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Executive Summary

The U.S. Department of Energy (DOE) has assessed potential research and development (R&D) activities that
could improve the economic viability of municipal solid waste-to-energy facilities. DOE recognizes that sorted
municipal solid waste (MSW) and related feedstocks constitute a present disposal problem for municipalities
and similar entities. Improving waste-to-energy conversion in existing facilities and developing technologies
for next generation facilities is important to localities across the country as they explore more cost-effective
solutions to waste disposal.

MSW starts out as a complex mixture of food waste, glass, metals, yard trimmings, woody waste materials,
non-recyclable paper and plastic, construction and demolition waste, rags, and sludge from wastewater
treatment. MSW presents numerous challenges when used as a feedstock for energy production: it has low
energy content, high moisture, heterogeneous composition, and despite its abundance—the average American
produces 4.4 pounds per day—it is highly distributed across the United States making it difficult for traditional
approaches to reach economies of scale in many parts of the country.

Incineration and anaerobic digestion represent two existing types of MSW waste-to-energy facilities in

the United States. Both require prior separation of recyclables to achieve optimal resource recovery and can
produce electricity, heat, or both. However, high operating costs and high-level of competition from alternative
sources make the production of heat and power from MSW economically challenging. DOE identified several
R&D opportunities to improve the economic viability of existing MSW waste-to-energy facilities:

o Develop waste preprocessing and handling strategies to reduce feedstock variability of MSW
streams. This allows for the most economical optimization of specific streams toward recycling, heat,
power, fuels, and products. Research opportunities include characterization methods for high-precision
sorting, development of quality control parameters, and pretreatment processes to remove contaminants.

¢ Reduce operating costs and increase revenues in existing incinerator facilities. These opportunities
include advanced emissions control strategies to lower costs associated with environmental compliance,
development of novel corrosion-resistant materials to reduce maintenance costs, and advanced
separations to recover valuable materials from ash.

o Enhance economic viability of existing anaerobic digestion facilities. These opportunities include
research of co-digestion strategies to enhance methane production and extend steady-state operation, low
cost strategies for biogas cleanup to result in pipeline quality natural gas, novel thermocatalytic
processes for the conversion of biogas and landfill gas to fuels and high-value co-products, and advanced
reactor design and optimization of organisms to enhance biological conversion of gases to fuels and co-
products.

DOE also identified several R&D strategies that might inform next generation waste-to-energy facilities in the
United States. These technologies, while at an earlier stage of technology readiness, may provide cost-
competitive alternatives that are better suited to the heterogeneous composition and distributed availability of
MSW feedstocks. Many of these approaches enable the waste-to-energy facility to produce biofuels and co-
products, which may provide enhanced revenues compared with existing facilities focused only on heat and
power. DOE identified several R&D opportunities for cost-competitive waste-to-energy facilities:

o Apply gasification technologies to sorted MSW to produce a syngas intermediate. This includes
developing biological conversion processes, which includes genetic engineering of more robust
organisms to reduce separations costs, and advanced reactor designs to enable continuous operation.
Thermochemical conversion research opportunities include the development of advanced catalysts with
greater longevity and tolerance to impurities, as well as high-temperature, high-pressure gas clean-up
strategies.
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o Lower capital costs of next generation anaerobic digestion systems that make high-value products.
These opportunities include developing anaerobic membrane bioreactors and transforming the chemistry
of anaerobic digestion to produce short-chain organic acid intermediates that can be used to make
higher-value fuels and commodity chemicals like acetone and naphtha.

e Conversion of sorted-MSW to biocrude and derivative fuels. These opportunities include modular
hydrothermal liquefaction reactor designs to simultaneously process multiple waste streams and
developing novel catalysis for sorted-MSW pyrolysis. Research opportunities also exist for the co-
processing of biocrudes in existing petroleum refineries.

¢ Enhance techno-economic viability of processes for currently unrecycled plastics. More efficient
transformation of existing polymers into high-value products could reduce the amount of plastics that go
to landfills.

Production of biofuels and co-produced bioproducts from MSW feedstocks is at a much earlier stage of
technological development than biopower. However, existing basic and applied research on producing biofuels
and co-produced bioproducts from cellulosic materials, algae and other feedstocks can be leveraged to make
MSW processes more cost effective.
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1 Municipal Solid Waste Resources in the United States

Municipal solid waste (MSW) in the United States is simultaneously a significant disposal problem in many
locations and a potentially valuable resource. As shown in Figure 1, the United States produced more than 260
million tons of MSW in 2015, per Environmental Protection Agency (EPA) definitions. This equates to
roughly 4.4 pounds per day per person.®

As shown below in Figure 2, 91.2 million tons (34.7 percent) of the EPA’s total of 262 million tons is recycled
and/or composted. Additionally, other organic materials, such as biosolids from municipal wastewater
treatment facilities are also frequently disposed of in landfills. When MSW is disposed of in landfills, it
generates biogas, which is mostly comprised of methane and carbon dioxide. When captured, this gas can be
converted to power, heat, and/or other products.®

Total MSW generation in the United States by

type of waste, 2015
Total = 262 million tons

rubber,

4.4%
eia)

Figure 1. MSW generation®

This report focuses primarily on food waste, woody materials, yard trimmings, and nonrecyclable paper (see
Table 1).

Table 1. Feedstocks Included in this Report

MSW as defined in this report Not Included in this report’s definition of MSW
Food waste Glass

Woody waste materials Recyclable metal

Yard trimmings Other inorganic species found in MSW
Non-recycled paper Commonly-recycled paper

Non-recycled plastics Commonly-recycled plastics

Construction and demolition waste

Textiles, leather, and mixed materials

Sludge from municipal wastewater treatment

Biogas derived from the above streams
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The components targeted in Table 1 total 60.5 percent of the 2015 MSW volume shown in Figure 1. In
addition, construction and demolition wastes as well as sludges from municipal wastewater treatment are
valuable target feedstocks, which the EPA does not include in its definition of MSW. Recent resource
assessments find these two streams to contribute an additional 23.3 and 14.8 million dry tons, respectively, to
the total waste feedstock available.? 4 Further analysis by the Pacific Northwest National Laboratory (PNNL)
and others suggests that the EPA’s estimates may understate the total volume of waste material disposed of in
landfills by as much as 50 percent.® 8 Additionally, there are discrepancies between the amount of material
that is theoretically recyclable, and the volumes that are “commonly recycled” per the definition in the Energy
Policy Act of 2005,(") and these differences are particularly pronounced for plastics.® In short, the EPA
figures, while rigorously developed and widely cited, should probably be taken as a conservative lower bound
in terms of resource potential.
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Figure 2. MSW recycling and composting rates, 1960-2015©9

Recyclable paper, plastics, metal, glass, and other inorganic materials constitute 39 percent of the MSW stream
and are not within the scope of this report. As shown in Figure 2, the recycled portion represents roughly 91
million tons, leaving 171 million tons that require either disposal or conversion to useful products per EPA
estimates. For context, if the 171 million tons of unrecycled MSW was used to generate electricity at the
efficiency rates of current WTE facilities, this volume would produce approximately 79 billion kilowatt hours
(kwh), or 2 percent of current U.S. electricity generation. If the 171 million tons of unrecycled MSW was
converted to a liquid fuel, the estimated yield would be 10 billion gallons, or 7 percent of U.S. gasoline
consumption. Again, using alternative methodologies, other reliable sources estimate as much as 222 million
tons available in 2013.® These two numbers are perhaps best viewed as lower and upper bounds of the range
of potential resource quantities.

In any case, MSW poses several key feedstock challenges relative to other biomass streams, which result in
increased costs and impair economic viability:

o Relatively low energy content. While the composition of MSW varies geographically and seasonally,
the energy density is low—approximately 10-13 MMBTU/ton(% 1%—well below sub-bituminous coal at
roughly 17-21 MMBTU/ton. (102-14)

¢ High moisture content. Significant portions of MSW feedstocks are comprised of >75 percent water.
Technologies that rely on the application of heat for conversion to either electricity or fuels are
inherently disadvantaged as a high amount of energy is expended in heating or drying steps (i.e.,
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evaporating the water beforehand). Energy intensive processes result in energy returns on investment and
techno-economics that are unattractive because they require too much energy input.d

o Diverse elemental composition. Levels of nitrogen, sulfur, and ash species in MSW are well above
those observed for other lignocellulosic feedstocks, and create criteria pollutants (e.g., oxides of nitrogen
and sulfur) when combusted. For some fractions of MSW (e.g., yard waste and food waste),
concentrations of nitrogen and sulfur can be up to 20 times higher than other lignocellulosic feedstocks
such as corn stover and pine.® Additionally, the inorganic fraction of MSW tends to include chlorine,
which can produce dioxins when combusted.®” Technologies that are sensitive to these species and thus
require intermediate clean-up and separation steps present techno-economic challenges for MSW
feedstocks. The compositional variability is compounded, given that these waste streams (e.qg., food
waste, non-recyclable paper, and yard waste) are almost always comingled and individual municipalities
can have significantly different waste sorting processes.

o Distributed availability. Figure 3 illustrates the geographic distribution of MSW generated in the
United States. Densely populated urban areas (e.g., Los Angeles, New York City — the purple and red
counties in the chart) generate significant quantities of MSW. These areas are thus prime locations for
implementation of traditional, large-scale conversion technologies (e.g., mass burn steam cycle,
anaerobic digestion) that require economies of scale to be economically viable. The orange and green
areas may represent potential locations for a broad range of novel, smaller-scale waste-to-energy (WTE)
technologies that match the scale of available MSW resources. Making this kind of distributed
conversion approach economically viable is indeed an R&D challenge.

_ qv _ N 4 MSW ('000 tonsiyr) Y
afly e e Ll
I. f % . = - Gt I
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— et
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Data source: US Census Bureau, 2014 county population. 100 - 500

EPA "Advancing Sustainable Materials Management:

2014 Fact Sheet”. <100

Figure 3. 2014 MSW generation in the United States
Map Source: NREL, May 2018

These key characteristics have shaped the history and current status of WTE strategies for MSW.
Simultaneously, they inform the R&D options for investment, as discussed in Sections 3 and 4.
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2 Status and Economics of Existing Municipal Solid
Waste-to-Energy Facilities

Economic viability of facilities that manage and process MSW fundamentally depends on offsetting or
exceeding the costs of operation with revenues.

Operation Costs:

o Fixed operating costs (salaries, depreciation, cost of capital)

o Variable operating costs (maintenance, utility usage, operation of emissions systems)

o Disposal of process wastes (ash from incineration, other unconverted waste).
Revenues:

o Tipping fees paid by waste producer

o Sales from electricity, heat, and steam

e Sales from other co-products (recovered metals, compost).

