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Executive Summary

Assembly Bill 2770, Mathews, Chapter 740, Statutes of 2002 (AB 2770) requires the
California Integrated Waste Management Board (CIWMB) to include, as part of our
annual report, a report on new and emerging conversion technologies, including but not
limited to, non-combustion thermal technologies, including gasification and pyrolysis,
chemical technologies such as acid hydrolysis or distillation and biological technologies;
and their impacts on recycling and other diversion activities.

Specifically, AB 2770 requires that the report contain the following:

Specific and discrete definitions and descriptions of each conversion technology
evaluated as accepted in the scientific community.

A description and evaluation of the life cycle environmental and public health impacts of
each conversion technology in comparison to the environmental and public health
impacts from the transformation and disposal of solid waste.

A description and evaluation of the technical performance characteristics, feedstocks,
emissions, and residues used by each conversion technology and identification of the
cleanest, least-polluting conversion technology.

A description and evaluation of the impacts on recycling and composting markets as a
result of each conversion technology.

To comply with this legislative-mandate report, the CIWMB contracted with the
University of California-Riverside’s Bourne College of Engineering, Center for
Environmental Research & Technology, to conduct an analysis of conversion technology
processes and products. To conduct life cycle and market impact analyses of conversion
technologies, the CIWMB contracted with RTI International. Their studies served as the
major source of information for the CIWMB Conversion Technologies Report to the
Legislature (the Report). In addition, the CIWMB consulted with the State Energy
Resources Conservation and Development Commission (CEC), whose Research and
Development program staff participated in the scientific peer review process.

Definitions and Descriptions

Thermochemical Conversion

By definition includes thermal gasification and pyrolysis along with a humber of variants
involving microwave, reforming, plasma arc, supercritical fluid, and other processing
techniques generally occurring at elevated temperatures such as catalytic cracking.
Products include heat, fuel gases, synthesis gases, ammonia, hydrogen, alcohols,
Fischer-Tropsch hydrocarbons, other liquids, and solids. Thermochemical techniques
tend to be high rate as compared with biochemical processes and relatively non-



selective for individual biomass components in that the chemically complex biomass is
substantially degraded into simple compounds. Thermochemical techniques are also
being developed for the purposes of producing ethanol from cellulosic biomass such as
wood and straw. Byproducts include ash, chars, and liquid effluents for disposal or
recovery as commercial products.

Pyrolysis

Pyrolysis is a process that can be defined as the thermal decomposition of feedstock at
high temperatures (greater that 400°F) in the absence of air.

Gasification

Gasification is a process that uses air or oxygen and high heat—typically above
1300°F—to convert feedstock into a synthetic gas or fuel gas. Gasification uses less air
or oxygen than incineration processes. By definition, gasification is a partial combustion
process. The existing definition for gasification in Public Resources Code Section 40117,
while it is law, is scientifically incorrect and actually describes pyrolysis. Furthermore, it
is in direct conflict with the definition of solid waste conversion in Public Resources Code
Section 25741 (The CEC’s Warren-Alquist Act).

For example, gasification technologies do use some amount of air or oxygen in the
process, while pyrolysis does not use air or oxygen in the conversion process. A more
scientifically accurate definition would be: “Gasification” means the conversion of solid or
liquid carbon-based materials by direct or indirect heating. For direct heating, partial
oxidation occurs where the gasification medium is steam and air or oxygen. Indirect
heating uses an external heat source such as a hot circulating medium and steam as the
gasification medium. Gasification produces a fuel gas (synthesis gas, producer gas),
which is principally carbon monoxide, hydrogen, methane, and lighter hydrocarbons in
association with carbon dioxide and nitrogen, depending on the process used.

Plasma Arc

Plasma arc technology is a heating method that can be used in both pyrolysis and
gasification systems. This technology was developed for the metals industry in the late
nineteenth century. Plasma arc technology uses very high temperatures to break down
the feedstock into elemental by-products. Plasma arc devices, or “plasma torches,” can
be one of two types: the transferred torch, and the non-transferred torch.

The transferred torch creates an electric field between an electrode (the tip of the torch)
and the reactor wall or conducting slag bath. When the field strength is sufficiently high,
an electric arc is created between the electrode and reactor (much like an automotive
spark plug). The non-transferred torch creates the electric arc internal to the torch and
sends a process gas (such as air or nitrogen) through the arc, where it is heated, and
then leaves the torch as a hot gas. Very high temperatures are created in the ionized
plasma (the plasma can reach temperatures of 7000°F and above; the non-ionized



gases in the reactor chamber can reach 1700°F-2200°F; and the molten slag is typically
around 3000°F).

Catalytic Cracking

Catalytic cracking is a thermochemical conversion process that uses catalysts to
accelerate the breakdown of polymers—such as plastics—into a basic unit, called a
monomer. The monomers can then be processed using typical cracking methods, often
used in oil refinery operations, to produce fuels such as low-sulfur diesel and gasoline.

Biochemical Conversion

By definition, biochemical conversion processes include fermentation to produce
alcohols, fuel gases (such as methane by anaerobic digestion), acids and other
chemicals, and aerobic processes used for waste stabilization and composting.
Anaerobic and other biological processes are also being explored for the production of
hydrogen. Byproducts include organic solids and liquid effluents. Where feedstocks are
uncontaminated by heavy metals or other toxic compounds not degraded by the
process, byproducts can be recovered as commercial products for uses including animal
feeds, fertilizers, and soil amendments. Proper handling and sterilization is required for
byproducts from processes employing genetically modified or recombinant organisms.

Anaerobic Digestion

Anaerobic digestion is the bacterial breakdown of biodegradeable organic material in the
absence of oxygen. It can occur over a wide temperature range, from 50° to 160°F. The
temperature of the reaction has a very strong influence on the anaerobic activity, but
mesophilic and thermophilic temperature ranges are two optimal temperature ranges in
which microbial activity and biogas production rates are highest. Mesophilic systems
operate at temperatures around 95°F and the thermophilic systems operate at a
temperature around 130°F.

Fermentation

Fermentation is an anaerobic process and is used to produce fuel liquids such as
ethanol and other chemicals. Although fermentation and anaerobic digestion are
commonly classified separately, both are fermentation methods designed to produce
different products.

Prior to fermentation for alcohol production, the feedstock must be prepared using a
method called hydrolysis. Cellulosic ethanol processes can be differentiated primarily by
the hydrolysis pre-treatment method. Methods that have undergone the most
investigation are acid processes (dilute and concentrated acid), enzymatic hydrolysis,
and steam explosion. Enzymatic hydrolysis uses enzymes derived from common fungi.
Steam explosion involves pressurizing the biomass with steam for a period followed by



rapid depressurization. Once the cellulose has been hydrolyzed and conditions made
favorable (for example, pH- and temperature-adjusted), ethanol is produced from
microbial fermentation. A variety of microorganisms, generally bacteria, yeast, or fungi,
are used to ferment carbohydrates to ethanol under anaerobic conditions.

Life Cycle Environmental and Public Health Impact Assessment

The goal of the life cycle and market impact assessment was to address the following
two primary questions:

o What are the life cycle environmental impacts of conversion technologies and
how do these compare to transformation and disposal of solid waste?

e What are the economic, financial, and institutional impacts of conversion
technologies on recycling and composting markets?

