  (mg/L) (mg/L)
Initial 7.5 2760 2240 + 150 340+6 9800+ 290
7 7.3 2470 2850 + 120 370+6 11100+ 500
Biozggﬁei ted 21 7.9 3110 2660 + 120 441+ 11 12300 + 400
Digesters 42 8.4 790 2600 + 190 538+21 9470230
63 7.9 1470 2780 + 220 750+24 4590 + 280
Final (106) | 8.0 1400 3540+ 70 725+23 6780210
Initial 6.5 960 2330+ 100 132+12 6820+ 110
7 6.3 1290 1450 + 130 164+2 8270+ 160
Ehaie 1| 21 7.5 1150 1360 + 110 118+7 5060 + 270
ontro
Digesters 42 8.0 350 1900 + 60 129+9 5990 + 400
63 7.1 450 2040 + 210 109+4 3790 £60
Final (106) | 6.9 480 1340 + 10 107+ 2 2390+ 40

NOTE: VFA, TAN, and sCOD values are expressed as averages plus or minus standard deviations of samples run in triplicate.

Table 3.4. Phase 2 initial and final pH and concentrations of VFA, TAN, sCOD, and Alkalinity.

Digester/Sampling Day PH (mgI/A\LIk;s“g:gios) (mg/LZsF zcetate) (;QINL) (Sn?é?ll_j)
Bioaugmented Initial 6.9 610 1210+ 20 215+2 2530 £ 30
Digesters Final (82) | 7.7 800 1180 + 60 370+ 174 2200 +50
Control Initial 6.1 180 943+ 4 53+0 1890 + 30
Digesters Final (82) | 7.4 280 983 + 123 151+ 14 1470 + 60

NOTE: VFA, TAN, and sCOD values are expressed as averages plus or minus standard deviations of samples run in triplicate.
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Figure 3.6. Lignin, cellulose, and hemicellulose content in digestate from Phase 1 bioaugmented
and control digesters.

21



6%

5%

4%

3%

2%

1%

0%

Bioaugmented |Control Digesters| Bioaugmented |Control Digesters
Digesters Digesters

Phase 1 Phase 2

Figure 3.7. Percent total mass destruction in Phases 1 and 2 bioaugmented and control digesters.

3.4 Summary of Major findings

The following is a summary of the major findings of this study:

A significant enhancement in methane yield from yard waste in HS-AD was achieved via
bioaugmentation with P&P sludge as compared with methane yields achieved via
inoculation with WW-AD.

The granular P&P sludge had a higher VS content than the WW-AD sludge. The
higher microorganism density likely led to a faster start-up process in the
bioaugmented digesters. However, this was expected to have a minimal effect on the
cumulative methane yield over the 106-day digestion period.

The granular P&P sludge had a higher alkalinity than the WW-AD sludge. The lower
alkalinity of the WW-AD resulted in a lower buffering capacity and lower pH. This may
have inhibited methane yields early in the Phase 1 study (week 1-2), but as trends in pH
show, should not have caused inhibition thereafter.

The trace element concentrations in both the granular P&P sludge and WW-AD meet most
minimum concentration requirements and do not exceed most inhibitory concentrations for
AD. However, concentrations of certain elements (molybdenum, selenium, cobalt, lead,
zinc and calcium) did fall short of or exceed critical concentrations, more so in the control
digesters than in the bioaugmented digesters. This may have contributed to the observed
differences in methane yields.

The concentrations of the heavy metals in the Phase 1 digestate were less than both
European and US regulatory standards (WRAP, 2010 and Brinton et al., 2000) for
safe application of compost/digestate in agriculture.

Specific methane yields achieved in both Phases of this study fell within ranges reported
in the literature for HS-AD of yard waste (Jerger et al., 1982; Owens and Chynoweth,
1993; Brown and Li, 2013; Zhao et al., 2014). Differences in specific methane yields
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compared with other studies are attributed to the specific substrate characteristics (e.g.
plant species, branches versus leaves, elemental composition, and presence of
lignocellulosics).

No significant differences were observed in the percent enhancement achieved through
inoculation with fresh P&P sludge (72.7 £ 7.6%) or digestate (68.5 + 4.0%), indicating that
the enhancement could be sustained by inoculating subsequent batches of yard waste with
digestate, as is done in full-scale facilities (Li et al., 2011).

The substantial decrease in specific methane yields observed in the second phase of batch
HS-AD may have been due to the recalcitrance of yard waste samples carried over from
the first phase and/or differences in micronutrient concentrations. Raw yard waste samples
should be tested for lignocellulosic contents in future studies to enable direct comparison
of specific methane yields by correcting according to relative lignin to
cellulose/hemicellulose ratios. (Specific methane yields are reported on a per mass of VS
added basis, which would lead one to believe that yields between experiments should be
directly comparable, but with lignocellulosic wastes that is not the case. Lignin, cellulose,
and hemicellulose are all VS, but the cellulose and hemicellulose can significantly
contribute to methane yields when dissociated from the lignin, whereas the lignin cannot
contribute to methane yields because it is highly recalcitrant in anaerobic systems.)

The increase in VFA, TAN and sCOD in the first three weeks of bioaugmented digesters
indicated that the P&P sludge improved the hydrolysis efficiency of the substrates. The
VFA and ammonia concentrations were not inhibitory factors for either set of digesters.

It is expected that the microbial populations that would dominate in an anaerobic system
treating lignocellulosic-rich pulp and paper mill waste would include species that can
effectively hydrolyze lignocellulosic compounds. WW-AD sludge is less likely to contain a
high density microorganisms capable of hydrolyzing lignocellulosic compounds
(Migneault et al., 2011; Zorpas et al., 2011). These observations are consistent with the
observed increase in reduction in cellulose and hemicellulose contents in the Phase 1
bioaugmented digesters compared with controls.

Bioaugmentation with P&P sludge resulted in higher biogas methane content (57 £ 2% in
Phase 1 and 59 + 1% in Phase 2), compared with literature results from bioaugmentation
of AD with rumen cultures (Lopes et al., 2004; Hu and Yu, 2005).

The enhancements achieved in this study (68.5 — 72.7%) were comparable to
enhancements reported in various pretreatment studies; however, the minimal impact of
this strategy with respect to overall operational costs and environmental impacts make it an
attractive alternative to pretreatment.

Additional research is needed to expand on the findings of this study, including
investigating the effects of bioaugmentation with P&P sludge with varying substrates and
S/I ratios, further investigation of the mechanisms responsible for the observed methane
yield enhancements (microbial communities, alkalinity, and micronutrient concentrations)
and research aimed at optimizing the integration of this strategy into full-scale HS-AD
systems.
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4.0 OBJECTIVE 3: IMPLEMENTATION OF HS-AD IN FLORIDA

4.1 Introduction

HS-AD is particularly applicable to Florida because of the large population, high energy
demands, a statewide recycling goal of 75% by 2020, and a current food waste recycling rate of
about 7% (FDEP, 2015a). The warm climate may be economically advantageous for AD because
high ambient temperatures reduce the amount of heat energy needed to maintain internal
operating temperatures (Tchobanoglous et al., 2003). However, collection and storage of
putrescible waste in warm climates incur higher costs. The specific objectives of this part of the
study were to: (1) Identify locations where HS-AD implementation would be most suitable in
Florida based on OFMSW generation and recycling rates and existing MSW infrastructure; (2)
Quantify the current economic and environment incentives for HS-AD implementation in Florida
and identify key barriers; and (3) Provide policy recommendations and outline possible strategies
for improving the economic competitiveness of HS-AD in Florida.