Both incineration and anaerobic digestion have a long history as management strategies for MSW in

the United States and as alternatives to landfilling. Anaerobic digestion is applicable only to organic species
found in MSW, whereas incineration works for all combustible materials. Both require prior separation of
recyclables to achieve optimal resource recovery. Incineration and anaerobic digestion can produce electricity,
heat, or both. However, existing market factors and rates make the production of heat and power economically
challenging, particularly on the revenue side of the economic viability equation. Federal, state, and local
policies may provide incentives for production of liquid and gaseous fuels such as, biogas and renewable
natural gas, however, these policies are currently not equally available to incineration of waste streams to
produce heat and electricity:

o Lack of local demand for power. Most often, it is more economically attractive to generate electricity
for on-site use, thereby off-setting retail power purchases, than it is to sell electricity at wholesale rates
into the highly competitive energy markets. The precise retail rates vary by state, time of day, and
demand, but rates typically range from 2¢/kWh—7¢/kWh for the largest industrial customers to 8¢/kWh-
11¢/kWh or more for retail consumers.( 18) Many wastewater treatment plants with anaerobic digestion
are in an advantaged position in this regard, as they have a substantial need for on-site electricity.% 29
However, this condition rarely applies to landfills and other MSW disposal facilities, which often do not
have the same on-site electricity demands.

o Competitiveness of electricity markets. Long-term power purchase agreement prices have been
trending much lower at the wholesale level due to the rapid deployment of natural gas, wind, and solar in
recent years. For example, recent data shows contractual wind prices in the range of 2¢/kWh and solar at
approximately 3¢/kWh, price points at which MSW-to-electricity is not competitive,?! 22 as detailed
further in Appendix B.® When there is need for peaking capacity in hour-ahead markets—and thus
lucrative prices®—the increasing fleet of natural gas turbines is able to meet this demand. By
comparison, incinerators and anaerobic digesters require long lead times for start-up, making them
unable to react to and take advantage of sudden increases in electricity demand which result in short-
term spikes in electricity prices.

o Adjacent markets for heat. Long-distance transportation of heat is not economically viable due to the
required infrastructure investments and energy losses. Combined heat and power systems can provide
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additional revenues to MSW facilities when there are local applications for the heat, such as district
heating systems, wastewater treatment plants, or various industrial processes.> 26 Unlike wastewater
treatment plants, MSW facilities rarely have productive uses for the volumes of heat that would be
produced, and are typically not in sufficient proximity to entities that might use this heat (e.qg., district
heating). This is particularly true in many of the opportunity areas, such as the green and orange counties
illustrated in Figure 3.

o Comparative generation costs. Based on the limited amount of techno-economic analysis that is
publicly available, MSW or biomass-based power generation can be among the most expensive options
for producing electricity.® While the cited publication does not calculate the levelized cost of energy
(LCOE) for MSW incineration, it does detail the elevated capital and operating costs that are significant
components of that calculation.?”) Competing LCOESs for new generation capacity utilizing various
technologies are listed in Table 2.1

Table 2. Selected Projected Costs of Electricity 2012-2022 (cents/kWh)

Natural Natural Gas Conventional
(28)
Solar _ Or_1$hore Of_fshore Gas _ (Combustion Coal Biogas29
(Photovoltaic)?22 | Wind22 | Wind@2 | (Combined .
Cycle)@ Turbine)@
6.3 5.9 13.8 4.9 9.9 10.3 8.2-19.6

3 R&D Opportunities to Improve the Economic Viability
of Existing WTE Facilities

As described in Section 2, the economic viability of MSW facilities requires that the revenues from any co-
products and from tipping fees exceed the capital investments and operational costs (ash disposal, emissions
controls, plant operation, etc.). In this equation, any co-product (ash, recovered metals, steam, electricity,
biofuels, bioproducts, etc.) produced must be available at or below the market price for that product. Thus, to
improve the economic viability of municipal solid waste-to-energy facilities, R&D could advance novel
technologies and processes that lower capital requirements and operating costs or increase revenues from the
production of valuable co-products. Section 3 describes R&D opportunities that can be implemented in
existing MSW facilities to improve their economic viability by reducing operational costs and improving the
marketability of co-products.

3.1 MSW Processing and Handling

Heterogeneity of MSW constitutes a significant barrier before any conversion process can be implemented.
Thus, R&D in this area can be broadly-enabling for a variety of MSW facilities and processes. While most
MSW processing facilities in the United States are highly automated to effectively separate co-mingled
recyclables, the feedstock materials prior to conversion still require normalization through physical and/or
chemical pretreatments, or they must be used in conversion processes that are insensitive to feedstock
composition and properties.®% 31 Physical properties, and therefore appropriate handling methods for MSW,

1 Note that the figures derived from reference 22 (EIA) are for plants coming on line in 2022, stated in 2017 dollars, while the coal number from
reference 28 (also EIA) is for plants entering service in 2019, in 2012 dollars which have been converted to 2017 dollars using the CPI.
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vary considerably over time, and are largely unstudied beyond changes in particle size, density, moisture
uptake, and moisture holding considerations, most of which have been developed solely for anaerobic
digestion applications.?

The implementation of physical and/or chemical pretreatments increases the overall processing cost but is
usually necessary for high conversion rates. Several research and development opportunities exist to lower cost
and improve precision of sorting, quality control, and pretreatment that can enable optimal handling of various
components of MSW streams:

o Characterization methods of MSW to inform physical handling processes (e.g., separations, washing) for
selective removal of inorganic materials. Optical, chemical, and other methods of classifying plastics
represent opportunities as they could improve revenues through increased materials available for
recycling.

o Development of discrete and quantifiable process quality control parameters relating feedstock
composition to conversion performance attributes. This includes physical characteristics such as porosity
of the material, compaction, and flow-ability of the MSW as well as attributes that affect downstream
operations such as process yields, catalyst poisoning, and release of toxic emissions. Trade-off analysis
is needed to identify upper and lower bounds of feedstock quality characteristics that can result in
economic viability for downstream processes.

o Development of pretreatment processes (e.g., chemical, electrochemical, biological, or other hybrid
options) to selectively remove problematic constituents at early process stages and reduce feedstock
variability. This includes the development of systems that use relatively low levels of heat and oxygen to
produce an improved biopower feedstock known as refuse-derived fuel. These processes (called
torrefaction) can simultaneously improve the energy density of MSW, remove contaminants such as
sulfur and chlorine, and improve the physical characteristics of refuse-derived fuel to make it more
suitable for co-firing in coal plants.3-37)

3.2 Advancements in Combustion/Incineration Systems

The use of incineration as a method of MSW disposal management dates back to the 19th Century with the
first municipal incinerator constructed near Pittsburgh, Pennsylvania, in 1885.(%®) By the early 1990s, there
were more than 200 MSW incinerators in operation.®* 38 Partly due to the more stringent air pollution control
requirements enacted in the Clean Air Act amendments of 1990, the number of incinerators decreased to 97 in
2001, and continued downward to reach 77 facilities in 2016. A second reason for this decrease in facility
count is due to low electricity prices, a key source of revenue for the viability of these plants. The remaining
77 facilities exist in 22 states, and more than half are located in the Northeast (Figure 4). While no new plants
opened in the United States between 1995 and 2015, some expanded to handle additional waste and generate
more energy. In 2015, the first new incinerator in 20 years was built and commissioned in Palm Beach County,
Florida, and is considered the most advanced and cleanest WTE plant in North America due to its advanced
combustion and pollution control measures.®® However, the construction of this facility came at a significant
capital cost, with a total project cost of $672,000,000.“% While unique revenues and local policies exist for
this facility (such as a mandate to manage the county’s waste, and the authority to levy property assessments as
granted by the Florida State Legislature), the facility still represents a very expensive investment relative to
other power generation facility types. Table 3 compares the cost of this facility relative to other utility-scale
power generation options.
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Table 3. Capital Costs for Typical Commercial-Scale Power Generation Facilities (in 2016 dollars)

Palm Beach | Ultra- Advanced | Natural Natural Gas | Onshore | Photovoltaic
MSW Supercritical | Nuclear4d) | Gas Combustion | Wind“4d | - Fixed“d
Incineration | Coal“4d Combined | Turbine®“d
Plant“0) Cycle41)
Nominal | 100 650 2,234 702 100 100 20
Capacity
(MW)
Capital | $6,720 $3,636 $5,945 $978 $1,101 $1,877 $2,671
Cost
($/kW)

Of the WTE facilities in existence today, the majority (59) generate electricity only, about 15 produce heat and
power, and 3 plants export steam to local users.“? Gross electric capacity is 2,547 megawatts (MW) and
equivalent combined heat and power (CHP) capacity is 2,747 MW. Electricity generation by these WTE
facilities has had a slight downward trend over the past 14 years with about 15 gigawatt hours (GWh)
generated in 2001 to about 14 GWh in 2014.42
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Figure 4. States with WTE plants (incineration, refuse-derived fuel, and modular plants)

Map Source: NREL, January 2018
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For the incineration facilities that remain, improvement in operating costs is necessary to maintain operability
into the future. DOE identifies the following R&D opportunities to improve the economic viability of these
existing facilities through improved co-product revenues as well as reduced operating and maintenance costs.
Several R&D opportunities exist to reduce operating costs and increase revenues in existing incinerators
facilities, such as advanced emissions control strategies, novel corrosion-resistant materials, and advanced
separations to recover valuable materials from ash.

3.2.1 Deriving Incremental Value from Ash

Even when recycling is employed, approximately 5 percent of MSW by weight is metals. MSW preprocessing
commonly recovers the most abundant ferrous and non-ferrous metals through the use of magnets and eddy-
currents. Following incineration, ash is typically deposited in a landfill. The cost of this disposal is one of the
largest operating costs that WTE facilities face. Development of resource recovery strategies to derive
incremental value from ash while simultaneously reducing the disposal liability can thus aid existing
operations. 345

o Advanced separation processes for the recovery of precious and rare-earth metals.

e Long-term testing to evaluate the efficacy and safety incorporating incinerator ash for use in aggregate
applications (e.g., concrete, asphalt).

3.2.2 Advanced Technologies for Reducing Incinerator Operation Costs

The development of corrosion-resistant materials, particularly with respect to chlorides at high temperatures
can reduce operating costs of incinerator systems by reducing the frequency of system maintenance.“¢-4)
Cost-effective pollution control technologies are another key to improved economic viability. Opportunities in
this space can leverage past R&D investments from the Office of Fossil Energy, Office of Nuclear Energy, and
Advanced Manufacturing Office within the Office of Energy Efficiency and Renewable Energy (EERE) on
materials development, research in the Vehicle Technologies Office within EERE, the Office of Basic Energy
Sciences (BES) in the Office of Science, and the Environmental Protection Agency on emissions abatement.
Possibilities in this area include, but are not necessarily limited to:

o Development of catalysts to perform NOy reduction at lower temperatures. At present, waste gas
streams require a reheating step that constitutes a major capital and operating cost associated with
achieving emissions standards. Research and development of catalysts that perform these reduction
chemistries at lower temperatures for greater than 2,000 hours would obviate the need for reheating.
Further, an improved understanding of the relationships among catalyst structure, composition, operating
conditions, activity, selectivity, and longevity would facilitate further progress.