To conduct life cycle analyses, three conversion technologies were selected:
e Concentrated acid hydrolysis;
e Gasification; and

e Catalytic Cracking.

These were chosen because California municipalities have shown particular interest, as
evidenced by requests for information, are commercially ready based on research
conducted prior to the start of this project, and readily available data describing these
technologies.

The San Francisco Bay Area and the Greater Los Angeles Area were selected for the
study because a large percentage of California’s municipal solid waste (MSW) is
generated and processed within these regions. For purposes of this study, it was
assumed that Greater Los Angeles includes the counties of Los Angeles, Orange,
Riverside, and San Bernardino.

Key findings from the life cycle analysis are:

e Conversion technologies produce more energy than landfilling and
transformation. This creates large life cycle benefits such as less dependence on
non-renewable fuels such as natural gas.

e There are lower emissions of criteria air pollutants (NO, and SO,) from
conversion technologies than from landfilling and transformation.

e There are lower emissions of CO, from conversion technologies than from
landfilling and transformation. This is important from a climate change
perspective.



e Limited data is available to adequately assess the impacts of dioxins, furans, and
other hazardous air pollutants.

e The environmental benefits of the hypothetical conversion technology scenario
are highly dependent upon their ability to achieve high conversion efficiencies
and high materials recycling rates.

e Conversion technologies would decrease the amount of waste disposed in
landfills.

¢ No conversion technology facilities exist in the U.S. for MSW. Therefore, there is
a high level of uncertainty regarding their environmental performance.

Public Health Risk

Several methods to assess the public health impacts of conversion technologies can be
considered. One is to work with the Office of Environmental Health Hazard Assessment
(OEHHA). The primary goal of a human health risk assessment is to determine if the risk
to human health posed by pollution released from a facility is unacceptable and requires
regulatory intervention. However, since the Life Cycle report is hot a human health risk
assessment, and data provided by the UC researchers and RTI was not of the type
sufficient for OEHHA to efficiently assess the potential public health impacts of
conversion technologies; the CIWMB will continue to work with OEHHA as new facilities
are sited in California and this specific data is acquired.

A second method would be to review research data collected from the CEC. In 1996,
the California Legislature established the Public Interest Energy Research (PIER)
program at the CEC. The PIER program conducts public interest energy research that
seeks to improve the quality of life for California citizens by developing environmentally
sound, safe, reliable, and affordable electricity services and products. The seven
mandated Research, Development, and Demonstration (RD&D) subject areas include
environmentally preferred advanced generation, renewable energy technologies and
alternative transportation fuels. In 2005, the CEC published the Biomass Strategic
Value Analysis (publication 500-2005-109-SD). According to their findings bioenergy
public benefits included improving forest, human and animal health. Although, these
technologies are more expensive, the analysis seems to conclude that converting
biomass and MSW offers unparalleled environmental benefits and significant public
benefits, including reduced health risks.

Technical Evaluation and Cleanest, Least Polluting Technology

Current Status

Development and deployment of conversion technologies has occurred in Japan,
Germany, and the United Kingdom, with more than 50 thermochemical facilities and
more than 80 anaerobic digestion facilities that use unsorted MSW as a feedstock.
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Feedstocks

Thermochemical processes can potentially convert all the landfill organic waste into heat
and other useful products. Since most thermochemical processes operate at elevated
temperatures, the fate of trace inorganic elements, such as metals that may be present
in MSW, needs to be considered in the process design. Further sorting and/or
processing of MSW after it passes through the materials recovery facility (MRF) would
normally be conducted prior to thermal conversion. Sorting would involve extracting
recyclable materials, reducing particle sizes to those compatible with the process, and
drying the material if needed.

Biochemical processes can convert only the biodegradable fraction of feedstocks.
Metals, glass, mineral matter, and most of the current plastic waste stream would not be
converted. However, some of the newer plastics do include biodegradable fractions and
are fully biodegradable. The fraction of these plastics in the waste stream is currently
very small but may increase over time. Higher-moisture feedstocks such as green waste
or food waste are better suited for biochemical processes, partly because extra energy is
required for drying before use in most thermochemical processes. Biochemical
conversion technologies are better suited for source-separated green or food waste, or
the biomass fraction of mixed MSW after sorting. Some biochemical systems can accept
unsorted MSW (shredded or crushed to appropriate size) in the reactor, though this is
not optimal from the standpoint of material handling, reactor volume utilization, and
disposal or use of residuals.

Products

Products from conversion technologies differ based on the technology used and the
feedstock that is converted. Products include, but not limited to the following:

Gasification:

1. Fuel gases (CO, CHg, H,, CO,, other hydrocarbons such as C,H,, C,H,4, C,Hg and
Ny) or synthesis gas.

2. Heat that can be transferred to the process to displace a fuel.
3. Tars and other condensable substances, if present after gasification process.
4. Char and ash.

Pyrolysis:

1. Fuel gases (CO,, CO, CHy4, H,) containing less chemical energy than equivalent
product gases for gasification of the same feedstock.

2. Ash and char (fixed carbon not pyrolyzed) containing significant quantities of
feedstock chemical energy.

3. Pyrolytic tars and other high molecular mass hydrocarbons, also containing
significant quantities of feedstock chemical energy.
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4. Pyrolytic oils and/or other condensable substances, containing significant
guantities of feedstock chemical energy.

Biochemical processes can yield the following:

1. Biogas (a mixture of methane and carbon dioxide). Biogas contains less
chemical energy than the equivalent products from gasification of the same
feedstock.

2. Ethanol.

3. Solvents, organic acids, and other bio-based chemicals for refining to end
products.

4. Residues that can be used for compost/soil amendment/fertilizer if permitted by
local regulations or a feedstock for thermochemical conversion.

Environmental Impacts and Controls

A number of environmental factors will impact conversion technologies. These impacts
include:

e Air emissions, particularly dioxin, furans, heavy metals, and greenhouse gas
emissions.

e Management of ash, char, and other solid residues.
¢ Management of any liquid residues.

Air emissions from thermochemical and biochemical systems include NO,, SOy,
hydrocarbons, carbon monoxide, particulate matter (PM), heavy metals, greenhouse gas
emissions such as methane and CO,, dioxins/furans and H,S could be an issue as well.
In addition, fugitive gas and dust emissions may be present. The management of these
emissions would depend on control strategies, operational practices, and level of
maintenance at a particular facility.

All organic matter including biomass and MSW contains trace quantities of heavy
metals. Whether the feedstock is landfilled, composted, gasified, or incinerated, the
heavy metal quantity remains identical; the only difference is that thermal decomposition
processes retain most of the heavy metals in their residue and ash in a concentrated
form. More volatile heavy metals, such as mercury, will enter the gas phase in thermal
conversion and must be managed or captured. Conversion technologies do not create
new heavy metals in ash but do concentrate heavy metals already present in the
feedstock that would otherwise be landfilled. However, under proper controls, the
concentrated heavy metals can be treated and disposed of in a manner that poses no
greater environmental threat than landfilling.

Biochemical conversion processes generate more solid residue than that from
thermochemical processes. However, biochemical conversion requires more residence
time compared with thermochemical methods, so practical systems are not large enough
to convert all biodegradable components. This, combined with the lignin components of
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biomass—which are not biodegradable in practical systems—plus the ash in the
material, results in substantial solid residue that may or may not have commercial use.