4.2 Methodology

This assessment was conducted using existing information on OFMSW generation, disposal and
recycling rates, OFMSW recycling infrastructure, and policies relevant to OFMSW recycling in
Florida. Data were obtained from FDEP (FDEP, 2011; 2013; 2015a; 2015b) and other sources
(Kessler, 2009; Dieleman, 2015). As FDEP reports generation and recycling rates on a per-
county basis, the assessment was carried out on a per county basis. The availability of large
quantities of minimally contaminated food and yard waste in close proximity to HS-AD system
is one of the most critical factors affecting the economic feasibility of HS-AD (Rapport et al.,
2008; Rogoff and Clark, 2014). Therefore, counties with < 100,000 people were not addressed in
this assessment. Energy and nutrient recoveries attainable through HS-AD were estimated from
values obtained from “grey” and published literature and reported values from industry (Table
4.2). GHG offsets were based on calculated electricity production potential (Table 4.3),
approximate GHG offsets achievable per unit electricity produced via HS-AD (SGC, 2012), and
documented GHG emissions per unit of electricity generated via the existing electricity grid
(EPA, 2013Db). Policy recommendations and strategies for improving the competitiveness of HS-
AD were derived from “grey” and published literature and industry sources (RIS, 2005; PIS,
2008, Rapport et al., 2008; FIE, 2009; Rogoff and Clark, 2014; CalRecycle, 2014b; EPA,
2015d).

4.3 Results and Discussion

According to the FDEP (2015), 34.4 million tons of MSW were collected in Florida in 2014,
nearly 20% of which was OFMSW (2.2 million tons food waste, 3.7 million tons yard waste).
Figure 4.1 shows the categorized composition and management of MSW in Florida in 2014.
Figure 4.2 displays the counties of Florida, categorized by population and 2013 recycling rates.

In 2008, the Florida Legislature enacted House Bill 7135, establishing a new statewide recycling
goal of 75% to be achieved by 2020. As of 2014, statewide food and yard waste recycling rates
in Florida were 7% and 51%, respectively (FDEP, 2015a). Considering the current recycling
rates and the relative fractions of food and yard waste generated in Florida of 7% and 12% (of
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total MSW generation), respectively, Florida’s statewide recycling rate could be increased by ~
13% (from 50% to 63%) through OFMSW recycling. FDEP defines recycling as “any process
by which solid waste, or materials that would otherwise become solid waste, are collected,
separated, or processed and reused or returned to use in the form of raw materials or products”
(Florida Statute 403.703). Florida Statute 403.7032 states that “solid waste used for the
production of renewable energy” qualifies as recycling. FDEP defines renewable energy as
“electrical energy produced from a method that uses one or more of the following fuels or energy
sources: hydrogen produced from sources other than fossil fuels, biomass, solar energy,
geothermal energy, wind energy, ocean energy, and hydroelectric power.” Biomass is defined by
the FDEP as “a power source that is comprised of, but not limited to, combustible residues or
gases from forest products manufacturing, waste, byproducts, or products from agricultural and
orchard crops, waste or coproducts from livestock and poultry operations, waste or byproducts
from food processing, urban wood waste, municipal solid waste, municipal liquid waste
treatment operations, and landfill gas” (Florida Statue 366.91). From these definitions, WTE and
LFGTE count as recycling along with conventional recycling (metals, plastics, and glass),
composting, AD, and bioenergy generation via advanced thermal treatment. This renewable
energy is factored into overall recycling rates, with every MWh of energy generated from waste
counting as one ton of waste recycled (or 1.25 tons for counties with high conventional recycling
rates) (FDEP, 2015a). Note that the FDEP’s definition of recycling conflicts with EPA’s, which
counts incineration and landfilling as disposal in all cases (EPA, 2015a).

The majority of yard waste recycling in Florida is accomplished through separate collection and
management at yard waste processing centers, where the material is shredded and distributed for
use as mulch (garden/landscape bedding), process fuel, or alternative daily landfill cover.
According to FDEP’s Source Separated Organics Processing Facility Database, there are 273
facilities permitted to process yard waste, all but 56 of which are permitted to recycle yard waste
(FDEP, 2015b). HS-AD can potentially be paired with this type of yard waste recycling as an
initial recycling step for energy recovery (Sawatdeenarunat et al., 2015). All other existing
infrastructure for OFMSW recycling (L-AD, compost, bioenergy, WTE, and LFGTE facilities)
that could be identified in Florida was mapped using Google Earth (Figure 4.3).
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Figure 4.1. 2014 composition and management of MSW in Florida (adapted from FDEP, 2015).
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2013 Florida County Recycling Rate
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Counties Under 100,000 Population

Figure 4.2. Florida counties classified by population and recycling rate as of 2013 (Price, 2015).

Composting is one of the most common technologies for OFMSW recycling in the US (EPA,
2015a). The FDEP encourages local governments to provide public education on composting and
develop organics source-separation and composting programs (Florida Statute 403.706). Florida
Statute 403.714 states that state agencies are responsible for the development of compost markets
and “are required to procure compost products when they can be substituted for, and cost no
more than, regular soil amendment products.” However, composting in Florida has been slow to
develop due to a lack of markets for compost products (Kessler, 2009). In 2008, only four
permitted composting facilities existed in the state. The only other significant forms of food
waste recycling were recovery via a network of collection services, food banks, and soup
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kitchens and animal feed production from preconsumer food waste (one facility) (Kessler, 2009).
However, with the help of the Florida Organics Recycling Center for Excellence (FORCE), the
enactment of the 75% recycling goal bill in 2008, and revised regulation allowing for the
combined composting of yard and food waste, the number of active permitted composting
facilities increased to 24 by 2012, with 10 registered to accept both food and yard waste (Kessler,
2009; Zimms and Ver Eecke, 2012).

Currently, there are 14 active permitted “source-separated organics composting” facilities listed
in the FDEP database (FDEP, 2015b). Of these facilities, 13 are permitted to accept yard waste,
12 are permitted to accept “vegetative waste” and 11 are permitted to process “pre-consumer
vegetative waste” (FDEP, 2015b), which is defined as source-separated vegetative solid waste
from commercial, institutional, industrial or agricultural operations that is not considered yard
trash, and has not come in contact with animal products or byproducts or with the end user. The
only facility that is not permitted to compost vegetative waste or pre-consumer vegetative waste
(My World Nursery) was the only facility that was confirmed to not be actively composting.
Based on these numbers and this assumption, the total number of permitted composting facilities
has decreased since 2012, but the number of facilities processing both food and yard wastes has
increased. Several additional facilities that claim to be actively composting were identified
through web searches and inquiries with industry professionals, including: George B. Wittmer
Associates, Inc. facility (Nassau County), Okeechobee Landfill, JFE-Brighton Regional
Composting facility (Brighton Seminole Indian Reservation), and MW Horticulture Recycling
(two locations in Lee County) (Wittmer, 2015; WM, 2015; McGill, 2015; MWHR, 2015).