¢ Advanced materials to abate corrosion and fouling. Typical materials of construction for piping, and
heat exchangers are expensive alloys (e.g., Inconel) that increase the cost of construction by 3.9 times.“?)
Development of novel materials including ceramics that can reduce maintenance times while achieving
lower capital costs is a need for existing incineration facilities.

3.3 Advancements in Anaerobic Digestion Systems

Anaerobic digestion is a naturally occurring process that takes place under environmental conditions that are
both oxygen-limited and have abundant supplies of organic material (e.g., landfills, anaerobic digesters,
subterranean environments). Microbial organisms systematically deconstruct organic matter into volatile
organic species. The final product is biogas, which is mostly comprised of methane and carbon dioxide. These
processes are responsible for the generation of landfill gas from MSW. Given their diversity and long-term
stability, these microbial communities are also very useful in the controlled processing of other organic wastes.
Their use in wastewater treatment plants, for example, has become routine practice for larger facilities in the
United States and worldwide. Many large dairies and swine farms also employ anaerobic digestion as a means
of controlling excess volumes of manure beyond the local demand for beneficial uses such as fertilizer.
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More than 2,200 sites in the United States are producing biogas via anaerobic digestion as illustrated in Figure
5.(2:50.51) The generated biogas can be combusted to produce heat and/or electricity but is often simply flared
because the economic returns do not justify the required investments.®? Several R&D opportunities have been
identified to enhance economic viability of existing anaerobic digestion facilities, including:

o Research of co-digestion strategies to enhance methane production and extend steady-state operation.

o R&D in thermocatalytic processes for the conversion of biogas and landfill gas to fuels and high-value
co-products. For example, novel catalysts which possess high activity and selectivity at low temperature
and pressure could provide significant value.

e Advanced reactor design and genetic engineering of organisms to enhance biological conversion of gases
to fuels and co-products.

Food Waste

Livestock Operations

9 4 Landfills
S
=~ = \Wastewater Treatment Plants

Data sources: EPA AgStar, EPA Landfill Methane Outreach Program (LMOP),
EPA Region 3 Office of Materials Management, Water Environment Federation,
National Biosolids Partnership, American Biogas Council. Records at the end of 2017.

Figure 5. Operational biogas systems in the United States
Map Source: NREL, January 2018

3.3.1 Co-Digestion of Multiple Feedstocks

Anaerobic co-digestion is the process of combining multiple organic wastes simultaneously as a means of
increasing methane yields. For example, high-energy materials such as fats, oils, and greases and food waste
have at least three times the methane production potential of sludge and manure, and so are often added to
wastewater and livestock digesters.®3) Co-digestion is becoming increasingly common in the United States, but
data is limited for more diverse feedstock combinations, including many components present in MSW.(54 59
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Specific opportunities within co-digestion are as follows and represent areas of potential collaboration with the
U.S. Department of Agriculture (USDA):

o Analytical characterization of systems co-digesting a wider variety of materials including yard waste,
food waste, crop residues, as well as manure in more rural areas.®6-58) Research could develop methods
to inform the optimum mixing ratios to maximize biogas production from these systems.

e Long-term operations on co-digestion systems to inform digester operating characteristics and reduce the
risk of process interruptions to anaerobic digester operators. Hypotheses around improved system
balances and stability (e.g. carbon/nitrogen ratio, pH, dilution of inhibitory compounds) require extended
experimental verification. ®6)

3.4 Utilization of Biogas and Landfill Gas for Biofuels and High Value Chemicals

A significant number of existing landfill and anaerobic digestion facilities are actively producing biogas from
sorted-MSW, as depicted in Figure 5. A collaboration among DOE, EPA, and USDA identified opportunities
for more constructive utilization of this existing biogas, which includes the production of biofuels and
bioproducts.®® 69 Most traditional biogas applications view carbon dioxide (35-50 percent by volume) as
either a diluting material for direct combustion or an impurity requiring removal for renewable natural gas and
compressed natural gas applications. New processes beyond those typically employed to remove this carbon
dioxide, such as pressure swing adsorption or amine adsorption contribute significantly to operational costs.
Thus, the development of biological methods for removal of carbon dioxide or advanced synthetic sorbents
constitutes a research opportunity for the utilization of biogas. Additionally, conversion strategies that use both
the carbon dioxide and the methane in biogas offer the potential for significant improvement in overall carbon
balances and product yields.

3.4.1 Thermochemical Conversion of Biogas

The commercial state of the art for converting methane into hydrogen, syngas, or other product intermediates
is steam methane reforming. The process is commercially viable for fossil natural gas, after removal of natural
gas liquids and other impurities. However, steam methane reforming is very energy and water intensive,
requires economies of scale, and does not take advantage of the carbon dioxide in biogas, which suggests that
alternatives might be explored:

e Advanced reforming strategies that utilize both the carbon dioxide and methane present in biogas.
Combining traditional steam reforming with dry reforming, which utilizes carbon dioxide instead of
steam, as well as the partial oxidation (~combustion) of methane to provide energy to drive these
processes offers the potential to improve energy balances and economics.®2-6% Development of novel
thermocatalytic and electrocatalytic processes suitable for biogas require greater understanding of the
catalytic mechanisms involved in complex gas mixtures.

3.4.2 Biological Upgrading of Biogas

Within microbiology, methanotrophs are unique organisms that naturally consume the methane and carbon
dioxide present in biogas and have demonstrated the ability to produce biofuel and bioproduct precursors.% ™)
Through genetic engineering, these organisms can be modified to achieve higher product yields and other key
technical parameters for economic viability. However, compared with other classes of organisms (e.g.,
Clostridia, E. coli, yeasts), the tools and methods for the genetic engineering of methanotrophs are less
developed. Several R&D opportunities exist to improve the performance and viability of using methanotrophs
and biological reactors for the conversion of biogas to biofuels and co-products:

o Develop genetic tools and organism transformation methods for methanotrophs to enable genetic
engineering for improved carbon dioxide utilization and novel product pathways.
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e Product toxicity, particularly when producing acidic compounds, is a significant challenge as acidic
environments are toxic to many methanotrophic organisms. Possible strategies for overcoming these
obstacles include but are not limited to the directed evolution of communities more robust at lower pH
values, real-time separation of acidic products, and pathway engineering to produce strains that could
thrive in acidic environments.

o Gas-liquid mass transfer is a considerable issue due to the low solubility of methane and imparts
challenges to key cost drivers for gas phase fermentation systems. Research and development of novel
reactor designs and fermentation methods that are compatible with these organisms could overcome this
engineering bottleneck.

4 R&D Opportunities to Improve the Economic Viability
of Next Generation WTE Facilities

R&D opportunities discussed in this section represent opportunities for development of new processes and
strategies for deriving additional value from MSW. The approaches described herein are often at a much
earlier stage of technological development compared to the opportunities described in Section 3. Each of the
following research strategies focuses on converting MSW feedstocks into three types of intermediates which
could either be used directly as an energy source or converted to fuels and/or higher value chemicals.

4.1 Gasification and Utilization of Syngas

For some MSW fractions, particularly those lower in moisture contents, gasification is a viable strategy for the
conversion to biofuels and co-produced bioproducts as it has the potential to create a more uniform
intermediate from heterogeneous feedstocks. Gasification converts organic material into syngas, which is
primarily comprised of carbon monoxide and hydrogen under high heat and oxygen limitation. While
gasification has the advantage of converting hundreds of different species into a relatively uniform syngas
intermediate, a major challenge associated with gasification of the MSW is the prevalence of nitrogen and
sulfur species in the resulting syngas. The presence of these species requires cleanup and/or removal if the
syngas is to be used in power generation units or catalytic processes to make fuels and co-products.

R&D opportunities exist to enable WTE strategies that produce a syngas intermediate. Biological conversion
R&D opportunities include genetic engineering of more robust organisms to reduce separations costs and
advanced reactor designs to enable continuous operation. Thermochemical conversion research opportunities
include the development of advanced catalysts and high-temperature, high-pressure gas clean-up strategies.
Fundamental research towards understanding the complexities and phenomena associated with real waste feeds
and their impacts on conversion processes remains a considerable challenge and may merit additional
attention.

4.1.1 Biological Conversion of Syngas

One strategy for overcoming the presence of these impurities is through the use of syngas fermenting
organisms. In recent years, there has been a considerable amount of investment into genetic engineering of and
optimizing fermentations for these organisms. An advantage of biologically converting syngas is the ability to
genetically modify these microorganisms to produce a multitude of biofuels and co-produced bioproducts
including alcohols, lubricants, polymers, and bioplastics. By leveraging significant technological
improvements in synthetic biology such as advanced genetic transformation tools and high-throughput
screening methods, the key objective is to reduce the time it takes to develop organisms that produce biofuels
and co-produced bioproducts in industrially relevant quantities. While advances in biotechnology have been
rapid, key R&D challenges still remain:

11
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e The ultimate product concentration that organisms can tolerate is a critical factor to optimize for

process economic viability. While high product concentrations reduce downstream purification and
separation costs, many biofuels and bioproducts can become toxic at elevated concentrations and
consequently impact organism viability.

o Some biofuels and bioproducts accumulate inside the cell of the organism and are not naturally
secreted. Genetic engineering strategies to transport these molecules outside the cell can significantly
reduce costs compared to lysing cells to recover the biofuel and bioproducts.

e Many biochemical processes rely on batch processes, which are not compatible with gas
feedstocks. Research and development of continuous fermentation systems could overcome key
challenges, including reactor designs to improve gas-liquid mass transfer and to achieve long-term
(>1,000 hours) organism stability.

4.1.2 Thermochemical Conversion of Syngas

Syngas derived from MSW and other feedstocks can be converted to a variety of hydrocarbon biofuels and co-

produced bioproducts through inorganic catalytic processes. Public and private R&D has explored this route

for conversion of syngas extensively through approaches to improve clean-up technologies and novel catalytic

backend pathways. Figure 6 illustrates some of these pathways suitable for exploration and their state of
commercial development.
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Figure 6. Technology pathways and R&D development status for producing fuel and co-products from syngas(€é)
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Irrespective of the pathway, there are key challenges that are ubiquitous to chemical catalysis representing
areas where research can accelerate the development of technologies for the conversion of MSW:

o Catalyst performance evaluation encompasses many parameters, including but not limited to product
yield, product selectivity, catalyst stability, and regenerability. Opportunities exist in the continued

development of small-scale systems that can screen many permutations of catalyst support structures and

catalyst concentrations while simultaneously being relevant to larger-scale systems.

o Given the increased prevalence of acid gases from MSW derived-syngas as well as increased overall

feedstock heterogeneity compared to single lignocellulosic feedstocks, cleanup and conditioning is likely

to be more intensive. In particular, syngas cleanup operations that can operate at temperatures and
pressures similar to the gasifier can improve the energy efficiency of the system by obviating the need
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for cooling and compression steps. This includes the need for novel separation media and processes
tailored to MSW as a feedstock.

o When catalyst deactivation or performance drift does occur, opportunities exist for additional *“post-
mortem” analysis to investigate the method of catalyst degradation. This can help inform intelligent and
more robust catalyst designs and protocols for catalyst regeneration to reduce catalyst replacement costs.