Conversion technologies will also generate liquid residues that must be managed
appropriately. As with the solids residue, the amount of liquid residue is dependent on
the specific conversion process and feedstock. Pyrolytic oil can contain toxic substances
including acids, alcohols, aldehydes, ketones, esters, heterocyclic derivatives, and
phenols. Most of these compounds are used in current industrial operations. Spent
scrubber solutions from air pollution control equipment or boiler blow-down water must
also be managed appropriately. The liquid wastes generated by these conversion
processes include spent acid solutions from acid hydrolysis and liquid digestate from
biochemical systems. Surplus water is usually generated from anaerobic digestion
systems. Water quantity depends on the digestion technology as well as the substrate.
In many instances, the liquid has a value as a fertilizer for agriculture application. Some
compost operations can accept the liquid for compost moistening.

Other potential environmental factors associated with conversion technologies could
include noise, odors, fugitive emissions, dust, litter and debris, increased local traffic,
aesthetics, and animal and insect pests. The CEC’s PIER program has committed to
research these conversion technology methodologies; for instance:

Thermochemical Conversion

¢ Demonstrate in California advanced heat, power, and syngas systems for
improved efficiency and environmental performance. Some will have potential
application to thermochemical and advanced biorefineries (i.e. Biomass
integrated gasifier combined cycle (BIGCC));

¢ Replicate BIGCC demonstrations and improve economics and performance;

e Improve and demonstrate advanced systems that can meet environmental
performance requirements (especially air permitting and NO, issues) e.g.,
distributed generation (DG), combined heat and power (CHP), and cooling
technologies;

o Demonstrate and verify municipal solid waste conversion systems;

e Deploy and commercialize these advanced thermochemical systems.

Biochemical Conversion

o Determine food and food processor residue amounts and location for siting of
anaerobic digestion/co-digestion systems. Demonstrate advanced co-digestion
systems (accept combinations of food, industrial, animal residues, MSW);

e Improve manure and feedstock collection/handling systems for anaerobic
digestion;
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e Improve or develop technologies to treat anaerobic digestion effluent for nutrient,
water, and salt management;

o Demonstrate and commercialize biomethane systems for pipeline and vehicle
fuel application;

e Develop inexpensive and robust sensor and control systems to improve
anaerobic digestion process stability for systems with varying loading rates and
feedstock types;

e Conduct basic research on microbiology for biogas and bio-hydrogen production.

Cleanest, Least Polluting Technologies

AB 2770 required the CIWMB to identify the cleanest, least polluting technologies. Both
biological and thermal technologies have advantages and disadvantages when
compared to each other. The limited data and contractor studies contain no scientific
basis to classify one technology as the cleanest and least polluting. However, CEC’s
PIER program is currently conducting long-term research projects related to biomass
waste and residuals, although not projects that necessarily use solid waste as a
feedstock. The public interest energy research includes a full range of RD&D activities
that advance science and technology not adequately provided by competitive and
regulated markets. These projects include: accelerated anaerobic composting project
for energy generation; technology assessment for advanced biomass power generation;
distributed biogas energy systems utilizing organic solid wastes; technology assessment
for dairy and food waste to energy; and demonstrate landfill gas technology to maximize
gas recovery efficiency and peaking power potential. These ongoing projects should
expand the data necessary to determine the cleanest, least polluting technologies once
their research is completed.

Market Impact Assessment

The general approach of this study was to collect data regarding the current
marketplace, including quantities and compositions of various wastes and recycling
streams. The data collect is from the entities that make decisions regarding disposition
of these materials, these entities include: generators, jurisdictions, MRF operators, and
haulers. The data collected also covers the quality and quantity needs of paper and
plastic recycling processors and exporters and the composting/mulch industry.

The relationships of material movement through the system were then modeled and
overlaid with the conversion technology system configurations, quality, composition, and
price of material needs. This produced estimated impacts to the recycling and
composting industries that would occur if such conversion technology facilities were to
be developed.

This study looked at the possibility of using the following feedstocks for conversion
technologies:
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e Paper
e Plastic
¢ Organics and green waste

e Material destined for landfilling (including residuals from materials recovery
facilities)

The technologies studied are anticipated to receive material normally destined for
landfills, not source-separated recyclables or green waste. One of the primary study
objectives was to estimate impacts that the development of new and emerging
conversion technologies would have on the existing recycling and composting industries.
Pricing and availability of suitable feedstock materials are the basis for most of the
findings presented. The following findings assume that the conversion technologies
would be developed under the current statutory framework (that is to say, not receive
diversion credit):

Finding #1: There is a projected net positive impact on glass, metal, and plastic recycling
under the “base case” conversion technology scenarios in life cycle/market impact study.

Finding #2: Implementation of any of the three selected technologies is not likely to
increase or decrease the recycling of paper.

Finding #3: In the cases where conversion technology facilities accept materials that
currently have no recycling or composting markets, and there are no new recycling
markets for those materials in the foreseeable future, conversion technology facilities will
have no impact on recycling and composting markets.

Finding #4: The impact of recent Chinese demand is a far more dominant force on the
paper and plastics markets than potential development of conversion technologies in
California, even on the fairly large scale that was assumed for this study.

Finding #5: Future recycling growth could be negatively impacted in the following three
primary ways if recyclables were redirected to conversion technology facilities:

1. If source-separated recyclables or green waste flowed to conversion technology
facilities rather than recycling facilities.

2. If waste streams that are currently untapped for recycling became unavailable to
new recycling efforts in the future.

3. If local jurisdictions eliminated recycling and green waste collection programs
and redirected mixed waste to conversion technology facilities. However, this
scenario is unlikely given the enormous capital investment made by local
jurisdictions and waste management companies and existing law in the California
Integrated Waste Management Act of 1989 (AB 939, (Sher), Chapter 1095,
Statutes of 1989, as amended, or IWMA) that requires jurisdictions to maintain
their diversion programs.

Finding #6: Based on pricing differentials, source-separated recyclables (paper and
plastics) are not likely to flow to conversion technology facilities.
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Finding #7: Conversion technology facilities may have a minimal negative impact on the
ability of municipalities and private companies to increase recycling from currently
untapped waste streams and generators.

Finding #8: Source-separated green waste could conceivably flow to conversion
technology facilities under certain circumstances.

On April 15, 2004, the CIWMB held a stakeholder workshop to discuss the initial findings
of the lifecycle and market impact assessment. Many stakeholders were of the opinion
that the true market impact could only be assessed if diversion credits were a factor in
evaluating market impacts. The RTI Project Team concurred and conducted sensitivity
analysis to analysis to analyze the effects that diversion credits for conversion
technologies would have on recycling and composting markets.

The following four scenarios were developed for the diversion credit sensitivity analysis:
1. Full diversion credit, diversion program maintained.
2. Ten percent diversion cap, diversion programs maintained.
3. Full diversion credit, diversion programs discontinued.
4

Full diversion credit, recycling programs continued, green waste programs
discontinued.

Finding #9: No negative impact on existing recycling and compost markets would occur
if diversion credit were given for conversion technologies.