The Reedy Creek Improvement District (RCID) composting facility is the only permitted facility
not permitted to accept yard waste. Though initially a yard and food waste composting facility
and still permitted as a “source-separated organics composting” facility, RCID is now the state’s
first and only AD system operated for processing OFMSW. The system, which began operation
in 2012, is an L-AD system co-located with the district’s wastewater treatment plant (WWTP).
This allows for low-cost transfer of biosolids from the WWTP to the L-AD system and centrate
(leachate/percolate) from the L-AD system to the WWTP after nitrogen (N) and phosphorous (P)
removal (Sorensen, 2014). Although the system is of the L-AD variety, it sets a precedent for
AD of OFMSW in Florida. The system has a processing capacity of 130,000 tons per year
(TPY), processes source-separated food waste fats, oils, and greases (FOG) from nearby
industrial, commercial, and institutional sources and biosolids from the WWTP. The system
produces 3.2 MW of electrical energy, 2.2 MW of recoverable heat via a CAT combined heat
and power (CHP) engine-generator system, and approximately 6,600 TPY of granular fertilizer
product that meets EPA AA standards for a product containing biosolids (Sorensen, 2014). The
facility is also listed by the FDEP as a permitted “Bioenergy” facility (FDEP, 2011).

Several other bioenergy projects (wood-fired power and advanced thermal treatment) have been
considered in Florida in recent years, with 22 separate permitted projects listed by the FDEP
(2011). Of the 22 permitted bioenergy projects, however, only a few have come to fruition:
Gainesville Renewable Energy Center (100 MW wood-fired power), INEOS New Plant
Bioenergy (hybrid gasification-fermentation 8 million gallons per year [MGY1] ethanol
production), and Brooksville Central Power and Lime (70 MW wood-fired power). The FDEP
(2011) lists four of the 22 permits as cancelled or withdrawn, but web searches reveal that
several other projects have been canceled. For example, the Saint Lucie Plasma Gasification
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project and the Verenium Ethanol project in Highland County were cancelled due to economic
challenges (Blandford, 2012; Lane, 2012) and the Adage wood-fired power plant was cancelled
due to public opposition (Sheehan et al., 2011). The high capital cost, technical complexity, and
lack of well-established economic/cost-benefit data of bioenergy projects relative to alternative
technologies such as WTE are key hurdles that must be overcome for further development of
advanced thermal treatment projects (EREF, 2013).

Data SIO, NOAA, WS Navy, NGA GEBCO
© 2015 Google
Image Landsat

Figure 4.3. OFMSW recycling, WTE and LFGTE facilities in Florida. Note that yard waste
processing centers are not shown.

Florida has a longstanding reputation for WTE development, with 12 of the 80 WTE plants in
operation in the US (as of 2013) located in the state (FDEP, 2013; Wheelabrator, 2015; EPA,
2015a). The state’s 13" WTE facility became operational in 2015 in West Palm Beach — the first
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WTE plant to be constructed in the US in more than 20 years (Williams, 2015). Florida is also
among leading states in terms of LFGTE, with 20 landfills currently equipped for LFGTE, 18 of
which produce electricity and four of which do direct use (two produce electricity and do direct
use) (Dieleman, 2015). Another three landfills have plans to implement LFGTE systems (Central
County LF, North Dade LF, and Saint Cloud City LF) and another 13 are considered as
candidate landfills for future LFGTE projects (Dieleman, 2015). As previously mentioned, this
form of “recycling” does not fall within traditional definitions, and by many accounts, reduces
incentives for waste reduction and traditional recycling. More research is needed to understand
the compatibility of HS-AD with existing Florida MSW infrastructure.

Based on the potential for bioenergy production, GHG emissions reductions and nutrient
recovery, nine counties were identified as most suitable for HS-AD implementation in this study.
Miami-Dade, Broward, Palm Beach, Hillsborough, Orange, Pinellas, Duval, and Lee are the top
eight most populated counties in Florida and consistently rank in the top nine with respect to
OFMSW generation (total amount) and disposal (unrecycled amount), as shown in Table 4.1.
Alachua County, the home county of the University of Florida and the 23" most populated
county in the state, ranks 10" in terms of OFMSW generation and 7™ in terms of unrecycled
OFMSW. Of these counties, all had reached 40% overall recycling rates by 2013 except
Alachua (Table 4.1) and each has a mix of OFMSW recycling infrastructure, but none have
significant capacity for recycling food waste. Each county, except Hillsborough and Pinellas, has
at least one landfill with LFGTE and each, except Alachua, Orange, and Duval, have at least one
WTE facility. However, only two of these counties have an existing bioenergy plant (Alachua
and Orange) and few have composting facilities (Alachua, Orange, Hillsborough, and Lee).

A number of suitable locations were identified for full-scale HS-AD demonstration projects. For
example, the University of South Florida generates large quantities of OFMSW and is
surrounded by industrial, commercial, and institutional sources of additional OFMSW (several
hospitals, grocery stores, and elementary schools), the majority of which is transported and
processed at the Hillsborough County Resource Recovery Facility (WTE with separate yard
waste processing). This could serve as a centralized site for an educational demonstration
facility. HS-AD could also be synergistically paired with existing MSW management
infrastructure, including material recovery facilities, landfills with LFGTE, composting facilities,
and most bioenergy facilities. HS-AD can be paired with composting operations to enable energy
recovery, reduce waste volume, and increase total facility throughput/capacity (De Baere and
Mattheeuws, 2014; Kraemer and Gamble, 2014), as is common in the Netherlands and Belgium
(De Baere and Mattheeuws, 2014). Specific candidate composting operations could include the
Okeechobee Landfill site, which has the capacity to process 30,000 TPY of source-separated
OFMSW, and the Vista Landfill site in Orlando County, which is permitted to process 45,000
TPY of OFSMW and was processing approximately 22,000 TPY as of 2012 (Zimms and Ver
Eecke, 2012).

Landfills equipped with LFGTE are also suitable for an HS-AD demonstration project. The
advantage of this strategy is that biogas from HS-AD systems at landfill sites can be tied into
existing LFGTE infrastructure to reduce the capital costs, improve energy recovery efficiency at
landfills, simplify collection schemes for HS-AD, reduce waste volume, and utilize existing
leachate system infrastructure for the disposal of digestate (in cases where feedstocks are mixed
MSW or mechanically-separated OFMSW) (Rapport et al., 2008; Zaman, 2009; Li et al., 2011).
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There are at least three existing HS-AD systems in California, for example, that are located at or
adjacent to landfills (Monterey, San Jose, and Davis). The development of bioenergy facilities is
somewhat in competition with HS-AD, because both technologies partly depend on yard waste
as a feedstock. However, as outlined by Sawatdeenarunat et al. (2015) and Pan et al. (2015), AD
yard waste can still be used as a feedstock for bioconversion (thermal and/or chemical).