4.2 Next Generation Anaerobic Digestion Systems

Of the more than 2,200 anaerobic digesters that are in operation in the United States, more than 1,200 of these
exist at wastewater treatment facilities for converting sludge to biogas.? Of these anaerobic digesters, many
were constructed shortly after the passage of the Clean Water Act and are approaching the end of their system
life. Thus, in the near term, there will be a need for replacement of these systems and an opportunity to employ
new strategies for economic resource and energy recovery from municipal wastewater sludges. In addition, the
proposed processes could also be employed at anaerobic digestion facilities that are targeting food and yard
wastes or blends thereof.

Opportunities exist in the R&D of next generation anaerobic digestion systems that lower capital costs, such as
anaerobic membrane bioreactors, or radically transforming the chemistry of anaerobic digestion to produce
short-chain organic acid intermediates that can leverage existing chemical manufacturing infrastructure to
make higher-value fuels and commodity chemicals like acetone and naphtha as well as chemicals derived from
these intermediates.

4.2.1 Anaerobic Membrane Bioreactors

One of the major challenges facing traditional approaches to anaerobic digestion is that the capital investments
required tend not to make economic sense at smaller scales. This frequently applies to food waste producers
and for wastewater treatment plants that treat less than 5 million gallons per day.® 72 As Figure 3 shows,
there are many communities with relatively small volumes of wastes, so processes that have low capital costs
are necessary for breaking into these markets.

A key driver of capital costs for traditional anaerobic digestion is the need to retain water for extended periods
of time, which requires large (and therefore expensive) processing vessels. Membrane-based technologies offer
the opportunity to reduce the need to retain water by separating the water from the valuable solids which
require processing time to derive value from their energy content. By passing the water through quickly, while
holding the solids in a reaction area, membrane-based technologies have the potential to dramatically reduce
capital costs and render anaerobic digestion economically viable at these smaller scales. However, several
technical challenges remain in order for these strategies to attain commercial success:

o Fouling is always a key issue in any membrane-based technology, and thus represents a risk to this
technical approach. Anaerobic membrane bioreactors systems rely on the formation of a biofilm on the
upstream side of the membrane as a strategy to alleviate the problem.(’®. 79 However, the formation,
evolution, and sustainability of such biofilms is not fully understood, and additional investigation is
required to bring such strategies to market readiness.

o Energy requirements and optimization of the required periodic cleaning of the membranes to maintain an
optimal level of mass flux and biofilm concentration are key factors in determining overall energy
balances and operating expenses. (> 76

¢ Industrial biotechnology challenges (e.g., culture stability, feed and substrate variability, and separations
and purification of products) associated with anaerobic digestion must be overcome.(""

e Anaerobic membrane bioreactors might also be useful in completely novel approaches to anaerobic
digestion that redirect the final product from biogas to higher value biofuel and bioproduct precursors as
described in the Transforming the Chemistry of Anaerobic Digestion section.(78 79
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4.2.2 Transforming the Chemistry of Anaerobic Digestion

Through advances in microbiology and systems biology, potential exists to revamp traditional anaerobic
digestion in radical new directions, namely to produce products other than biogas (methane and carbon
dioxide) from anaerobic digestion systems.® In the breakdown of organic matter, the final stage is responsible
for the production of methane. Through adjustment of pH, directed microbiological evolution, addition of
inhibitors, and other strategies, methane production can be completely suppressed. Doing so results in the
accumulation of short-chain organic acids (e.g., acetic acid, butyric acid) which provide building blocks for
higher-value fuels and commodity chemicals such as acetone, jet fuel, naphtha, etc. This represents an
opportunity for closed-digester systems such as food waste, municipal sludge, and co-digesters, but would not
be compatible with existing landfills. While research into this approach is nascent, a few key challenge and
opportunity areas are emerging®.-8%):

o Developing stable microbial systems that can withstand methane-inhibition and high-acid environments
of next generation anaerobic digester chemistry.

e Prospecting and research of organisms from industrial organic waste streams without an established
history of microbial community development, such as stillage from ethanol production.

o Advanced separations for selective isolation of target compounds (e.g., acids) from a complex organic
matrix through the use of novel solvents and separations processes including improved fundamental
understanding of interfacial chemistry.

4.3 Conversion of MSW to Biocrude and Derivative Biofuels

Another group of research and development opportunities exist in the conversion of MSW directly into
biofuels, bioproducts, or biocrude. Like petroleum derived crude oil, biocrude is a mixture of hundreds of
molecules with different chemistries and functionalities. With proper catalytic treatment and fractionation into
various fuel “cuts” (e.g., gasoline, jet, and diesel range molecules), this biocrude can mimic the key fuel
properties required for these transportation applications. There are several processes that can in a single
processing step convert diverse feedstocks such as MSW into biofuels, bioproducts, and biocrudes. However,
it is important to recognize that biocrude often differs in composition from petroleum, so existing refining
strategies may require adaptation to take advantage of the unique properties of bio-derived feedstocks.

Research and development opportunities exist in the development of enzyme treatments and genetic
engineering for biological conversion of MSW to fuels, modular hydrothermal liquefaction reactor designs to
simultaneously process multiple waste streams, and developing novel catalysis for MSW pyrolysis. Research
opportunities also exist on the co-processing of biocrude from hydrothermal liquefaction and pyrolysis in
existing petroleum refineries.

4.3.1 Direct Biological Conversion of MSW

Biochemical processes lend themselves well to MSW feedstocks in that they are compatible with high
moisture and diverse feedstocks, as well as with small feedstock volumes. In terms of composition, MSW

is high in carbohydrates (particularly cellulose), protein, and fats, yet low in lignin. As an additional advantage,
fermentative processes can be feasible at scales that are orders of magnitude smaller than chemical catalysis
processes. These conversion processes also operate at mild conditions (less than 50° Celsius and atmospheric
pressure in this case) thereby requiring low energy inputs. Recent advances in genetic engineering and
molecular biology afford an immense variety of potential biofuels and bioproducts that can be produced from
these slurries. To date, industry has focused almost exclusively on developing organisms and processes for
converting pure sugar streams to biofuels and bioproducts. Thus, the opportunity exists to further develop
organisms to handle MSW that can leverage many of the advancements achieved elsewhere in industrial
microbiology, including:
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o Development of enzymatic treatment formulations to convert the cellulose fractions into sugars that are
readily converted by microorganisms. )

e Targeted genetic engineering of microorganisms to improve their tolerance to (or even consumption of)
toxic compounds found in MSW fractions, such as sulfur and nitrogen species. This would include
introduction of new pathways for consuming additional species found in MSW (e.qg., fats) and funneling
those species as well as more readily convertible sugars into biofuels and bioproducts.

4.3.2 Hydrothermal Liquefaction and Related Strategies

Hydrothermal liquefaction (HTL) is a thermochemical method to convert organic feedstocks such as MSW
into liquid biocrude. Under high temperature/pressure conditions (nearing the critical point), water becomes a
much better solvent for the organic substances present in the organic fraction of MSW and other wet waste
streams of interest.®”) HTL produces four phases: bio-crude, an aqueous phase that still contains organic
materials, and both solid and gaseous streams. ) The biocrude itself requires cleanup and hydrotreating to
produce a drop-in biofuel. As an added benefit HTL biocrudes tend to be more stable, have better energy
content, and have lower oxygen concentrations than fast pyrolysis oils. (% %

Much of the R&D interest in HTL is because it can take advantage of some of the unique attributes of high
moisture fractions of MSW, and experimental tests have been conducted on a variety of waste feedstocks.
Examples include, and are not limited to, sewage sludge,®-9) animal manure,®¥ food waste, and mixed wet
feedstocks.®® Despite the fact that some manifestations of this technology are in the pilot-development stage,
there remain opportunities for R&D, such as:

e Modular system designs that can maintain system performance and process efficiency with lower capital
costs.

o Development of reactor systems that can process multiple waste feedstocks (e.g., food waste, yard waste,
and municipal sludge simultaneously).

o Co-processing of the resulting biocrude with existing refining infrastructure, which could dramatically
improve techno-economics by lessening the capital intensity of hydroprocessing. The presence of
nitrogen and sulfur species in the HTL-derived biocrude represents a significant barrier and detailed
characterization and R&D on economic intermediate separations are required.

e Managing and valorizing the remaining organics in the aqueous phase also remains a significant
challenge that requires solutions that match the scale of operations.®® Current processes such as catalytic
hydrothermal gasification and ammonia stripping contribute significantly to the overall costs of
operations.® Thus, improvements in both catalysis and other approaches could provide significant
techno-economic improvements.

4.3.3 Pyrolysis Strategies

Pyrolysis is a strategy for converting waste to energy products in the absence of oxygen at high temperature
and pressure before being refined into biofuels and bioproducts. Work is underway to process this biocrude
simultaneously with fossil crude at existing petroleum refineries. While pyrolysis has been employed for
processing of MSW in a limited number of installations overseas, it faces many of the same challenges as
incineration.® DOE and others have done extensive work on pyrolysis of biomass feedstocks,®”: %) wastes
from cellulosic biorefineries,® and plastics, among various alternatives.®® While there are possibilities for
the production of liquid fuels from MSW via pyrolysis, the mixed composition of MSW creates technological
challenges. As a consequence, the extensive biocrude cleanup, separations, and polishing required creates
techno-economic hurdles. Opportunities for advancing the viability of pyrolysis exist in the follow areas:
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o Evaluation of pyrolysis catalysis performance, including deactivation mechanisms and detailed
compositional analysis of resulting biocrudes. These experiments can inform novel catalyst designs and
strategies to improve process robustness.

e Co-processing of biocrudes derived from MSW fractions with compatible petroleum crude fractions such
as vacuum gas oils (VGOs) to improve capital intensities of this process.

5 Conclusion

MSW has many unique and challenging characteristics and often presents a disposal problem to municipalities
and other relevant entities. The assessment reported here finds that the technology for production of electricity
from MSW needs to be more cost competitive with other power options in the market. Electricity production
from MSW is cost competitive with other electricity generation options only in specific niche situations.

In order to improve the economic viability of existing facilities that process MSW, DOE has identified a
number of areas where research and development could have a meaningful impact. These R&D opportunities
are targeted at capital improvements that enhance the overall financial balance for these facilities by both
decreasing operating costs and enhancing and/or supplementing revenue streams. These opportunities include
development of advanced waste preprocessing techniques, methods for recovering valuable species from
incineration ash, strategies to increase the yields of biogas from anaerobic digestion, separation processes, and
processes for converting biogas into higher value biofuels and bioproducts. While the state of technological
development varies significantly amongst these research areas, they represent opportunities to benefit a broad
swath of existing WTE facilities across the United States.