Finding #10: No negative impact on existing recycling and compost markets would
occur if diversion credit were considered for MSW, which would otherwise go to a
landfill, is used as feedstock to bioenergy products through the use of conversion
technologies.
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Introduction

The IWMA requires local jurisdictions and the CIWMB to cooperatively reduce the
amount of solid waste disposed in landfills by promoting the reduction, recycling, and
reuse of solid waste. A 2003 survey of California’s composting infrastructure shows that
170 permitted composting facilities process 10 million tons of organic materials annually.

Of the 10 million tons processed, 46 percent is used as ADC. In addition, California has
achieved a statewide diversion rate of 52 percent. In spite of all these efforts, more than
42 million tons of material was disposed of in landfills in 2005. Of the amount disposed in
landfills, nearly 80 percent is organic material and can be retrieved for use (paper, wood,
green waste, food waste, etc.).

As directed by the Legislature, the CIWMB has been researching and evaluating new
and emerging non-combustion conversion technologies that would be best suited for
materials that have traditionally been landfilled. Recent law has expanded that research
and evaluation to include new and emerging chemical and biological conversion
technologies.

Legislative Requirement

AB 2770, signed by Governor Davis in September 2002, requires the CIWMB to
research and evaluate new and emerging non-combustion thermal, chemical, and
biological technologies and to include those findings in the CIWMB'’s Annual Report.
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Definitions and Descriptions

Conversion of municipal solid waste, and in particular organic material can be
accomplished by using thermochemical and biochemical pathways. These descriptions
and definitions are described below.

To provide a frame of reference between combustion and non-combustion technologies,
combustion is the thermal destruction, in an oxygen-rich environment, of solid waste for
the generation of heat and subsequent energy production. Flame temperatures for
combustion and incineration range from 1500°F to 3000°F. Thermochemical conversion
technologies includes combustion, however, this report will emphasize the CIWMB
research on new and emerging non-combustion technologies.

The University of California (UC) researchers have also stated that thermochemical
conversion technologies considered in this report differ dramatically from incineration
and combustion in several key respects:

e The volume of output gases from a pyrolysis reactor or gasifier is much smaller per
ton of feedstock processed than an equivalent incineration process. While these
output gases may be eventually combusted, the alternative processes provide an
intermediate step where gas cleanup can occur. Mass burn incineration is limited by
application of air pollution control equipment to the fully combusted exhaust only.

e Output gases from pyrolysis reactors or gasifiers are typically in a reducing
environment, and can be treated with different technologies compared with a fully
combusted (oxidative) exhaust. Reactant media for gasification and pyrolysis can
also be hydrogen or steam as compared to air or oxygen for incineration and
combustion.

o Gasification and pyrolysis produce intermediate synthesis gases composed of lower
molecular weight species such as natural gas, which are cleaner to combust than
raw MSW.

e Pyrolysis and gasification processes use very little air/oxygen or none at all.

Thermochemical Conversion

Thermochemical conversion processes use higher temperatures and have higher
conversion rates when compared to other conversion pathways. Thermochemical
conversion pathways considered in this report include processes such as pyrolysis,
gasification, plasma arc, and catalytic cracking. Each process can operate within a
specific temperature range and operating pressure. Pyrolysis, gasification, and plasma
arc technologies are not new technologies, having been used for coal and other
materials since the early twentieth century. While the application of these technologies to
solid waste feedstocks is new in California, these are not unproven technologies in other
parts of the world such as Japan and Europe.
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By definition, thermochemical conversion includes thermal gasification and pyrolysis,
along with a number of variants involving microwave, reforming, plasma arc, supercritical
fluid, and other processing techniques generally occurring at elevated temperatures.
Products include heat, fuel gases, synthesis gases, ammonia, hydrogen, alcohols,
Fischer-Tropsch hydrocarbons, other liquids, and solids. Thermochemical techniques
tend to be high rate as compared with biochemical processes and relatively non-
selective for individual biomass components in that the chemically complex biomass is
substantially degraded into simple compounds. Thermochemical techniques are also
being developed for the purposes of producing ethanol from cellulosic biomass such as
wood and straw. Byproducts include ash, chars, and liquid effluents for disposal or
recovery as commercial products.

New and emerging thermochemical conversion includes improved performance and
efficiency and also reduced costs.

Pyrolysis

Pyrolysis is a process that can be defined as the thermal decomposition of feedstock at
high temperatures (greater that 400°F) in the absence of air. The end product of
pyrolysis is a mixture of solids (char), liquids (oxygenated oils), and gases (methane,
carbon monoxide, and carbon dioxide) with proportions determined by operating
temperature, pressure, oxygen content, and other conditions. Pyrolysis produces
pyrolytic oils and fuel gases that can be used directly as boiler fuel or refined for higher
guality uses such as engine fuels, chemicals, adhesives, and other products. Solid
residues from pyrolysis contain most of the inorganic portion of the feedstock as well as
large amounts of solid carbon or char.

Pyrolysis typically occurs at temperatures in the range of 750°F-1500°F and
thermochemically degrades the feedstock without the addition of air or oxygen. Because
air or oxygen is not intentionally introduced or used in the reaction, pyrolysis requires
thermal energy that is typically applied indirectly by thermal conduction through the walls
of the containment reactor. The reactor is usually filled with an inert gas to aid in heat
transfer from the reactor walls and to provide a transport medium for removal of the
gaseous products.

The composition of the pyrolytic product can be changed by the temperature, speed of
process, and rate of heat transfer. Lower pyrolysis temperatures usually produce more
liquid products, and higher temperatures produce more gases. Slow pyrolysis can be
used to maximize the yield of solid char and is commonly used to make charcoal from
wood feedstock. Fast or “flash” pyrolysis is a process that uses a shorter exposure time
to temperatures of approximately 930°F. Typical exposure times for fast pyrolysis are
less than one second. Rapid quenching of pyrolytic decomposition products is used to
“freeze” the decomposition products and condense the liquids before they become low
molecular weight gaseous products. This process results in a product that is up to 80
percent liquid by weight.

Gases produced during the pyrolysis reaction can be utilized in a separate reaction
chamber to produce thermal energy. The thermal energy can be used to produce steam
for electricity production. It can be used to heat the pyrolytic reaction chamber or dry the
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feedstock entering the reaction chamber. If pyrolytic gases are combusted to produce
electricity, emission control equipment will be needed to meet regulatory standards.

Gasification

Gasification typically refers to the conversion of feedstock materials by either direct or
indirect heating, depending on the specific configuration of the gasification system. While
gasification processes vary considerably, typical gasifiers operate from 1300°F and
higher and from atmospheric pressure to five atmospheres or higher. The process is
optimized to produce fuel gases (methane and lighter hydrocarbons) and synthetic
gases (carbon monoxide, hydrogen); hence, the term gasification. The product fuel
gases can be used in internal and external combustion engines and fuel cells. Synthetic
gases can be used to produce methanol, ethanol, and other fuel liquids and chemicals.
Figure 1 is a diagram of a typical gasification system.

Figure 1. Gasification Diagram
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An important aspect of gasification is that the chemical reactions can be controlled for
the production of different products. The gases produced by gasification can be cleaned
to remove any unwanted particulates and compounds and then used as fuel in internal
or external combustion engines or fuel cells.

AB 2770 included the following definition for gasification in the Public Resources Code
(PRC):

40117. “Gasification” means a technology that uses a noncombustion thermal process to
convert solid waste to a clean burning fuel for the purpose of generating electricity, and
that, at minimum, meets all of the following criteria:

(&) The technology does not use air or oxygen in the conversion process, except
ambient air to maintain temperature control.