Table 4.1. Yard waste and food waste generation and recycling in 2014 in Florida counties with
populations greater than 100,000, ranked in descending order by population (FDEP, 2015a).

Yard Waste Food Waste Potential Feedstock
County Generated  Recycled Secycling Generated  Recycled Recycling  Total Unrecycled
ate ate Amount Rank  Amount  Rank

Miami-Dade 517 363 70% 178 0 0% 695 1 332 2
Broward 190 29 15% 193 5.9 3% 383 4 348 1
Palm Beach 208 48 23% 120 0.7 1% 328 7 279 4
Hillsborough 187 118 63% 117 4.4 4% 304 8 182 8
Orange 103 68 66% 324 75 23% 427 2 284 3
Pinellas 248 165 67% 159 3.6 2% 407 3 238 6
Duval 271 104 38% 99 1.2 1% 370 5 265 5
Lee 158 104 66% 121 0.7 1% 279 9 174 9
Polk 62 42 68% 74 2.6 4% 136 15 91 13
Brevard 322 283 88% 40 0.9 2% 362 6 78 14
Volusia 68 46 68% 83 2.0 2% 151 13 103 12
Pasco 46 19 41% 38 0.9 2% 84 19 64 17
Seminole 73 45 62% 41 1.6 4% 114 17 67 16
Sarasota 77 65 84% 41 4.1 10% 118 16 49 22
Manatee 103 29 28% 44 0] 0% 147 14 118 10
Marion 48 23 48% 21 0.9 4% 69 22 45 23
Collier 128 127 99% 42 1.2 3% 170 11 42 24
Lake 33 1 3% 19 0.3 2% 52 25 51 21
Escambia 41 10 24% 24 0 0% 65 23 55 19
Osceola 18 0 0% 16 0 0% 34 29 34 26
St. Lucie 20 3 15% 12 0.6 5% 32 31 28 27
Leon 46 15 33% 27 2.3 9% 73 20 56 18
Alachua 198 19 10% 24 0.3 1% 222 10 203 7
St. Johns 54 16 30% 17 0.1 1% 71 21 55 20
Clay 24 24 100% 20 0.3 2% 44 28 20 31
Okaloosa 29 18 62% 16 0.5 3% 45 27 27 28
Hernando 26 11 42% 6.5 0.6 9% 33 30 21 30
Bay 24 5 21% 23 0.6 3% 47 26 41 25
Charlotte 40 35 88% 17 0.7 4% 57 24 21 29
Santa Rosa 15 4 27% 6.8 0.3 4% 22 32 18 32
Martin 107 4 4% 48 42 88% 155 12 109 11
Indian River 84 25 30% 19 0.7 4% 103 18 77 15
Citrus 11 10 91% 11 0.6 5% 22 32 11 34
Sumter 9 0 0% 6.7 04 6% 16 34 15 33

Note: Values are expressed in thousands of tons per year (excluding percentages and ranks); “Unrecycled” values were calculated
by subtracting amount recycled from amount generated; WTE and LFGTE recycling credits are not included in these numbers, so
the “Unrecycled” quantities are representative of the amount disposed via incineration and landfilling
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Environmental incentives for nutrient and energy recovery, GHG offsets, and associated
economic incentives, were estimated using 2014 statewide food and yard waste generation rates
of 2.2 million tons and 3.7 million tons, respectively (FDEP, 2015a; Table 4.2). Total energy
recoverable from food and yard waste is > 500 MW (4,000 GWh/year; Table 4.3). If the CH4
generated were used in combined heat and power (CHP) units, this translates to an annual
electricity generation potential of ~ 175 MW (1,500 GWh/year), with a portion of the remaining
energy (~ 40%) being recoverable heat for maintaining internal temperatures of HS-AD systems.
Alternatively, if CH4 were converted to compressed natural gas (CNG), ~ 80 million diesel
gallon equivalents (DGE) of CNG could be produced. To put this in context, Florida currently
generates a total of 246,000 GWh/year of electricity, 5,000 GWh/year of which is renewable
(EIA, 2015a), and consumes 688 million DGE of CNG per year as vehicle fuel (EIA, 2015b).
Thus, either ~0.6% of Florida’s electricity demand could be fulfilled, increasing statewide
renewable electricity generation by ~ 30%, or ~ 11.5% of CNG vehicle fuel demand could be
fulfilled (Table 4.3). Assuming the recovered energy would be used to produce electricity and
20% parasitic energy demand, excess electricity (1,200 GWh/year) could generate > $120M in
revenue annually (at $0.10/kwWh) not including GHG offsets or nutrient recovery. However,
reported electricity revenues are quite variable. At the time of writing this report, Palm Beach
County reported 0.048/kWh and Miami-Dade County reported $0.10-0.12/kWh (Schert, J.
personal communication).

Table 4.2. Assumed values for quantifying the environmental and economic incentive for
implementation of HS-AD for OFMSW recycling in Florida.

Parameter(s)

Assumed Value(s)

Reference(s)

VS Content

Average Biogas Yield

Biogas Quality

Energy Equivalence

of CHsand Diesel Fuel
Combined Heat and Power
Conversion Efficiency
CNG Conversion Efficiency
GHG Offsets from
Substituting Fossil Fuel
Value of Carbon Credits
Mass Destruction

in HS-AD

Bioavailable Nutrient
Content of HS-AD Digestate

Agricultural Value
of Nutrients

Food Waste = 15% by wet weight
Yard Waste = 60% by wet weight

Food Waste = 0.5 m¥/kg VS
Yard Waste = 0.3 m¥/kg VS

60% CHa

9.7 KWh/m?® CH4
9.8 KWh/L Diesel

35% to electricity
~40% to heat

67%
100% - 120%
Voluntary Market Rate = $4.90/MTCO2E

Total Value (including ecological offsets) = $664/MTCO:E

40%
N = 1% by dry weight
P =0.5% by dry weight

N = $0.26/kg N
P = $0.14/kg P

Kothari et al., 2014

Kothari et al., 2014
Kothari et al., 2014

SGC, 2012

SGC, 2012

ZWE, 2013b
SGC, 2012

ICROA, 2014
BIOFerm, 2014a

Hartz, 2009

WERF, 2011

31



Table: 4.3. Approximate energy recovery potential through HS-AD of OFMSW in Florida.