R&D opportunities exist to further increase the resource recovery potential, and accompanying revenues, by
targeting biofuel and bioproduct markets. These R&D opportunities represent technologies that could be
implemented in next generation MSW processing facilities, but they require further development or risk
reduction before being adopted by industry. These R&D opportunities include development of MSW
gasification systems, approaches to decrease the capital intensity of anaerobic digesters, and processes for
direct conversion of MSW to biofuels and bioproducts. Production of biofuels and bioproducts from these
MSW feedstocks are both promising and at a much earlier stage of technological development than biopower.
However, existing basic and applied research on producing biofuels and bioproducts from cellulosic materials,
algae and other feedstocks can be leveraged to make MSW processes more cost effective.
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Appendix A. Municipal Solid Waste in the Bioenergy
Technologies Office Portfolio

In its vision for the Bioeconomy of the Future, the DOE's Bioenergy Technologies Office (BETO) identified
technologies and processes that can create value from a wide variety of feedstocks. Under the Energy Policy
Act of 2005 (Public Law 109-58) Section 932(a) (1-2), R&D for converting post-sorted MSW (where all
recyclables and non-biomass components have been removed) is within BETO’s authorization. In managing
this portfolio, BETO recognizes that no singular feedstock or technology can achieve the domestic biofuel and
bioproduct production goals. Further, developing strategies that can convert a variety of feedstocks could
generate more economic opportunities nationwide and improve resiliency. In assessing attractiveness for future
investment into strategies for constructive use of MSW, BETO is committed to the same standards used for the
rest of its portfolio: a systematic assessment involving techno-economic analysis, resource/feedstock

availability, and technical feasibility. BETO R&D investment in technologies to convert MSW and related
waste streams has grown over the past several years (see Table A-1).

Table A-1. Selected Recent BETO Investments in MSW and Related Feedstocks/Conversion Technologies

Opportunity
Type

Description

Relevant
Number of
Awards
Selected

Relevant Project
Description

Funding Total
(Federal Funds)

Funding
Opportunity
Announcements

Fiscal Year (FY) 2018:
Bioenergy Engineering for
Products Synthesis

4

Reforming and
catalytic
biogas/landfill gas
upgrading;
Transforming AD;
Paper sludge
utilization;
Biorefinery waste
conversion

$7,350,000

FY 2018: Process
Development for
Advanced Biofuels and
Biopower

Hydrothermal
liguefaction of food
waste; Catalytic
biogas/landfill gas
upgrading; Syngas
conversion to
diesel;
Biogas/landfill gas
upgrading to
renewable natural
gas (RNG);
Anaerobic
membrane
bioreactors

$10,480,000

FY 2016: Project
Development for Pilot
and Demonstration Scale

Pyrolysis of waste
to electricity;
hydrothermal

~$4,000,000
for Phase 1.
Down selection
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Directed Funding
Assistance Opportunity

conversion of
syngas to fuels and
co-products

Opportunity Description Relevant Relevant Project Funding Total
Type Number of | Description (Federal Funds)
Awards
Selected
Manufacturing of liquefaction (HTL) for Phase 2
Biofuels, Bioproducts, of waste to pending (Up to
and Biopower hydrocarbon fuels $15,000,000
available)
FY 2014: Biological and 2 Conversion of $5,000,000
Chemical Upgrading for biogas to high-
Advanced Biofuels and value co-products
Products
FY 2018: Two topic areas | 6 phase | $900,000
on organic waste streams
and small scale (five tons
per day) systems
FY 2017: Three topic 3 phase | Biodiesel from $7,450,000
Small Business | areas, including and 6 brown grease; high-
Innovation alternatives to anaerobic | phase Il value chemicals
Research digestion and utilization from paper wastes
Solicitations of gaseous wastes
(SBIR) . .
FY 2016: Four topic 11 phase | | Diesel fuel from $1,645,000
areas, including HTL, biogas; isoprene
biogas utilization, and from wet wastes;
hydrocarbon fuels and hydrocarbons from
electricity from organic food waste
waste streams
FY 2018: Waste-to- 13 Small-scale AD; $5,450,000
Energy HTL of waste;
“rewiring” AD;
biogas conversion;
waste gas
conversion
. FY 2017: Biopower Lab 4 MSW torrefaction $4,700,000
National Lab . .
Calls Call: Three topic greas for blopowgr; small-
specifically targeting scale AD; biogas
MSW and related waste cleanup
streams
FY 2017: ChemCatBio 2 Catalytic $800,000
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Opportunity Description Relevant Relevant Project Funding Total
Type Number of | Description (Federal Funds)
Awards
Selected
FY 2017: Agile 3 Biological syngas $1,900,000
BioFoundry Directed upgrading to fuels
Funding Opportunity and co-products
FY 2017: Feedstock- 2 MSW $2,018,000
Conversion Interface preprocessing
Consortium Directed
Funding Opportunity

DOE funds advanced WTE and biopower process research at DOE national laboratories, in particular at the
National Renewable Energy Laboratory (NREL), Pacific Northwest National Laboratory (PNNL), and
Argonne National Laboratory (ANL). BETO sees all three funding mechanisms (Funding Opportunity
Announcements, Small Business Innovation Research solicitations, and a dedicated national lab portfolio) as
complementary strategies to reduce the R&D times and costs for novel technologies in the WTE space, prior to
handing them off to industry for demonstration and deployment.

Large-Scale MSW to Fuels Projects

Gasification processes and subsequent fuels and product synthesis work have been sustained areas of interest
for BETO, and BETO has funded several large-scale projects to utilize MSW for biofuels. The first project,
with Enerkem Inc., supported early-stage R&D to gasify and catalytically convert the dried and sorted biomass
fraction of MSW into ethanol. Production of ethanol at one of their facilities began in September 2017, and the
EPA certified their ethanol as an advanced biofuel in November 2017.4%) Similarly, INEOS Bio’s technology
utilized gasification of presorted yard waste, converting the produced synthesis gas to ethanol via gas
fermentation. Additionally, BETO has partnered with the U.S. Department of Defense and the U.S.
Department of Agriculture under the Defense Production Act with the objective of co-developing biorefineries
capable of producing cost-competitive, military biofuels. Fulcrum Bioenergy is located adjacent to Waste
Management’s Lockwood Regional Landfill in Reno, Nevada, and is being designed to convert 175,000 tons
of MSW to 10.5 million gallons of renewable fuel. The feedstock processing facility for this project is
complete, and construction for the second phase—to gasify and convert MSW into Fischer-Tropsch fuels—
broke ground in May 2018. This facility is expected to commence operations around 2020, and the resulting
fuels will be transported to an Andeavor, Inc. refinery for fuel finishing, blending, and integration into the
existing transportation infrastructure.

Additional Complementary R&D

Within BETO’s Conversion Technologies program, the Chemical Catalysis for Bioenergy (ChemCatBio)
Consortium performs core research in collaboration with the Consortium for Computational Physics and
Chemistry (CCPC) on the catalytic upgrading of synthesis gas, synthesis gas-derived intermediates, and
pyrolysis streams into hydrocarbon fuels and bioproducts. R&D performed under ChemCatBio focuses on
innovative catalyst synthesis and design, and the integration of catalytic reactions into overall reactor and
process architecture, which can lead to improved catalyst lifetimes, product yields, and techno-economic
viability. This research is directly applicable to many of the downstream catalytic processing challenges that a
process doing pyrolysis or gasification of MSW would encounter. ChemCatBio also has a dedicated effort to
upgrade biologically derived intermediate compounds into advanced biofuels. While the intermediate
compounds are currently being produced from lignocellulosic materials such as corn stover, several of the
priority technology areas for future MSW conversion could immediately leverage these advancements.
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Elsewhere within the Conversion Technologies program, dedicated national lab efforts and funding
opportunities have been issued to genetically modify organisms to produce biofuels and bioproducts from a
variety of feedstocks. Most notably as it applies to MSW, organisms have been engineered and optimized to
consume syngas as a sole carbon source. One industry awardee, LanzaTech, has begun pilot plant efforts
converting MSW-derived syngas into ethanol at 100,000 gallons/year.%D

Complementary to these specific technologies, the Agile BioFoundry (ABF) Consortium has a mission of
reducing the time to genetically engineer microorganisms for the production of biofuels and bioproducts. ABF
is currently developing advanced synthetic biology tools and processes (e.g., combinatorial DNA synthesis
libraries, CRISPR-based genome editing tools, and high-throughput organism screening) that can enable
technologies or processes that rely on biologic catalysis. BETO’s Agile BioFoundry is developing genetic
transformation methods for a combination of organisms and novel biosynthesis pathways.(1%? Recent work has
taken place to include syngas fermenting organisms in this consortium.%3)

With regards to anaerobic digestion and approaches that can improve the economic viability in smaller scale
digesters, BETO has begun early stage R&D to develop the chemistry necessary to selectively breakdown
MSW to acids versus methane. Experimental results will inform some preliminary techno-economic analysis
to assess the attractiveness and key economic leverage points for further investment into this process. Once
these organic acids are isolated from the anaerobic digestion systems, current R&D under the ChemCatBio
Consortium is investigating routes for the production of gasoline, diesel, and jet range hydrocarbon biofuels
from these species. Thus, if the aforementioned challenges can be overcome, an existing body of R&D can be
leveraged to accelerate this process to further development stages.

The aforementioned R&D and project efforts are not a comprehensive representation of BETO's work with
MSW. Instead, they are intended to illustrate that BETO is committed to developing technologies and process
building blocks that can be combined to provide the strongest market advantage to industry.
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Appendix B. Examples of the Levelized Cost of Energy for
Generating Power from MSW

This appendix provides examples of the levelized cost of energy (LCOE) for generating power from municipal
solid waste (MSW) via anaerobic digestion (AD), landfill gas (LFG)-to-energy, and mass incineration. The
compilation of these data was performed over a very short time-period and should be viewed as provisional.
More work is needed to accurately represent the true costs of power generation via the pathways listed in Table
B-1. A list of caveats below the table contextualize the estimates provided in Table B-1.

Table B-1. Example Estimates for the LCOE of Producing Electricity from AD of MSW, Capture and Conversion of LFG, and

Mass Incineration of MSW(23)

—— LCOE (U.S. cents per kWh) ——

Technology Low High Mean Reference
LFG-1A 1.6 25 21 1
LFG-2A 5 6.8 5.9 1
MSW 12 17 14 1

AD 14 27 18 2,3

A = LFG-1A does not include the capital required to capture and convey the landfill gas; LFG-2A includes the

capital required to capture and convey the landfill gas.