—
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(b) The technology produces no discharges of air contaminants or emissions, including
greenhouse gases, as defined in subdivision (g) of Section 42801.1 of the Health and
Safety Code.

(c) The technology produces no discharges to surface or ground waters of the state.
(d) The technology produces no hazardous waste.

(e) To the maximum extent feasible, the technology removes all recyclable materials and
marketable green waste compostable materials from the solid waste stream prior to the
conversion process and the owner or operator of the facility certifies that those materials
will be recycled or composted.

(f) The facility where the technology is used is in compliance with all applicable laws,
regulations, and ordinances.

(9) The facility certifies to the board that any local agency sending solid waste to the
facility is in compliance with this division and has reduced, recycled, or composted solid
waste to the maximum extent feasible, and the board makes a finding that the local
agency has diverted at least 30 percent of all solid waste through source reduction,
recycling, and composting.

The existing definition for gasification in PRC section 40117, while it is law, is
scientifically incorrect and actually describes pyrolysis. For example, gasification
technologies do use some amount of air or oxygen in the process, while pyrolysis does
not use air or oxygen in the conversion process. A more scientifically accurate definition
would include the following:

“Gasification” means the conversion of solid or liquid carbon-based materials by direct or
indirect heating. For direct heating, partial oxidation occurs where the gasification
medium is steam and air or oxygen. By definition, gasification is also a partial
combustion process. Indirect heating uses an external heat source such as a hot
circulating medium and steam as the gasification medium. Gasification produces a fuel
gas (synthesis gas, producer gas), which is principally carbon monoxide, hydrogen,
methane, and lighter hydrocarbons in association with carbon dioxide and nitrogen,
depending on the process used.

Statutory changes are required to be scientifically accurate as well as consistent with
PRC 25741 which uses this definition for the general purposes of solid waste
conversion.

Plasma Arc

Plasma arc technology is a heating method that can be used in both pyrolysis and
gasification systems. This technology was developed for the metals industry in the late
nineteenth century. Plasma arc technology uses very high temperatures to break down
the feedstock into elemental by-products.

Plasma is a collection of free-moving electrons and ions that is typically formed by
applying a large voltage across a gas volume at reduced or atmospheric pressure. When
the voltage is high enough and the gas pressure low enough, electrons in the gas
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molecules break away and flow towards the positive side of the applied voltage. The gas
molecules (losing one or more electrons) become positively charged ions that are
capable of transporting an electric current and generating heat when the electrons drop
to a stable state and release energy. This is the same phenomenon that creates
lightning.

Plasma arc devices or “plasma torches” can be one of two types: the transferred torch,
and the non-transferred torch. The transferred torch creates an electric field between an
electrode (the tip of the torch) and the reactor wall or conducting slag bath. When the
field strength is sufficiently high, an electric arc is created between the electrode and
reactor (much like an automotive spark plug). The non-transferred torch creates the
electric arc internal to the torch and sends a process gas (such as air or nitrogen)
through the arc, where it is heated, and then leaves the torch as a hot gas.

Very high temperatures are created in the ionized plasma (the plasma can reach
temperatures of 7000°F and above; the non-ionized gases in the reactor chamber can
reach 1700°F to 2200°F; and the molten slag is typically around 3000°F). For
applications in processing MSW, the intense heat actually breaks up the molecular
structure of the organic material to produce simpler gaseous molecules such as carbon
monoxide (CO), hydrogen (H;), and carbon dioxide (CO,). The inorganic material is
vitrified to form a glassy residue. A main disadvantage of the plasma arc systems used
in power generation is that a large fraction of the generated electricity is required to
operate the plasma torches, which reduces net electrical output of the facility.

Catalytic Cracking

Catalytic cracking is a thermochemical conversion process that uses catalysts to
accelerate the breakdown of polymers—such as plastics—into its basic unit, called a
monomer. The monomers can then be processed using other processes, often used in
oil refinery operations, to produce fuels such as low-sulfur diesel and gasoline.

Biochemical Conversion

Biochemical conversion processes such as anaerobic digestion and fermentation occur
at lower temperatures and have lower reaction rates than thermochemical technologies.
Higher moisture feedstocks are generally better candidates for biochemical processes.
Non-biodegradable feedstocks, such as plastics and metals, are not suitable feedstocks
for biochemical conversion and are not converted. Applying biochemical processes to
MSW as a pre-treatment step before it is landfilled can reduce both the volume of
material being landfilled and the production of leachate. At the same time, this process
extracts the embodied energy value from the feedstock prior to landfilling.

A large number of anaerobic digestion facilities are operating in Europe and Canada that
use unsorted MSW as a feedstock. As a result, more experience and information is
available from anaerobic digestion processes. Fermentation processes for the
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production of ethanol from MSW have not matured to the same extent as anaerobic
digestion, and available information is only theoretical in nature.

Biochemical conversion: Conversion systems using biological processes include
fermentation to produce alcohols, fuel gases (such as methane by anaerobic digestion),
acids and other chemicals, and aerobic processes used for waste stabilization and
composting. Anaerobic and other biological processes are also being explored for the
production of hydrogen. Byproducts include organic solids and liquid effluents. Where
feedstocks are uncontaminated by heavy metals or other toxic compounds not degraded
by the process, byproducts can be recovered as commercial products for uses including
animal feeds, fertilizers, and soil amendments. Proper handling and sterilization is
required for byproducts from processes employing genetically modified or recombinant
organisms.

Anaerobic Digestion

Anaerobic digestion is the bacterial breakdown of biodegradable organic material in the
absence of oxygen. It can occur over a wide temperature range, from 50° to 160°F. The
temperature of the reaction has a very strong influence on the anaerobic activity, but
mesophilic and thermophilic temperature ranges are two optimal temperature ranges in
which microbial activity and biogas production rates are highest. Mesophilic systems
operate at temperatures around 95°F, and the thermophilic systems operate at a
temperature around 130°F.

Operation at thermophilic temperature allows for shorter retention time and a higher
biogas production rate. However, maintaining the high temperature generally requires an
outside heat source because anaerobic bacteria do not generate sufficient heat. These
biological processes produce a gas principally composed of methane (CH,) and carbon
dioxide (COy,), but gas also has impurities such as hydrogen sulfide (H,S). This gas is
produced from feedstocks such as sewage sludge, livestock manure, and other wet
organic materials.

The process of anaerobic digestion typically consists of the following three steps (shown
in Figure 2):

1. Decomposition of plant or animal matter by bacteria into molecules such as
sugar (hydrolysis).
Conversion of decomposed matter to organic acids (acetogenesis).
Organic acid conversion to methane gas (methanogenesis).

The molecular structure of the biodegradable portion of the waste that contains proteins
and carbohydrates is first broken down through hydrolysis. The fats are converted to
volatile fatty acids and amino acids. Carbohydrates and proteins are broken down to
sugars and amino acids. In acetogenesis, acid-forming bacteria use these by-products to
generate intermediary products such as propionate and butyrate. Further microbial
action results in the degradation of these intermediary products into hydrogen and
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acetate. Methane-generating bacteria consume the hydrogen and acetate to produce
methane and carbon dioxide.