Yard Waste Food Waste Total
Assumed Generation Rate (short tons/year) = 3,700,000 2,200,000 5,900,000
Assumed Volatile Solids Fraction (% by wet weight) = 0.60 0.15
Assumed Biogas Generation (m3/kg VS) = 0.30 0.50
Total Energy Content (GWh/year) = 3,520 870 4,390
Total Electricity Generation Potential (GWh/year) = 1,230 300 1,530
Total Electricity Generation in Florida (GWh/year) = 246,200
Fraction of Florida Electricity Demand Fulfilled = 0.5% 0.1% 0.6%
CNG Generation (DGE/year) = 63,400,000 15,700,000 79,100,000
Total CNG Consumption in Florida (DGE/year) = 688,000,000
Fraction of Florida CNG Demand Fulfilled = 9.2% 2.3% 11.5%

Note: Assumes 9.7 KWh-m= CHs, 9.8 kWh-Ldiesel, 35% electrical conversion efficiency, and 67% CNG conversion efficiency;
mass conversion factor = 907 kg per short ton

According to the US EPA (EPA, 2013b), Florida’s electricity-based GHG emissions in 2013
accumulated to 103.4 million metric tons of carbon dioxide equivalents, which translates to
approximately 430 metric tons per GWh of electricity produced. Applying an assumed 100%
reduction in GHG emissions resulting from substituting energy from the existing energy grid
with biogas-derived energy (SGC, 2012) to the estimated electricity production potential through
HS-AD of OFSMW of 1,535 GWh/year, an estimated GHG offset potential of 660,000 metric
TPY of CO2equivalents (MTCO2E/year) could be obtained. If these offsets were sold as carbon
credits in the voluntary market, an additional $3.2M worth of annual revenue could be generated
(at $4.90MTCO:z2/year, based on globalcarbonproject.org database). When taking into account the
economic value of the ecological benefits associated with GHG offsets, the value increases to
over $400M per year (at $664MTCOz/year). Assuming 40% mass reduction in the HS-AD
process, approximately 3.5 million TPY of soil amendment could be generated, equating to at
least 7,000 TPY and 3,500 TPY of recoverable N and P (Table 4.4), respectively. Based on a
value of bioavailable N and P contents in compost of 1.0% and 0.5%, respectively), or $2.1M per
year worth of fertilizer offsets (at $0.26/kg N and $0.14/kg P). Note that fertilizer value
calculations were based on data from the UC Davis Solution Center for Nutrient Management
(http://ucanr.edu/sites/Nutrient_Management_Solutions). In addition, because capital costs are
not included in these estimates, they can be scaled up or down by inputting alternative annual
food waste and yard waste processing values (contact Pl Ergas sergas@usf.edu for spreadsheets).

Table 4.4. Nitrogen and phosphorous recovery potential through HS-AD of OFMSW in Florida.

Nitrogen Phosphorous
Assumed Digestate Generation Rate (short tons/year) = 3,540,000 3,540,000
Assumed Total Solids Content (%) = 20% 20%
Assumed Available Fraction (%) = 1.0% 0.5%
Nutrient Recovery Potential (short tons/year) = 7,080 3,540

Note: Assumes 40% mass reduction in HS-AD; mass conversion factor = 907 kg per short ton

With regard to potential project funding sources, the INEOS bioenergy plant in Indian River
County (Figure 4.3) was partially funded by the US Department of Energy, as was the HS-AD
system that began operation in 2012 at the University of Wisconsin Oshkosh. US EPA and the
USDA have existing and forthcoming programs for funding biogas projects (USDA/EPA/DOE,
2014). Florida based grant programs also exist for MSW management, recycling, and renewable
energy projects. For example, the FDEP has an Innovative Recycling/Waste Reduction Grant
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Program, a Florida Recycling Loan Program, and a Small County Consolidated Solid Waste
Grant Program, and the Florida Department of Agriculture and Consumer Services offers
funding through their Research and Development Bioenergy Grant Program. Other potential
funding sources include private industry, as demonstrated in other US HS-AD projects. The
partnerships developed for the Harvest Power L-AD facility (between the owner, the technology
vendor, and the utility company — who agreed to purchase the energy generated by the facility) is
an example of a partnership for economically sustainable AD of OFMSW (Rapport et al., 2008).

SCS Engineers conducted an economic analysis for the purpose of estimating tipping fees
required to ensure economically sustainable HS-AD operation (Rogoff and Clark, 2014). The
analysis included total capital costs (including design, permitting, materials, equipment, and
construction), operations and maintenance, inflation and financing. Because of the low market
value of compost in Florida, revenue from compost and GHG offsets were neglected, and break-
even tipping fees were calculated for four different scenarios (Table 4.5). The results showed that
HS-AD becomes economically competitive with increases in processing capacity and that energy
sales are a critical factor. The authors mention that when incorporating revenues from GHG
offsets (e.g. carbon credits or renewable energy certificates [RECs]), HS-AD projects could
reliably yield short pay-back periods and provide returns on investments for developers. The
authors further concluded that several factors would have to converge for HS-AD to be
economically feasible in Florida, including: high quantities of quality feedstock, high power
costs, utility economic incentives, markets for compost, markets for carbon credits and/or RECs,
and bans on organics disposal in landfills. This conclusion parallels those drawn in multiple
economic analyses of this kind (RIS, 2005; PIS, 2008, Rapport et al., 2008; FIE, 2009; RWI,
2013; Rogoff and Clark, 2014).

To provide context to the results shown in Table 4.5, the World Bank (2012) reports that the
costs of landfilling, incineration, composting, and AD in high income countries per ton of waste
processed range from $40-100, $70-200, $35-90, and $65-150, respectively. Landfilling is the
lowest cost management option, composting is sometimes comparable, and all other options are
significantly more expensive. In the US, average nationwide landfill tipping fees in 2013 were
$49.78 per ton, down slightly from $49.99 per ton in 2012 (EPA, 2015a). In Florida in 2013, the
average landfill tipping fee was $43.65 and the lowest rate in the state was $25.50 (CEP, 2014).

Table 4.5. Break-even tipping fees for HS-AD project scenarios (Rogoff and Clark, 2014).

Scenario  Plant Capacity Electricity Production Tipping Fee Required
1 5,000 TPY None $45.92 - $53.16

2 5,000 TPY 203 kWh/ton @ $0.1044/kWh $8.76 - $31.97

3 10,000 TPY None $40.73 - $48.53

4 10,000 TPY 203 kWh/ton @ $0.1044/kWh $3.57 - $27.34

Improvements in HS-AD technology have the potential to improve the economic outlook for HS-
AD. Certain HS-AD technologies have been shown to have lower parasitic energy demands (see
Section 2.3.3.) and certain technologies have been shown to generate higher biogas yields. Co-
digestion of food and yard waste at certain ratios, have been shown to improve environmental
conditions (e.g. C/N ratio and feedstock porosity) and enhance system performance. Other co-
digestion strategies, such as incorporation of biosolids as a co-substrate, can provide enhanced
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revenue in the form of increased tipping fees. Biosolids management in Florida is an increasingly
expensive endeavor with relatively limited capacity for L-AD of biosolids, land application
regulations becoming increasingly stringent, and the costs of biosolids disposal in landfills being
very high (Forbes Jr., 2011). Phase Il of this research will specifically investigate the potential
for incorporating biosolids with yard and food waste in HS-AD systems, including life cycle
environmental impacts and costs. Pretreatment or bioaugmentation strategies can effectively
improve the biodegradability of lignocellulosic wastes (e.g. yard waste and agriculture plant
residues), providing significant enhancement in energy recovery (see Chapter 3).