Caveats

LCOE - The LCOE calculations in Table B-1 are based on the methodology outlined in NREL’s Annual
Technology Baseline (https://ath.nrel.gov/electricity/2018/equations-variables.html). The assumptions
used for the financing parameters may not be appropriate for the types of projects listed in Table B-1.
Also, the additional cost of fuel, tax incentives, and other policies are not included.

Sample size — The LCOE calculations for landfill gas and mass incineration in Table B-1 were
calculated from data provided in a recent study.°¥ The LCOE estimate reported for anaerobic digestion
is based on data from an NREL-supported costing tool and a 2013 technical report.% For a rigorous
assessment of LCOE we recommend using a much larger sample size.

System size — The LCOE calculations presented in Table B-1 represent specific technologies and system
sizes. It is plausible that each system will have different economies of scale and optimal sizing. We did
not account for this in our calculation of LCOE.

System boundary — The LCOE calculations used in Table B-1 consider only the capital investment,
operation and maintenance costs, capacity factor, and name-plate generation capacity of the project. It
should be noted that the LCOE calculation for LFG-1 does not include the capital required to capture and
convey the landfill gas. For LFG-1, we assume this to be a sunk cost as part of the landfill’s compliance
with Resource Conservation and Recovery Act of 1976(%) and the Clean Air Act.*9) LFG-2 is included
to represent the capital required to capture and convey the landfill gas as well as the capital needed for
conditioning and conversion to power.

Externalities — We do not consider the costs associated with waste disposal. Both anaerobic digestion
and mass incineration incur substantial waste burdens that must be handled, most likely through a
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combination of landfilling and/or land application, for anaerobic digestion, and landfilling and/or
recycling for mass incineration.

e Fuel costs — Additional fuel costs are not considered in Table B-1.

e Waste stream differentiation — The pathways listed in Table B-1 do not necessarily accept the same
feedstock. While they do all accept MSW, they each operate under different levels of sorting,
preparation, and physical composition.

LCOE = FCR x CAPEX + FOM +VOM + FUEL
"~ CF x 8760 hr/yr

where the variables are defined in Table B-2.

Table B-2. Definitions of Variables Used to Calculate the LCOE(23)

Variable Definition

FCR Fixed charge rate: Construction finance factor * project finance factor * capital
recovery factor (real)

CAPEX Capital expenditures: Total expenditure per kW of plant capacity.

FOM Fixed operation and maintenance costs: Average annual fixed operations and
maintenance costs over the life of the project.

VOM Variable operation and maintenance costs: Average annual variable operations and
maintenance costs over the life of the project.

CF Capacity factor: Average annual energy production per kilowatt of plant capacity over
the technical life of the project.

Fuel Fuel costs are applied where appropriate.

22




WASTE-TO-ENERGY FROM MUNICIPAL SOLID WASTES

References

1.

2.

~

10.

10a.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

EPA. 2016. "Municipal Solid Waste." https://archive.epa.gov/epawaste/nonhaz/municipal/web/html/.
Accessed June 6, 2018.

EPA. n.d. "Landfill Methane Outreach Program." https://www.epa.gov/Imop/landfill-gas-energy-
project-data-and-landfill-technical-data. Accessed January 2018.

EIA. 2018. "Total MSW generation in the United States by type of waste, 2015."
https://www.eia.gov/energyexplained/images/charts/total_msw_generation_by material-large.gif.
Accessed April 18, 2018.

DOE. 2016. "Municipal Solid Waste Resources."
https://www.energy.gov/sites/prod/files/2016/07/f33/municipal_solid_waste_factsheet bt16.pdf.
Accessed August 2018.

Valkenburg, C., C.W. Walton, B.L. Thompson, M.A. Gerber, S.B. Jones, and D.J. Stevens. 2008.
Municipal Solid Waste (MSW) to Liquid Fuels Synthesis, Volume 1: Availability of Feedstock and
Technology. PNNL-18144. Richland, WA: Pacific Northwest National Laboratory.
https://www.energy.gov/sites/prod/files/2014/03/f14/PNNL-18144 0.pdf.

Environmental Research & Education Foundation. 2016. MSW Management in the U. S.: 2010 &
2013. Raleigh, NC: Environmental Resarch & Education Foundation.

Energy Policy Act of 2005, Pub. L. No. 109-58, 119 Stat. 594 (2005).

Center for Sustainable Systems. 2018. Municipal Solid Waste Factsheet. Ann Arbor, MI: Center for
Sustainable Systems.

EPA. 2018. "Advancing Sustainable Materials Management: 2015 Fact Sheet.”
https://www.epa.gov/sites/production/files/2018-
07/documents/2015_smm_msw_factsheet 07242018 fnl_508_002.pdf. Accessed October 17, 2018.
EIA. 2007. Methodology for Allocating Municipal Solid Waste to Biogenic and Non-Biogenic Energy.
Washington, DC: EIA.

EIA. 2018. “Form EIA-923 detailed data with previous form data (EIA-906/920) .”
https://www.eia.gov/electricity/data/eia923/. Accessed October 17, 2018.

EPA. n.d. "Energy Recovery from the Combustion of Municipal Solid Waste (MSW)."
https://www.epa.gov/smm/energy-recovery-combustion-municipal-solid-waste-msw. Accessed
December 2017.

BETO. 2017. Biofuels and Bioproducts from Wet and Gaseous Waste Streams: Challenges and
Opportunities. Washington, DC: BETO.

Seiple, T.E., A.M. Coleman, and R.L. Skaggs. 2017. "Municipal wastewater sludge as a sustainable
bioresource in the United States." Journal of Environmental Management 197: 673—-680.

Chen, P., X. Qinglong, M. Addy, W. Zhou, Y. Liu, Y. Wang, Y. Cheng, K. Li, and R. Ruan. 2016.
"Utilization of municipal solid and liquid wastes for bioenergy and bioproducts production."
Bioresource Technology 215: 163-172.

Chen, D.Z., L. Yin, H. Wang, and P. He. 2014. "Pyrolysis technologies for municipal solid waste: A
review." Waste Management 34, no. 12: 2466-2486.

Idaho National Laboratory. 2018. "Summary of Analysis by All Biomass Types."
https://bioenergylibrary.inl.gov/Research/AnalysisSummary.aspx. Accessed June 13, 2018.

Cheng, H.F., and Y.A. Hu. 2010. "Curbing dioxin emissions from municipal solid waste incineration
in China: Re-thinking about management policies and practices." Environmental Pollution 158, no. 9:
2809-2814.

EIA. n.d. "Electric Power Monthly."
https://lwww.eia.gov/electricity/monthly/epm_table_grapher.php?t=epmt_5_06_a. Accessed August
18, 2018.

Water Environment Federation. 2012. Driving Water and Wastewater Ultilities to More Sustainable
Energy Management. Alexandria, VA: Water Environment Federation.

Water Environment Research Federation. 2011. Energy Production and Efficiency Research - The
Roadmap to Net-Zero Energy. Alexandria, VA: Water Environment Research Federation.

23


https://archive.epa.gov/epawaste/nonhaz/municipal/web/html/
https://www.epa.gov/lmop/landfill-gas-energy-project-data-and-landfill-technical-data
https://www.epa.gov/lmop/landfill-gas-energy-project-data-and-landfill-technical-data
https://www.eia.gov/energyexplained/images/charts/total_msw_generation_by_material-large.gif
https://www.energy.gov/sites/prod/files/2016/07/f33/municipal_solid_waste_factsheet_bt16.pdf
https://www.epa.gov/sites/production/files/2018-07/documents/2015_smm_msw_factsheet_07242018_fnl_508_002.pdf
https://www.epa.gov/sites/production/files/2018-07/documents/2015_smm_msw_factsheet_07242018_fnl_508_002.pdf
https://www.eia.gov/electricity/data/eia923/
https://www.epa.gov/smm/energy-recovery-combustion-municipal-solid-waste-msw
https://bioenergylibrary.inl.gov/Research/AnalysisSummary.aspx
https://www.eia.gov/electricity/monthly/epm_table_grapher.php?t=epmt_5_06_a

WASTE-TO-ENERGY FROM MUNICIPAL SOLID WASTES

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

EIA. 2018. "Wholesale Electricity and Natural Gas Market Data."
https://www.eia.gov/electricity/wholesale/. Accessed March 27, 2018.

EIA. 2018. "Levelized Cost and Levelized Avoided Cost of New Generation Resources in the Annual
Energy Outlook 2018." https://www.eia.gov/outlooks/aeo/pdf/electricity_generation.pdf. Accessed
May 13, 2018.

NREL. 2018. "2018 Annual Technology Baseline.” https://atb.nrel.gov/electricity/2018/index.html.
Accessed August 6, 2018.

EIA. 2018. "Energy Prices." https://www.eia.gov/todayinenergy/prices.php. Accessed February 28,
2018.

DOE. 2018. "CHP Deployment.” https://www.energy.gov/eere/amo/chp-deployment. Accessed March
2,2018.

DOE. 2018. "Combined Heat and Power." https://www.energy.gov/eere/amo/combined-heat-and-
power-chp. Accessed June 8, 2018.

EIA. 2013. "Updated Capital Cost Estimates for Utility Scale Electricity Generating Plants."
Washington, DC: EIA.

EIA. 2014. “Levelized cost and levelized avoided cost of new generation resources in the Annual
Energy Outlook 2014.” Washington, DC: EIA.

Rogge, K., ed. 2015. PATHWAYS project “Exploring transition pathways to sustainable, low carbon
societies.” Grant Agreement number 603942. Karlsruhe, Germany: Fraunhofer ISI.

Karthikeyan, O.P., R. Balasubramanian, and J.W.C. Wong. 2017. "Pretreatment of Organic Solid
Substrates for Bioenergy and Biofuel Recovery." In Current Developments in Biotechnology and
Bioengineering: Solid Waste Management, edited by J.W.C. Wong, R.D. Tyagi, and A. Pandey, 135—
156. Amsterdam, Netherlands: Elsevier.

Cimpan, C., A. Maul, M. Jansen, T. Pretz, and H. Wenzel. 2015. "Central sorting and recovery of
MSW recyclable materials: A review of technological state-of-the-art, cases, practice and implications
for materials recycling.” Journal of Environmental Management 156: 181-199.

Shariatmadari, N., A.H. Sadeghpour, and M. Mokhtari. 2015. "Aging effect on physical properties of
municipal solid waste at the Kahrizak Landfill, Iran." International Journal of Civil Engineering 13,
no. 1A: 126-136.

Iroba, K.L., O.D. Baik, and L.G. Tabil. 2017. "Torrefaction of biomass from municipal solid waste
fractions I: Temperature profiles, moisture content, energy consumption, mass yield, and
thermochemical properties.” Biomass & Bioenergy 105: 320-330.

Mu'min, G.F., P. Prawisudha, I.N. Zaini, M. Aziz, and A.D. Pasek. 2017. "Municipal solid waste
processing and separation employing wet torrefaction for alternative fuel production and aluminum
reclamation.” Waste Management 67: 106—120.