Anaerobic processes can occur naturally or in a controlled environment such as a biogas
plant. In controlled environments, organic materials such as sewage sludge and other
relatively wet organic materials, along with various types of bacteria, are put in an airtight
container called a digester, where the process occurs. Depending on the waste
feedstock and the system design, biogas is typically 55 to 75 percent pure methane,
although state-of-the-art systems report producing biogas that is more than 95 percent
pure methane. Biogas can be used as fuel for engines, gas turbines, fuel cells, boilers,
and industrial heaters. It can also be used in other processes and in the manufacturing
of chemicals (with emissions and impacts commensurate with those from natural gas
feedstocks).

Anaerobic digester systems can be categorized according to whether the system uses a
single reactor stage or multiple reactors. In single-stage systems, the essential reactions
occur simultaneously in a single vessel. With two-stage or multi-stage reactors, the
reactions take place sequentially in at least two reactors.
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Figure 2. Anaerobic Digestion Pathways *
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Single Stage Anaerobic Digestion

Single stage systems, as shown in Figure 3, are generally simpler to operate, have
fewer components for maintenance or failure, and have smaller capital costs. Single-
stage systems can be further classified into low-solids or high-solids systems. Feedstock
material for single-stage low solids systems are usually pulped and slurried to a
consistency of less than 15 percent total solids (TS).

Though conceptually simple, there are certain drawbacks to single-stage wet systems,
including extensive pretreatment, higher water consumption, and potentially high energy
requirements to operate the system. A single-stage high solids system has total solids
ranging from 20 to 40 percent. The high-solids system has several advantages over a
low-solids system, including being more robust and flexible regarding acceptance of
rocks, glass, metals, plastics, and wood pieces in the reactor. These materials are not
biodegradable and won't contribute to biogas production, but they generally can pass
through the reactor without affecting conversion of the biomass components. The only
pretreatment required is removal of the larger pieces (greater than 2 inches) and minimal
dilution with water to keep solids content in the desired range.

Figure 3. High Solids Single-Stage Digester Designs (A—Dranco, B—Kompogas,
C—Valorga) 2
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Two-Stage Anaerobic Digestion

Two-stage reactors, as shown in Figure 4, separate the hydrolysis stage from the
acetogenesis and methanogenesis stages. They have the potential to increase the rate
of methane production and the amount of overall biodegradation of the feedstock by
separating and optimizing the different steps of the biochemical process.
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The reason for separating the biochemical process is because the different stages have
different optimal conditions. Typically two-stage processes attempt to optimize the
hydrolysis reactions in the first stage where the rate is limited by hydrolysis of cellulose.
The second stage is optimized for acetogenesis and methanogenesis, where the rate in
this stage is limited by microbial growth rate. With multi-staging, it is possible to increase
the hydrolysis rate by applying a microaerophilic process. This process uses minimal air
to allow some aerobic organisms to break down some of the lignin, which makes more
cellulose available for hydrolysis. A greater proportion of air would inhibit the
methanogenic organisms if they were present as they would be in a single-stage reactor.

One unique example of a two-stage digestion system that uses a watery system for
separation and biological treatment of waste is Arrow Ecology’s ArrowBio Process. The
system uses an Upflow Anaerobic Sludge Blanket (UASB) method of digestion, which
produces biogas, digester culture (solids to be used as soil conditioners), and source-
separated non-degradable substances for further recycling.

This system differs from conventional two-stage anaerobic digestion systems in its ability
to use the inherent moisture content from MSW to aid in mechanical separation of non-
degradable solids. The ArowBio system also produces the slurry necessary to further
process the organic residuals. Contrary to conventional systems, no water or energy
inputs are needed. This creates a more efficient closed-loop system for biogas and
digestate production.

Figure 4. Two-Stage Anaerobic Digestion System (high solids first stage, low solids second
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Anaerobic digestion technologies are considered in-vessel composting systems and
would be technologies that are eligible for diversion credit. Anaerobic digestion systems
have the added advantage of extracting intrinsic heat value, in the form of biogas for
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energy production, from the feedstock. And the compost is also a valuable commodity
for improvement of soil health.

Fermentation

Fermentation is an anaerobic process and is used to produce fuel liquids such as
ethanol and other chemicals. This is similar to the process to produce beer and wine.
Although fermentation and anaerobic digestion are commonly classified separately, both
are fermentation methods designed to produce different products.

Cellulosic feedstocks, including the majority of the organic fraction of MSW, must
undergo a pretreatment step to break down cellulose and hemicellulose to simple sugars
used by the yeast and bacteria for the fermentation process. Pretreatment steps that
have been researched include acid hydrolysis and enzymatic hydrolysis.

Cellulosic ethanol processes can be differentiated primarily by the hydrolysis pre-
treatment method. Methods that have undergone the most investigation are acid
processes, enzymatic hydrolysis, and steam explosion. Acid hydrolysis, and subsequent
fermentation, is technologically mature. But no facilities are operating in the United
States (U.S). or the world, and these are essentially unproven technologies from a
commercial perspective. Enzymatic processes are projected to have a significant cost
advantage once improved but are also commercially unproven. Steam explosion
requires less initial size reduction of the feedstock. But it yields less pentose, the sugars
that contain five carbon atoms, and it releases more material that can inhibit the
fermentation process.

The ideal pretreatment process would have these attributes:
e Produce reactive fiber.
e Yield pentoses in non-degraded form.
¢ Yield no fermentation inhibitors.
e Require little or no size reduction.
e Require moderate size and cost reactors.
e Produce no solid residues.
e Simple process.
o Effective with low-moisture feedstocks.

In dilute-acid hydrolysis, biomass that has been chopped or pulverized is treated in a
dilute acid medium. Most current dilute acid hydrolysis processes employ two stages
(Figure 5), one optimized for the hemicellulose component, and the other, a more severe
stage for the cellulose. Cellulose is more difficult to hydrolyze because much of it is
bound up in a structural matrix that includes lignin and cellulose. Process temperatures
are typically near 460°F. The use of dilute acid hydrolysis is the oldest technology for
converting biomass into its component sugars for subsequent fermentation to ethanol.
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Figure 5. Typical Two-Stage Dilute Acid Hydrolysis Fermentation
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Concentrated-acid hydrolysis (Figure 6) uses concentrated sulfuric acid to decrystallize
the cellulose followed by dilute acid hydrolysis. Critical operations include separation of
sugar from acid and acid recovery with re-concentration. The concentrated acid process
includes a step to separate the acid-sugar stream through a separation column that
yields a 25 percent concentrated acid stream and a 12 to 15 percent concentrated sugar
stream.

The sugar recovery can be up to 95 percent, whereas the acid recovery is typically about
98 percent. The recovered acid is concentrated and reused. The sugar stream, which
contains no more than 1 percent acid, can then be fermented. Concentrated acid
hydrolysis releases more compounds that inhibit fermentation.
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Figure 6. Concentrated Acid Hydrolysis Fermentation.
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Ethanol production using enzymatic hydrolysis uses enzymes derived from common
fungi. Research has been directed at improving cost and performance of cellulase (a
substance used to break down cellulose). Research is ongoing worldwide at both public
and private institutions such as the National Renewable Energy Laboratory, a
subcontractor for the CIWMB'’s Life Cycle and Market Impact Study. Improvements in
enzymatic hydrolysis are expected that will make ethanol production from cellulosic
biomass competitive with that produced by the starch/sugar platform.