Market-related factors that could improve the economics of HS-AD include markets for compost
and carbon credits and/or RECs and energy markets (energy costs and demand for renewables).
Increases in energy costs would have positive effects on the economics of HS-AD and have
negative effects on the economics of energy consuming management technologies (composting
and landfill without LFGTE), resulting in improved competitiveness of HS-AD. Energy costs
and demand for renewables are influenced by policy, as are compost and carbon credit/REC
markets. Policy has the potential to influence numerous key factors such as demand for
alternative OFMSW management infrastructure (i.e. landfill bans) and quality of feedstock for
HS-AD (i.e. source-separation). However, more research is needed on the sustainability of
source separation of putrescible waste in Florida due to the warm climate. Policies that have
resulted in improved OFMSW management in other regions are as follows:

= Landfill bans on OFMSW (yard and food waste) including those with LFGTE. Diverting
OFMSW has resulted in reduced fugitive methane emissions and reduced landfill leachate
generation. As described by Yasar and Celik (2016). According to the EPA, “the promotion of
LFG energy is not in conflict with the promotion of organic waste diversion” (EPA, 2015d).

= Mandates on source-separation of OFMSW by appropriate sources (residential, commercial,
industrial, institutional). According to a study of a full-scale facility in Italy (Bolzonella et al.,
2006b), energy recovery efficiency increased by a factor of three by processing source-
separated OFMSW over systems processing mechanically-separated OFMSW.

= Pay-as-you-throw policies, recycling programs, and other progressive MSW management
programs that increase incentives for waste reduction and recycling and facilitate the
transformation of the existing disposal-based MSW framework to a recovery-based system.
California’s Extended Producer Responsibility policy, for example, makes “producers”
responsible for end-of-life product disposal costs (CalRecycle, 2014b).

= Policies that create incentives for recycling both nutrients and energy from OFMSW (AD) as
opposed to recycling only energy (LFGTE, WTE, advanced thermal treatment) or only
nutrients (composting). In other words, policies that account for environmental impacts and
offsets of various recycling methods, such that there is an incentive to recycle paper, plastic,
and glass via conventional recovery methods rather than incinerating the material. WTE and
landfilling with LFGTE should not be counted as recycling.

= Establishment of Renewable Portfolio Standards that enhance incentives for renewable energy
generation and growth of REC markets. A majority of states (29) now have Renewable
Portfolio Standards and another eight have voluntary targets (NREL, 2014). RECs, Renewable
Identification Numbers (RINs), and carbon credits play significant roles in the economics of
renewable energy generation, including through HS-AD.
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4.4 Summary of Major Findings

The objective of this study was to evaluate the potential for HS-AD implementation in Florida.
There is a great opportunity for the implementation of OFMSW recycling infrastructure in the
state. Based on current recycling rates of food and yard waste of 7% and 51%, respectively, and
the relative fractions (of total MSW generated) of food waste and yard waste of 7% and 12%,
respectively, Florida’s statewide recycling rate could be increased by nearly 13% (from 50% to
63%). Note that these rough estimates were developed based on an unrealistic assumption that
100% OFMSW recycling rates could be achieved. Additional cost life cycle cost assessments
will be performed in Phase 11 of this research. Each of the eight most populated counties in the
state — Miami-Dade, Broward, Palm Beach, Hillsborough, Orange, Pinellas, Duval, and Lee —
consistently rank in the top nine counties in the state with respect to OFMSW
disposal/availability for use as feedstock in HS-AD. A ninth county that was identified as
particularly promising for HS-AD implementation was Alachua County, the home county of the
University of Florida and the 23™ most populated county in the state. More research is needed to
understand the compatibility of HS-AD with existing MSW infrastructure, particularly WTE.

A rough estimate of environmental and economic incentives for implementing HS-AD for
OFMSW management in the state were estimated, again assuming 100% of OFMSW were to be
processed via HS-AD (although this could be adjusted for any scale/processing capacity). Based
on 2014 food waste and yard waste generation, approximately 500 MW (4,000 GWh/year) of
energy could be recovered from OFMSW via HS-AD, equating to approximately 175 MW
(1,500 GWh/year) of electricity (~ 0.6% of Florida’s electricity demand) and 325 MW of usable
heat energy if the methane were to be used in CHP units, or equating to nearly 80 million DGEs
of CNG (~ 11.5% of Florida’s CNG vehicle fuel demand) if the methane were to be converted to
CNG. Additionally, more than 7,000 tons of nitrogen and 3,500 tons of phosphorous could be
recovered annually and at least 660,000 metric tons of GHG emissions (as carbon dioxide
equivalents) could be offset.

A number of policy changes should be considered for the potential benefits associated with HS-
AD implementation to be realized. As seen in Europe and California, banning organics disposal
in landfills, mandating source-separation of OFMSW by all generation sources, and creating
incentives for renewable energy generation are the policy actions that have had the greatest
influence on the rate of development of HS-AD capacity for OFMSW recycling. Other
recommendations include the development of “Pay as You Throw” programs, recycling
programs, Extended Producer Responsibility policies, and other policies for incentivizing waste
reduction and recycling and creating economic value for the environmental benefits of various
recycling options. A final recommendation is to establish a Florida Renewable Portfolio
Standard to enhance incentives for renewable energy generation and growth of REC markets. A
number of grant and loan programs were identified for project funding, public-private
partnerships are becoming the norm in the recycling industry, and waste management
frameworks are steadily transforming to recovery-based as opposed to the traditional disposal-
based systems.

Additional research that should be carried out includes comprehensive LCA studies to identify
optimal integrated recycling approaches for specific waste streams in specific contexts, studies to
develop/identify effective strategies for facilitating source separation and optimizing organics
collection for warm climates, and research on optimizing HS-AD system design and co-digestion
strategies.
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5.0 CONCLUSIONS

HS-AD is a promising technology for OFMSW because of the many environmental and
economic advantages it offers. HS-AD efficiently recovers energy from OFMSW and is easily
paired with composting to enable the recovery of nutrients. In the process, GHG emissions that
would result from uncontrolled or partially controlled degradation of OFMSW are avoided.
GHG emissions are also offset by the substitution of fossil-fuel derived energy with biomethane,
which can be used for heating, electricity generation, and/or vehicle fuel. By reducing the
nutrient strength of landfill leachate, diversion of OFMSW from landfills to HS-AD facilities
reduces eutrophication impacts on the environment or additional energy and chemical inputs
needed for removing N and P from leachate streams at wastewater treatment facilities. The
recovery and use of nutrients as fertilizer also reduces the impacts of inorganic fertilizer
production on the nitrogen cycle (Haber-Bosch process) and depletion of mineral P reservoirs.
However, trends in the development of HS-AD in Europe and discussions with practitioners
involved with successful HS-AD projects in the US revealed that the optimization of HS-AD
technologies, expansion of regulatory drivers, and development of public-private partnerships are
necessary for accelerating the transition.