Pahia, G., F. Ntuli, and E. Muzenda. 2018. "Torrefaction of landfill food waste for possible
application in biomass co-firing." Waste Management 71: 512-520.

Shi, H.H., N. Mahinpey, A. Agsha, and R. Silbermann. 2016. "Characterization, thermochemical
conversion studies, and heating value modeling of municipal solid waste." Waste Management 48:
34-47.

Yuan, H.R., Y. Wang, N. Kobayashi, D. Zhao, and S. Xing. 2015. "Study of Fuel Properties of
Torrefied Municipal Solid Waste." Energy & Fuels 29, no. 8: 4976-4980.

Reitze, A., and A. Davis. 1993. "Regulating Municipal Solid Waste Incinerators Under the Clean Air
Act: History, Technology and Risks." B.C. Environmental Affairs Law Review 21, no. 1.

Solid Waste Authority of Palm Beach County. 2018. "Renewable Energy Facility 2."
https://www.swa.org/Facilities/Facility/Details/Renewable-Energy-Facility-2-11. Accessed February
26, 2018.

Solid Waste Authority of Palm Beach County. 2018. "2017 SWANA Excellence Award Entry Waste
to Energy." https://swana.org/Portals/0/Awards/2017/Winners/Excellence2017-WtE-gold.pdf.
Accessed August 8, 2018.

EIA. 2016. Capital Cost Estimates for Utility Scale Electricity Generating Plants. Washington, DC:
EIA.

24


https://www.eia.gov/electricity/wholesale/
https://www.eia.gov/outlooks/aeo/pdf/electricity_generation.pdf
https://atb.nrel.gov/electricity/2018/index.html
https://www.eia.gov/todayinenergy/prices.php
https://www.energy.gov/eere/amo/chp-deployment
https://www.energy.gov/eere/amo/combined-heat-and-power-chp
https://www.energy.gov/eere/amo/combined-heat-and-power-chp
https://www.swa.org/Facilities/Facility/Details/Renewable-Energy-Facility-2-11
https://swana.org/Portals/0/Awards/2017/Winners/Excellence2017-WtE-gold.pdf

WASTE-TO-ENERGY FROM MUNICIPAL SOLID WASTES

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

S7.

58.

59.

60.
61.

Confederation of European Waste-to-Energy Plants. 2018. *2016 Directory of Waste-to-Energy
Facilities." http://www.cewep.eu/wp-content/uploads/2017/09/Energy-win-win-paper-June-2017.pdf.
Accessed February 2, 2018.

Syc, M., A. Krausova, P. Kamenikova, R. Somplék, M. Pavlas, B. Zach, M. Pohotely, K. Svoboda, M.
Puncochat. 2018. "Material analysis of Bottom ash from waste-to-energy plants.” Waste Management
73: 360-366.

Tang, J.F., R. YImén, M. Petranikova, C. Ekberg, B.-M. Steenari. 2018. "Comparative study of the
application of traditional and novel extractants for the separation of metals from MSWI fly ash
leachates.” Journal of Cleaner Production 172: 143-154.

Vaitkus, A., J. Grazulyté, V. Vorobjovas, O. Sernas, and R. Kleiziené. 2018. "Potential of MSWI
Bottom Ash to be Used as Aggregate in Road Building Materials." Baltic Journal of Road and Bridge
Engineering 13, no. 1: 77-86.

Liu, J., D. Dyson, and E. Asselin. 2016. "Long-term Hot Corrosion Behavior of Boiler Tube Alloys in
Waste-to-Energy Plants." Oxidation of Metals 86, no. 1-2): 135-149.

Morales, M., J.M. Chimenos, A.l. Ferndndez, and M. Segarra. 2014. "Materials Selection for
Superheater Tubes in Municipal Solid Waste Incineration Plants.” Journal of Materials Engineering
and Performance 23, no. 9: 3207-3214.

Phongphiphat, A., C. Ryu, Y.B. Yang, K.N. Finney, A. Leyland, V.N. Sharifi, and J. Swithenbank.
2010. "Investigation into high-temperature corrosion in a large-scale municipal waste-to-energy
plant.” Corrosion Science 52, no. 12: 3861-3874.

Seider, W.D., D.R. Lewin, J.D. Seader, S. Widagdo, R. Gani, and K.M. Ng. 2016. Product and
Process Design Principles: Synthesis, Analysis and Evaluation, 4" Edition. Hoboken, NJ: Wiley.
American Biogas Council. 2017. "Biogas 101 Handout.”
https://www.americanbiogascouncil.org/pdf/ABC%20Biogas%20101%20Handout%20NEW.pdf.
Accessed December 29, 2017.

EPA. 2017. "AgStar Data and Trends." https://www.epa.gov/agstar/agstar-data-and-trends. Accessed
December 2017.

Shen, Y., J.L. Linville, M. Urgun-Demirtas, M.M. Mintz, and S.W. Snyder. 2015. "An overview of
biogas production and utilization at full-scale wastewater treatment plants (WWTPSs) in the United
States: Challenges and opportunities towards energy-neutral WWTPs." Renewable & Sustainable
Energy Reviews 50: 346-362.

EPA. 2018. "Organics: Anaerobic Co-Digestion."
https://archive.epa.gov/region9/organics/web/html/codigest.html. Accessed March 6, 2018.

Guven, H., M.S. Akca, E. Iren, F. Keles, I. Ozturka, and M. Altinbas. 2018. "Co-digestion
performance of organic fraction of municipal solid waste with leachate: Preliminary studies.” Waste
Management 71: 775-784.

Angeriz-Campoy, R., L.A. Fdez-Giielfo, V.K. Tyagi, C.J. Alvarez-Gallego, and L.l. Romero-Garcia.
2018. "New criteria to determine the destabilization of the acidogenic anaerobic co-digestion of
organic fraction of municipal solid waste (OFMSW) with mixed sludge (MS)." Bioresource
Technology 248: 174-179.

Xu, R., K. Zhang, P. Liu, A. Khan, J. Xiong, F. Tian, and X. Lia.. 2018. "A critical review on the
interaction of substrate nutrient balance and microbial community structure and function in anaerobic
co-digestion." Bioresource Technology 247: 1119-1127.

Cuetos, M.J., C. Fernandez, X. Gomez, and A. Moran. 2011. "Anaerobic Co-digestion of Swine
Manure with Energy Crop Residues." Biotechnology and Bioprocess Engineering 16, no. 5: 1044—
1052.

Li, J., L. Wei, Q. Duan, G. Hu, and G. Zhang. 2014. "Semi-continuous anaerobic co-digestion of dairy
manure with three crop residues for biogas production.” Bioresource Technology 156: 307-313.
USDA. 2014. Biogas Opportunities Roadmap: Voluntary Actions to Reduce Methane Emissions and
Increase Energy Independence. Washington, DC: USDA.

USDA. 2015. Biogas Opportunities Roadmap: Progress Report. Washington, DC: USDA.

Abd Allah, Z., and J.C. Whitehead. 2015. "Plasma-catalytic dry reforming of methane in an
atmospheric pressure AC gliding arc discharge." Catalysis Today 256: 76—79.

25


http://www.cewep.eu/wp-content/uploads/2017/09/Energy-win-win-paper-June-2017.pdf
https://www.americanbiogascouncil.org/pdf/ABC%20Biogas%20101%20Handout%20NEW.pdf
https://www.epa.gov/agstar/agstar-data-and-trends
https://archive.epa.gov/region9/organics/web/html/codigest.html

WASTE-TO-ENERGY FROM MUNICIPAL SOLID WASTES

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

T7.

78.

79.

80.
81.

Choi, Y.H., Y. J. Jang, H. Park, W.Y. Kim, Y.H. Lee, S.H. Cho, and J.S. Lee. 2017. "Carbon dioxide
Fischer-Tropsch synthesis: A new path to carbon-neutral fuels." Applied Catalysis B-Environmental
202: 605-610.

Guo, F., J.-Q. Xu, and W. Chu. 2015. "CO2 reforming of methane over Mn promoted Ni/Al203
catalyst treated by N-2 glow discharge plasma.” Catalysis Today 256: 124-129.

Haroon, M.F., S. Hu, Y. Shi, M. Imelfort, J. Keller, P. Hugenholtz, Z. Yuan, and G.W. Tyson. 2013.
"Anaerobic oxidation of methane coupled to nitrate reduction in a novel archaeal lineage." Nature
500, no. 7464: 567.

Haynes, C.A., and R. Gonzalez. 2014. "Rethinking biologocal activation of methane and conversion to
liquid fuels.” Nature Chemical Biology 10, no. 5: 331-339.

Hoang Hai, N., and K.-S. Kim. 2015. "Combination of plasmas and catalytic reactions for CO2
reforming of CH4 by dielectric barrier discharge process." Catalysis Today 256: 88—95.

Li, J., H. Yoon, and E.D. Wachsman. 2012. "Carbon dioxide reforming of methane in a
SrCe0.7Zr0.2Eu0.103-delta proton conducting membrane reactor." International Journal of
Hydrogen Energy 37, no. 24: 19125-19132.

Shi, L., G. Yang, K. Tao, Y. Yoneyama, Y. Tan, and N. Tsubaki. 2013. "An Introduction of CO2
Conversion by Dry Reforming with Methane and New Route of Low-Temperature Methanol
Synthesis." Accounts of Chemical Research 46, no. 8: 1838-1847.

Zhang, G., L. Hao, Y. Jia, Y. du, and Y. Zhang. 2015. "CO2 reforming of CH4 over efficient
bimetallic Co-Zr/AC catalyst for H-2 production.” International Journal of Hydrogen Energy 40, no.
37:12868-12879.

Henard, C., H. Smith, N. Dowe, M.G. Kalyuzhnaya, P.T. Pienkos, and M. Guarnieri. 2016.
"Bioconversion of methane to lactate by an obligate methanotrophic bacterium.” Scientific Reports no.
6.

Henard, C.A., H.K. Smith, and M.T. Guarnieri. 2017. "Phosphoketolase overexpression increases
biomass and lipid yield from methane in an obligate methanotrophic biocatalyst.” Metabolic
Engineering 41: 152-158.

Water Environment Research Foundation. 2014. Utilities of the Future Energy Findings. Alexandria,
VA: Water Environment Research Foundation.

He, Y., D.M. Bagley, K.T. Leung, S.N. Liss, and B.-Q. Liao. 2012. "Recent advances in membrane
technologies for biorefining and bioenergy production.” Biotechnology Advances 30, no. 4: 817-858.
Lin, H.J., W. Peng, M. Zhang, J. Chen, H. Hong, and Y. Zhang. 2013. "A review on anaerobic
membrane bioreactors: Applications, membrane fouling and future perspectives.” Desalination 314:
169-188.

Ramos, C., F. Zecchino, D. Ezquerra, and V. Diez. 2014. "Chemical cleaning of membranes from an
anaerobic membrane bioreactor treating food industry wastewater.” Journal of Membrane Science
458: 179-188.