Hydrothermal hydrolysis processes include the relatively simple hot-compressed water
(HCW) as well as steam explosion and supercritical water techniques. The ionic
properties of water change with the temperature, and they reach the maximum value at
around 480°F. Therefore, HCW conducted at around 480°F is considered optimal for this
method of hydrolysis. Steam explosion involves pressurizing the biomass with steam for
a period followed by rapid depressurization. The result is a lignocellulosic mulch with
much more of the cellulose exposed and more accessible to hydrolysis.

Fermentation of biomass material into ethanol is fully commercial for sugar- and starch-
based feedstocks such as corn and sugar cane. But fermentation is not yet commercial
for cellulosic biomass because of the high expense or low sugar yields from the
hydrolysis pretreatment process, and it is the subject of intense research. The
biodegradable fraction of most MSW streams contains significant amounts of cellulosic
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biomass (for example, paper, woody residues, yard wastes, and some food waste) that
are more difficult than starch and sugars to convert to ethanol. Systems that propose to
use post-recycled MSW for fermentation feedstock rely on the expectation that the feed
material has a tipping fee associated with it.

Cellulosic feedstock material must be hydrolyzed to break the cellulose and
hemicellulose polymers into simple sugars that are fermentable by yeasts. As with
anaerobic digestion to biogas, lignin cannot be hydrolyzed or fermented but may be a
good feedstock for thermochemical processes or typical biomass-to-energy processes.

Once the cellulose has been hydrolyzed and conditions made favorable (for example,
pH- and temperature-adjusted), ethanol is produced from microbial fermentation. A
variety of microorganisms, generally bacteria, yeast, or fungi, are used to ferment
carbohydrates to ethanol under anaerobic conditions; however, as the ethanol level
rises, the microbial growth is inhibited. Ethanol must be separated from the fermentation
broth and concentrated by conventional distillation technology and dehydrated to yield
fuel-grade ethanol. The remaining liquid broth is recycled or sent to a wastewater
treatment facility for appropriate management.
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Technical Evaluation and Cleanest, Least
Polluting Technologies

AB 2770 required the report to include a description and evaluation of the technical
performance characteristics, feedstocks, emissions, and residues used by each
conversion technology and an identification of the cleanest, least polluting technology.

Current Status

Much of the development and deployment of new and emerging conversion technologies
has occurred in Japan, Germany, and the United Kingdom, with more than 50
thermochemical facilities and more than 80 anaerobic digestion facilities that use
unsorted MSW as a feedstock.

Thermochemical Conversion

A large number of gasification and pyrolysis technologies have been developed and
demonstrated on levels from laboratory scale through pilot and fully commercial scale.
Coal remains the predominant feedstock that is gasified, but the commercialization of
gasification for waste is growing. In general, most of the commercially identified pyrolysis
and gasification facilities are operational at levels between 100 and 500 tons per day
(TPD) capacity.

More than 50 pyrolysis or gasification facilities commercially processing unsorted MSW
were identified. The four largest facilities alone represent processing capacities of more
than 2.5 million tons of MSW each year. Table 1 lists all the commercially active
pyrolysis facilities that use MSW. Table 2 lists all commercially active gasification
facilities.

The use of pyrolysis and gasification for MSW has occurred mostly in Japan, where
landfill space and resources are limited. In examining the three largest suppliers in
Japan, the capacities of their plants represent more than 2 million tons of material each
year, with additional plants being planned. Much of this capacity has been installed in
the past five years. Japan is currently the leader in the use of pyrolysis systems for
MSW.
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Table 1. Commercially Active Pyrolysis Facilities Using MSW

Location Company Oseerga?ir;n MSW Capacity
Toyohashi City, Japan Mitsui Babcock | March 2002 2 x 220 tons per day (TPD)
Aichi Prefecture 77 TPD bulky waste facility
Hamm, Germany Techtrade 2002 353 TPD
Koga Seibu, Japan Mitsui Babcock | January 2003 | 2 x 143 TPD
Fukuoka Prefecture No bulky waste facility
Yame Seibu, Japan Mitsui Babcock | March 2000 2x121 TPD
Fukuoka Prefecture 55 TPD bulky waste facility
lzumo, Japan Thidde/Hitachi | 2003 70,000 tons per year (TPY)
Nishi Iburi, Japan Mitsui Babcock | March 2003 2x115TPD
Hokkaido Prefecture 63 TPD bulky waste facility
Kokubu, Japan Takuma 2003 2x89 TPD
Kyouhoku, Japan Mitsui Babcock | January 2003 |2 x 88 TPD
Prefecture No bulky waste facility
Ebetsu City, Japan Mitsui Babcock | November 2x77TPD
Hokkaido Prefecture 2002 38 TPD bulky waste facility
Oshima, Hokkaido Is., Japan| Takuma 2x66 TPD
Burgau, Germany (T;‘Z%h”'plw aste | 1987 40,000 TPY
Itoigawa, Japan Thidde/Hitachi | 2002 25,000 TPY

Table 2. Commercially Active Gasification Facilities Using MSW

Location Company OE:rga?inon MSW Capacity
SVZ, Germany Envirotherm 2001 275,000 TPY
Ibaraki, Japan Nippon Steel 1980 500 TDP
Aomori, Japan Ebara 2001 500 tpd (ASR)
Kawaguchi, Japan Ebara 2002 475 TPD
Akita, Japan Nippon Steel 2002 440 TPD
Oita, Japan Nippon Steel 2003 428 TPD
Chiba, Japan Thermoselect/JFE 2001 330 TPD
Ibaraki #2, Japan Nippon Steel 1996 332 TPD
Utashinai City, Japan | Hitachi Metals 300 TPD
Kagawa, Japan Hitachi Zosen 2004 300 TPD
Nagareyama, Japan |Ebara 2004 229 TPD
Narashino City, Japan | Nippon Steel 2002 222 TPD
Itoshima-Kumiali, Nippon Steel 2000 220 TPD
Japan
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Location Company OE:%?PO” MSW Capacity
Kazusa, Japan Nippon Steel 2002 220 TPD
Ube City, Japan Ebara 2002 218 TPD
Sakata, Japan Ebara 2002 217 TPD
Kagawatobu- Nippon Steel 1997 216 TPD
Kumiai,Japan
Lizuka City, Japan Nippon Steel 1998 198 TPD
Tajimi City, Japan Nippon Steel 2003 188 TPD
Chuno Union, Japan |Ebara 2003 186 TPD
Genkai Envir. Union, | Nippon Steel 2003 176 TPD
Japan
labarki #3, Japan Nippon Steel 1999 166 TPD
Ishikawa, Japan Hitachi-Zosen 2003 160 TPD
Kocki West Envir., Nippon Steel 2002 154 TPD
Japan
Nara, Japan Hitachi-Zosen 2001 150 TPD
Toyokama Union, Nippon Steel 2003 144 TPD
Japan
Mutsu, Japan Thermoselect/JFE 2003 140 TPD
Minami-Shinshu, Ebara 2003 155 TPD
Japan
Iryu-Kumiai, Japan Nippon Steel 1997 132 TPD
Maki-machi- Nippon Steel 2002 132 TPD
kumiai,Japan
Kamaishi, Japan Nippon Steel 1979 110 TPD
Takizawa, Japan Nippon Steel 2002 110 TPD
Seino Waste, Japan | Nippon Steel 2004 99 TPD
Kameyama, Japan Nippon Steel 2000 88 TPD
Nagasaki, Japan Hitachi Zosen 2003 58 TPD
Aalen, Germany PKA 2001 27,000 TPY
Gifu, Japan Hitachi Zosen 1998 33TPD
Bristol, UK Compact Power 2002 9,000 TPY

UC researchers have concluded that the rapid progress toward commercialization during
the past five years, especially in Japan, shows that gasification and pyrolysis
technologies appear to be well on their way to technological maturity in terms of
efficiency, reliability, and environmental performance.