For this research, published and grey literature were reviewed, HS-AD facilities in California
and the Netherlands were toured, interviews were conducted with MSW management
professionals, and laboratory experiments were carried out. The specific objectives were to: (1)
evaluate the most appropriate technologies for implementing HS-AD of OFMSW in Florida, (2)
carry out fundamental research at bench- and pilot-scale to improve the biodegradability of
lignocellulosic waste through co-digestion with P&P, and (3) identify potential sites,
collaborators, and funding sources for a large-scale HS-AD demonstration project in Florida.

State-of-the-art of HS-AD (Section 2): The types of HS-AD technologies available, US
vendors and trends in HS-AD implementation in Europe and the US were identified. AD of
OFMSW in Europe, especially HS-AD, is a mature technology. As of 2014, there were 244 full-
scale AD facilities treating OFMSW in Europe, with a total capacity of approximately 8 million
tons per year (TPY); 89% of capacity was “stand-alone” (systems treating only OFMSW), 62%
was HS-AD, and 70% installed since 2009 was HS-AD. Approximately 55% of capacity in
Europe treats source-separated substrates as opposed to mixed or mechanically-separated
substrates, because it has been shown to improve energy and nutrient recovery efficiency in HS-
AD systems.

Trends in HS-AD of OFMSW in the US have paralleled those in the EU. There are currently 181
AD facilities treating OFMSW, with a total capacity of approximately 780,000 TPY, 52% of
capacity is stand-alone (25 facilities), and 24% is HS-AD (8 facilities), with the remainder being
stand-alone L-AD or L-AD co-digestion at wastewater treatment plants or on-farm systems.
However, the number of US HS-AD facilities is growing, from one in 2011 to eight in 2015. It
is projected that HS-AD will be the dominant form of AD of OFMSW by 2017, with at least
another 19 full-scale HS-AD systems expected to come online. In general, batch, thermophilic,
single-stage systems are the dominant HS-AD system types being developed in the US.
However, continuous and multi-stage systems are also available. There are at least nine vendors
of HS-AD technologies in the US, four of which have facilities in operation and another four
have projects in the planning, permitting, or construction phases. No single technology vendor
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has emerged as dominant in the industry at this time. HS-AD is economically competitive with
composting or alternative conversion technologies, such as WTE and advanced thermal
treatment. However, it is unlikely that AD can compete with the low cost of landfilling without
significant legislative and policy changes. The primary factors that govern the economic
sustainability of HS-AD projects are local waste disposal tipping fees, the quality and quantity of
available feedstock, the cost of feedstock collection and storage, local markets for energy and
compost, and legislative incentives with regard to renewable energy generation (e.g. RPS) and
alternative OFMSW management (e.g. landfill bans and source-separation
requirements/incentives). A final critical factor affecting the feasibility of HS-AD is
development of public-private partnerships.

Enhancing Bioenergy Production (Section 3): A significant enhancement in methane yield
from yard waste in HS-AD was achieved via bioaugmentation with P&P sludge as compared to
methane yields achieved with a conventional inoculum. Trends in chemical data support the
hypothesis that the observed enhancement was a result of the hydrolytic communities in the P&P
sludge possessing a superior ability to hydrolyze lignocellulosics. The observed enhancement in
methane yield was also sustained in a subsequent phase of batch HS-AD via inoculation with
digestate from the first phase of digestion, suggesting that this method may have potential to
yield prolonged benefits with respect to process efficiency and net energy recovery. The
enhancements achieved in this study (68-73%) are comparable to enhancements reported in
various pretreatment studies. The minimal impact of this strategy with respect to overall
operational costs and environmental impacts make it an attractive alternative to pretreatment. In
addition to the bioaugmentation studies, a number of preliminary co-digestion studies were
performed. These studies showed that addition of biosolids to HS-AD had the potential to
increase biogas production and improve system revenues. The addition of oyster shells to HS-
AD has the potential to improve process stability and performance.

HS-AD implementation in Florida (Section 4): In Florida, there is a lack of organics recycling
infrastructure. Based on the analysis carried out in this report, the statewide recycling rate could
be increased by as much as 13% through HS-AD implementation. Nutrient recovery could reach
7,000 and 3,500 TPY of bioavailable N and P, respectively. Approximately 500 MW of energy
could be generated from this waste stream, which translates to either 175 MW of electricity
(approximately 660,000 metric tons of CO2 equivalents per year) and 325 MW of heat, or to
nearly 80 million diesel gallon equivalents of compressed natural gas. Based on the criteria of
potential for bioenergy production, GHG emissions reductions and nutrient recovery, Miami-
Dade, Broward, Palm Beach, Hillsborough, Orange, Pinellas, Duval, Lee, and Alachua counties
are the most feasible counties for HS-AD implementation. However, more research is needed to
understand the compatibility of HS-AD with existing MSW infrastructure, particularly WTE.
Initial demonstration projects should be located at universities and/or existing composting and
landfill sites. However, the low costs of energy and landfilling in Florida, lack of legislation
incentivizing organics recycling, and lack of markets for compost and RECs make the economics
of HS-AD particularly challenging. In addition, more research is needed on the sustainability of
source separation of putrescible waste in warm climates, such as Florida. Policies that have the
potential to promote the transition from the current disposal-based waste management paradigm
toward a recovery-based paradigm include bans on landfilling organics, source-separation
mandates, pay-as-you-throw policies, and extended producer responsibility policies.
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APPENDIX A. DATABASE OF HS-AD PROJECTS IN THE US.

. Company/ - - e Digestate
Location Design Funding Sources Start-up Capacity Cost Gas Utilization Utilization Source(s)
. Orbit 3,400 . e Marketed as Class .
Clinton, NC Energy NR 2002 TPY NR CHP: unspecified A compost Orbit Energy, 2015
. Midwestern Disaster Area Revenue
BioFerm - . CHP: 370 kW, surplus .
Oshkosh, W1 Energy Bond, State of Wisconsin grant, U.S. 2012 10,000 $5M electricity sold to Sold as soil UW Oshkosh, 2015
Department of Energy grant, the U.S. TPY - : - . amendment
Systems . Wisconsin Public Service
Treasury Section 1603 grant
Sacramento Five Star Bank, Central Valley
CA (Am Rivér CleanWorld Community Bank, the California 2012 40,000 NR CNG: up to 700,000 NR CleanWorld, 2012;
" Corporation  Energy Commission, CalRecycle, TPY diesel gallon equiv./yr CleanWorld, 2015b
Packaging) S
ynergex
CHP: 100 kW, surplus
Monterey, CA Zero Waste NR 2013 5,000 NR ele_ctrlcn)_/ sold to 2,200 TPY sold to ZWE, 2013a
Energy TPY neighboring wastewater local farmers
treatment plant
CHP: 1.6 MW, surplus
Zero Waste 90,000 electricity sold to
San Jose, CA Energy NR 2013 TPY NR neighboring wastewater NR ZWE, 2013a
treatment plant
. Liquid fertilizer
. CleanWorld  First Northern Bank, CalRecycle, the 20,000 . L : .y
Davis, CA Corporation  U.S. Department of Energy 2013 Y NR Microturbines: 640 kW onsite composting CleanWorld, 2015b
is expected soon
South San Zero Waste 11,200 CNG: 120,000 diesel
Francisco, CA Energy NR 2L TPY A gallon equiv./yr A PALIS, AU
10,000
Sacramento, CleanWorld TPY, CalRecycle, 20143;
CA Corporation NR 2014 Expanding NR NR NR CleanWorld, 2015b
to 40,000
2015 80,000
. . ) . CalRecycle, 20143;
Perris, CA Elsenmapn NR (projected), TPY, may NR C'NG. up to 1,00(_),000 NR Eisenmann 2012:
Corporation under expand to diesel gallon equiv./yr Eisenmann. 2014
construction 300,000 !
Eisenmann Illinois Department of Commerce and 2015 TP5\Y(00r?1a Eisenmann, 2012;
Chicago, IL - Economic  Opportunity (DCEO); - : may NR CHP: 200 kW NR - ' '
Corporation Lo (projected) expand to Eisenmann, 2014
Partnership with The Plant
11,000
California Energy Commission 2015 Up to : CNG: up to 2,800,000 .
Tulare, CA I;%C\IIZ? grant; Partnership with Colony (projected), 182,500 ($505'e30(t):g) diesel gallon equiv./yr NR ICZ:IaeI tEﬁE¥C£%125)014a'
Energy Partners permitting TPY proj + CHP ’
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Appendix A (Continued)