Tian, Y., C. Ji, K. Wang, and P. Le-Clech. 2014. "Assessment of an anaerobic membrane bio-
electrochemical reactor (AnMBER) for wastewater treatment and energy recovery." Journal of
Membrane Science 450: 242-248.

DOE. 2015. "Hydrogen, Hydrocarbons, and Bioproduct Precursors from Wastewaters Workshop."
http://energy.gov/eere/fuelcells/nydrogen-hydrocarbons-and-bioproduct-precursors-wastewaters-
workshop. Accessed May 27, 2015.

Poughon, L., C. Creuly. B. Farges, C.-G. Dussap, W. Schiettecatte, S. Jovetic, and H. De Wever.
2013. "Test of an anaerobic prototype reactor coupled with a filtration unit for production of VFAs."
Bioresource Technology 145: 240-247.

DOE. 2016. "FY 2017 DOE SBIR Funding Opportunities.”
http://science.energy.gov/~/media/sbir/pdf/Technical Topics/FY2017_Phase_1 Release 1 Topics_Co
mbined.pdf. Accessed August 21, 2016.

DOE. 2015. "Waste-to-Energy Workshop Summary.” Washington, DC: DOE.

Otero-Gozalez, L., J.A. Field, and R. Sierra-Alvarez. 2014. "Inhibition of anaerobic wastewater
treatment after long-term exposure to low levels of CuO nanoparticles.” Water Research 58: 160-168.

26


http://energy.gov/eere/fuelcells/hydrogen-hydrocarbons-and-bioproduct-precursors-wastewaters-workshop
http://energy.gov/eere/fuelcells/hydrogen-hydrocarbons-and-bioproduct-precursors-wastewaters-workshop
http://science.energy.gov/%7E/media/sbir/pdf/TechnicalTopics/FY2017_Phase_1_Release_1_Topics_Combined.pdf
http://science.energy.gov/%7E/media/sbir/pdf/TechnicalTopics/FY2017_Phase_1_Release_1_Topics_Combined.pdf

WASTE-TO-ENERGY FROM MUNICIPAL SOLID WASTES

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Yun, J.H., S.S. Sawant, and B.S. Kim. 2013. "Production of polyhydroxyalkanoates by Ralstonia
eutropha from volatile fatty acids." Korean Journal of Chemical Engineering 30, no. 12: 2223-2227.
Zhong, Y., Z. Ruan, Y. Zhong, S. Archer, Y. Liu, and W. Liao. 2015. "A self-sustaining advanced
lignocellulosic biofuel production by integration of anaerobic digestion and aerobic fungal
fermentation." Bioresource Technology 179: 173-179.

Kondaveeti, S., and B. Min. 2015. "Bioelectrochemical reduction of volatile fatty acids in anaerobic
digestion effluent for the production of biofuels.” Water Research 87: 137-144.

Liu, Z., Z. Ruana, Y. Xiao, Y. Yib, Y.J. Tang, W. Liao, and Y. Liu. 2013. "Integration of sewage
sludge digestion with advanced biofuel synthesis.” Bioresource Technology 132: 166-170.

Orsted. 2018. "Renescience: Generating Value From Waste." https://orsted.co.uk/Generating-
energy/Renescience. Accessed May 13, 2018.

Okajima, 1., and T. Sako. 2014. "Energy conversion of biomass with supercritical and subcritical
water using large-scale plants." Journal of Bioscience and Bioengineering 117, no. 1: 1-9.

Tian, C., B. Li, Z. Liu, Y. Zhang, and H. Lu. 2014. "Hydrothermal liquefaction for algal biorefinery:
A critical review." Renewable & Sustainable Energy Reviews 38: 933-950.

Zhu, Y., M.J. Biddy, S.B. Jones, D.C. Elliott, A.J. Schmidt. 2014. "Techno-economic analysis of
liquid fuel production from woody biomass via hydrothermal liquefaction (HTL) and upgrading.”
Applied Energy 129: 384-394.

Snowden-Swan, L., Y. Zhu, M.D. Bearden, T.E. Seiple, S.B. Jones, A.J. Schmidt, J.M. Billing, et al.
2017. Conceptual Biorefinery Design and Research Targeted for 2022: Hydrothermal Liquefaction
Processing of Wet Waste to Fuels. PNNL-27186. Richland, WA: Pacific Northwest National
Laboratory.

Malins, K., V. Kampars, J. Brinks, I. Neibolte, R. Murnieks, and R.Kampare. 2015. "Bio-oil from
thermo-chemical hydro-liquefaction of wet sewage sludge.” Bioresource Technology. 187: 23-29.
Wang, Y., G. Chen, Y. Li, B. Yan, and D Pan. 2013. "Experimental study of the bio-oil production
from sewage sludge by supercritical conversion process." Waste Management 33, no. 11: 2408-2415.
Leng, L., X. Yuan, X. Chen, H. Huang, H. Wang, H. Li, R. Zhu, S. Li, and G. Zeng. 2015.
"Characterization of liquefaction bio-oil from sewage sludge and its solubilization in diesel
microemulsion.” Energy 82: 218-228.

Theegala, C.S., and J.S. Midgett. 2012. "Hydrothermal liquefaction of separated dairy manure for
production of bio-oils with simultaneous waste treatment.” Bioresource Technology 107: 456-463.
Lemoine, F., I. Maupin, L. Lemée, J.-M. Lavoie, J.-L. Lemberton, Y. Pouilloux, and L. Pinarda. 2013.
"Alternative fuel production by catalytic hydroliquefaction of solid municipal wastes, primary sludges
and microalgae.” Bioresource Technology 142: 1-8.

Elliott, D.C., P. Biller, A.B. Ross, A.J. Schmidt, and S.B. Jones. 2015. "Hydrothermal liquefaction of
biomass: Developments from batch to continuous process.” Bioresource Technology 178: 147-156.
Doassans-Carrere, N., J.-H. Ferrasse, O. Boutin, G. Mauviel, and J. Lédé. 2014. "Comparative Study
of Biomass Fast Pyrolysis and Direct Liquefaction for Bio-Oils Production: Products Yield and
Characterizations.” Energy & Fuels 28, no. 8: 5103-5111.

French, R.J., S.K. Black, M. Myers, J. Stunkel, E. Gjersing, and K. lisa. 2015. "Hydrotreating the
Organic Fraction of Biomass Pyrolysis Oil to a Refinery Intermediate.” Energy & Fuels 29, no. 12:
7985-7992.

RTI International. 2012. Environmental and Economic Analysis of Emerging Plastics Conversion
Technologies. Research Triangle Park, NC: RTI International.

Enerkem. 2018. "Enerkem's Edmonton waste-to-biofuel facility receives registration approval from
U.S. Environmental Protection Agency (EPA) to sell its ethanol under the U.S. Renewable Fuel
Standard." https://enerkem.com/newsroom/?communique_id=122563. Accessed June 13, 2018.
Lanzatech. 2018. "Lanzatech Overview." http://www.lanzatech.com/wp-
content/uploads/2018/03/LanzaTech-Overview-March-2018.pdf. Accessed May 14, 2018.

Johnson, C.W., D. Salvachua, P. Khanna, H. Smith, D.J. Peterson, and G.T. Beckham. 2016.
"Enhancing muconic acid production from glucose and lignin-derived aromatic compounds via
increased protocatechuate decarboxylase activity." Metabolic Engineering Communications 3: 111-
119.

27


https://orsted.co.uk/Generating-energy/Renescience
https://orsted.co.uk/Generating-energy/Renescience
https://enerkem.com/newsroom/?communique_id=122563
http://www.lanzatech.com/wp-content/uploads/2018/03/LanzaTech-Overview-March-2018.pdf
http://www.lanzatech.com/wp-content/uploads/2018/03/LanzaTech-Overview-March-2018.pdf

WASTE-TO-ENERGY FROM MUNICIPAL SOLID WASTES

103.

104.

105.

106.
107.

ABF. 2018. "Work With Us." https://agilebiofoundry.org/work-with-us/. Accessed May 14, 2018.
Pour, N., P.A. Webley, and P.J. Cook. 2018. "Potential for using municipal solid waste as a resource
for bioenergy with carbon capture and storage (BECCS)." International Journal of Greenhouse Gas
Control. 68: 1-15.

Moriarty, K. 2013. Feasibility Study of Anaerobic Digestion of Food Waste in St. Bernard, Louisiana.
NREL/TP-7A30-57082. Golden, CO: National Renewable Energy Laboratory.

Resource Recovery and Conservation Act of 1976, 42 U.S.C. § 6901 et seq. (1976).

EPA. 2018. 1990 Clean Air Act Amendment Summary." https://www.epa.gov/clean-air-act-
overview/1990-clean-air-act-amendment-summary. Accessed 6/23/18.

28


https://agilebiofoundry.org/work-with-us/
https://www.epa.gov/clean-air-act-overview/1990-clean-air-act-amendment-summary.%20Accessed%206/23/18
https://www.epa.gov/clean-air-act-overview/1990-clean-air-act-amendment-summary.%20Accessed%206/23/18

U.S. DEPARTMENT OF

ENERGY

For more information, visit:

energy.gov/eere/bioenergy
Office of

ENERGY EFFICIENCY &
RENEWABLE ENERGY DOE/EE-1796 = August 2019



https://energy.gov/eere/bioenergy

	Executive Summary iv
	1 Municipal Solid Waste Resources in the United States 1
	2 Status and Economics of Existing Municipal Solid Waste-to-Energy Facilities 4
	3 R&D Opportunities to Improve the Economic Viability of Existing WTE Facilities 5
	4 R&D Opportunities to Improve the Economic Viability of Next Generation WTE Facilities 11
	5 Conclusion 16
	Appendix A. Municipal Solid Waste in the Bioenergy Technologies Office Portfolio 17
	Appendix B. Examples of the Levelized Cost of Energy for Generating Power from MSW 21
	References 23
	Figure 1. MSW generation(3) 1
	Figure 2. MSW recycling and composting rates, 1960-2015(9) 2
	Figure 3. 2014 MSW generation in the United States 3
	Figure 4. States with WTE plants (incineration, refuse-derived fuel, and modular plants) 7
	Figure 5. Operational biogas systems in the United States 9
	Figure 6. Technology pathways and R&D development status for producing fuel and co-products from syngas(66) 12
	Table 1. Feedstocks Included in this Report 1
	Table 2. Selected Projected Costs of Electricity 2012-2022 (cents/kWh) 5
	Table 3. Capital Costs for Typical Commercial-Scale Power Generation Facilities (in 2016 dollars) 7
	Table A-1. Selected Recent BETO Investments in MSW and Related Feedstocks/Conversion Technologies 17
	Table B-1. Example Estimates for the LCOE of Producing Electricity from AD of MSW, Capture and Conversion of LFG, and Mass Incineration of MSW(23) 21
	Table B-2. Definitions of Variables Used to Calculate the LCOE(23) 22