. Company/ : - — Digestate
Location Design Funding Sources Start-up Capacity Cost Gas Utilization Utilization Source(s)
Partnership with IREP (Infinitus Phase 1 . )
Montgcl)_mery, Zeéc;;Vaste Renewable Energy Park) and the (MRF) began 1.?.’530 NR dCi’:sGei 1:3(’)?102 ﬁ?\?locr)o NR ZWE, 2013a
e City of Montgomery in 2015 9 quiv-ry
Organic  California Energy Commission 2016 CNG: 1,100,000 diesel CalRecycle, 2014a;
Vacaville. CA Waste grant; California Alternative Energy (projected) 65,000 $26 M alloﬁ e’ uiv’/ r 40,000 TPY liquid Ruiz 2014"OWS '
' and Advanced Transportation projected), TPY (projected) gation equiv.y and solid fertilizer ' ’ '
Systems - - - permitting (projected) 2015
Financing Authority
. 40,000 cubic yards
Hartford, CT Tuming — \p AN S0 $20M b1 mw of compost to be Turning Earth, 2014
Earth (projected) TPY (projected)
marketed
. . . . 13,000 -14,600 . .
Johnston. RI Orbit Partnership with National Grid and 2016 91,250 $189M  CHP: 3.2 MW TPY of compost to Faulkner, 2015; Orbit
Energy Blue Sphere Corporation (projected) TPY Energy 2015
be marketed
Des Moines, Orbit Lo 2016 . .
WA Energy Partnership with Puget Sound Energy (projected) NR NR CHP: 4.5 MW NR Orbit Energy, 2015
Charlotte, NC Orbit - Partnership with Duke Energy and 2017 NR NR CHP: 4.8 MW NR Orbit Energy, 2015
Energy Blue Sphere Corporation (projected)
California Energy Commission . - 20,447 TPY of
Napa, CA Zeé%g/rVaste grant; City of Napa; Napa Recycling ( rgpege d) 2.‘?.§3° NR Ca[\lll(o;ﬁ f:S(L)J,i(\)/O/O rdlesel compost to sell to ZWE, 2013a
9y and Waste Services, LLC. proj 9 quiv-fy local farmers
Zero Waste S . 2017 20,000
Oxnard, CA Energy Partnership with Agromin, Inc. (projected) TPY NR NR NR ZWE, 2013a
San Leandro, Zero Waste 2017 20,000
CA Energy A (projected) TPY R A A AT IZ At
Contra Costa Zero Waste 2017 20,000
County, CA Energy NR (projected) TPY NR NR NR ZWE, 20132
Zero Waste 2017 40,000
Delano, MN Energy NR (projected) TPy NR NR NR ZWE, 2013a
Minneapolis, Zero Waste 2017 30,000
MN Energy NR (projected) TPY NR NR NR ZWE, 20132
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APPENDIX B. PILOT-SCALE HS-AD

An additional line of experiments are planned to be conducted at the pilot-scale using a 10-gallon
percolate recirculating HS-AD system that was designed by George Dick. Figure B1 shows the
process flow diagram and parts list of the pilot-scale system and Figure B2 shows the fully
constructed system. One preliminary study was conducted using yard waste inoculated with
wastewater sludge, during which 16 days of biogas data was collected (Figure B3) before
challenges were encountered with gas leakage and biogas measurement via wet-tip meter. Efforts
are ongoing to develop sound operational techniques for pilot-scale experiments.

P-7

P-5

Wet Tip Meter
Conical Tank (Batch Reactor)
Report 1
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Figure B1: Pilot-scale HS-AD system process flow diagram and parts list.
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Figure B2: Photograph of fully-constructed 10-gallon pilot-scale HS-AD system.
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Figure B3: Cumulative biogas data from preliminary pilot-scale HS-AD experiment.
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APPENDIX C: BENCH-SCALE BATCH HS-AD MASS BALANCE

A mass balance was conducted for Phases 1 and 2 of bench-scale batch HS-AD using the
measured initial and final masses of feedstock (mass in) and digestate (mass out), the
measured volume of methane generated by the digesters, the calculated carbon dioxide
volume generated by the digesters, and the densities of methane and carbon dioxide at 35°C.
The mass balance assumes that all of the non-methane biogas generated by the digesters is
carbon dioxide (i.e. error associated with non-methane and non-carbon dioxide fractions of
the biogas generated by the digesters is negligible). The idea behind the mass balance is that
the change in mass in the digesters from the beginning to the end of the study should be
within an acceptable error (<2%) of the mass of biogas generated over the course of the
study. If this is the case, it validates that there was no significant error in the study with
regard to biogas volume and quality measurements. The mass balance is shown below. The
slight % error in the mass balance likely resulted from human error in biogas volume
measurements.

Mass In = Mass Out
Mass of Feedstock (M1) = Mass of Digestate (M2) + Mass of CH4 (M3) + Mass of CO2 (M4)
% Error = ABS[M1 — (M2+M3+M4)] + M1 x 100%

Phase 1 Phase 2
Bioaugmented | Control Bioaugmented Control
Mass In = Initial Mass = M1 (g) 122.00 102.50 124.00 132.00
M2, Average Final Mass (g) 116.30 101.45 120.43 128.87
Average Volume of CHs Generated (L) 2.175 1.09 0.854 0.583
M3, Mass of CH4 assuming 0.656 g/L (g) 1.43 0.72 0.56 0.38
Average Volume of CO2 Generated (L) 1.641 0.822 0.593 0.405
M4, Mass of CO2 assuming 1.98 g/L (g) 3.25 1.63 1.18 0.80
Mass Out = M2+M3+M4 (g) 120.98 103.79 122.16 130.06
% Error 0.84% 1.26% 1.48% 1.47%
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