Several thermochemical conversion facilities have experienced technical problems
during the course of operation or commissioning. A facility in Furth, Germany,
experienced considerable problems that culminated in a serious accident at the site. The
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accident was reportedly due to a plug of waste that formed in the pyrolysis chamber that
resulted in an overpressure and escape of pyrolysis gas. European sources indicate that
the problem was the result of processing full-size mattresses, an issue that has been
resolved in newer versions of the technology by addition of an up-front shredder.

A gasification facility built by Brightstar Environmental in Wollongong, New South Wales,
Australia, has had problems with the char gasification component of the process.

Technological risks remain when using alternative thermochemical conversion
technologies to process heterogeneous and highly variable feedstocks such as post-
recycled MSW. For this reason, the importance of feedstock preparation and pre-
processing is vital to the success of thermochemical technologies.

Biochemical Conversion

The installed capacity of anaerobic digestion facilities in Europe is responsible for
processing more than 3,000 tons per year (TPY). The feedstock must be pre-sorted and
is composed of at least 10 percent from municipal or commercial organic waste. Many of
these facilities co-digest with animal wastes and municipal wastewater sludges. In
Spain, 13 large capacity plants, averaging 70,000 TPY, were projected to be
anaerobically treating nearly 7 percent of Spain’s biodegradable MSW by the end of
2004.

For all of Europe, the installed capacity has grown from 1.1 million TPY in 2000 and was
projected to be 2.8 million TPY in 2004, an increase of more than 250 percent in four
years. Figure 7 shows development of installed capacity of MSW anaerobic digestion
facilities in Europe between 1990 and 2004. The annual capacity growth rate is above
20 percent. Single-stage anaerobic digesters account for approximately 92 percent of
this installed anaerobic digestion (AD) capacity.
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Figure 7. Anaerobic Digester Capacity Growth in Europe” *
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A demonstration pilot-scale facility is currently in operation with preliminary positive
results at the University of California-Davis using a design developed at UC Davis and
partially funded by the CEC’s PIER program. The facility uses green waste, animal
bedding, and food waste as feedstock for the process.

Fermentation of biomass into ethanol is fully commercial for sugar and starch-based
feedstocks. It is not yet commercial for cellulosic biomass, which is what the organic
fraction of MSW would primarily consist of, because of technical difficulties and cost, but
this remains an active area of research and development. The Masada OxyNol process
is permitted and expected to begin construction soon in Middletown, New York. This
facility is permitted for 230,000 TPY of MSW and 71,000 bone-dry TPY of biosolids, with
an expected annual output of 8.5 million gallons of ethanol.

Feedstocks

According to the 2003 waste characterization study conducted by the CIWMB, organic
materials make up more than 30 percent of the waste stream in California. Although this
is slightly less than what was reported from the 1999 waste characterization study,
organics materials are still the largest category of material being landfilled. Organic
materials such as paper, cardboard, plastic, food waste, and green waste may be

" NOTE: Capacity projected for 2004.
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acceptable feedstock for use in conversion processes such as gasification, pyrolysis,
fermentation, and anaerobic digestion.

Thermochemical processes can potentially convert all the organic portion of the waste
stream that is currently going to landfill into heat and other useful products. Most
thermochemical processes operate at elevated temperatures, the fate of trace inorganic
elements, such as metals that may be present in MSW, needs to be considered in the
process design. Further sorting and/or processing of post-MRF MSW would normally be
conducted prior to thermal conversion to extract recyclable materials, reduce particle
sizes to those compatible with the process, and dry the material if needed.

Another element of the sorting process would be to remove, to the extent possible,
materials such as polyvinyl chloride, batteries, or feedstocks with copper (Cu) that can
contribute to the formation of toxic emissions. Metals, glass, and ash do not contribute
substantially to energy value in thermochemical processing but may be substantially
transformed due to the high temperatures involved. Unrecyclable plastics such as plastic
resin #4 through #7 may also be converted by thermochemical processing.

Biochemical processes can convert only the biodegradable fraction of feedstocks.
Metals, glass, mineral matter, and most of the current plastic stream will not be
converted. Some of the newer plastics include biodegradable fractions or are fully
biodegradable. The fraction of these plastics in the waste stream is currently very small
but may increase over time. Higher-moisture feedstocks such as green waste or food
waste are better suited for biochemical processes, partly because extra energy is
required for drying before use in most thermochemical processes.

Biochemical conversion technologies are better suited for source-separated green or
food waste, or the biomass fraction of mixed MSW after sorting. Some biochemical
systems can accept unsorted MSW (shredded or crushed to appropriate size) in the
reactor, though this is not optimal from the standpoint of material handling, reactor
volume utilization, and disposal or use of residuals.

The 2003 waste characterization information was not available at the time the contractor
studies were being conducted. As a result, all the numbers, tables, and graphs in this
report are based on 1999 waste characterization information. Paper and cardboard is
the largest category of materials currently landfilled (on both a mass and energy basis)
that could be processed by conversion technologies. Paper and cardboard material
comprise 11 million tons or 30 percent of the materials currently landfilled. On an energy
basis, however, paper/cardboard represents nearly half (44 percent) of the potential
chemical energy in the waste stream.

From an energy standpoint, plastics and other organic components of fossil origin in
MSW are the second-largest component of the waste stream, representing some 30
percent of the chemical energy. On a weight basis, plastics and textiles represent 11
percent or 4.2 million tons of material landfilled. On a volumetric basis, however, plastic
materials occupy as much as 22 percent of the space in a landfill due to their
comparatively lower density.

Plastic materials present in the waste stream in the highest amounts include high-
density polyethylene (HDPE), polyethylene terephthalate (PET), film plastics, and other
durable plastics. Some gasification technologies can use film plastic as a feedstock to
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make ethylene gas which, in turn, can be used to produce more film plastic. Some
stakeholders have commented that conversion processes could serve as a disincentive
to reduce the amount of plastic produced. However, others have stated that this type of

process could serve as a recycling technology for a feedstock that historically could not
be recycled.

Figure 8 presents graphically the fractions of the energetic components of the landfilled
stream (displayed both by mass and energy bases). Note that while paper and
cardboard account for about 30 percent of the disposed stream by mass, the category
contains nearly 45 percent of the total stream primary chemical energy. Plastics weigh in
at about 9 percent of the disposed stream and more than 25 percent of the MSW
primary chemical energy, due to their significantly higher chemical energy content per
unit mass when compared with biomass organic materials.

Figure 8. Fractions of Total Mass and Energy of Waste Stream Components °
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With a high percentage of the total available chemical energy in mixed MSW, non-
recycled plastics could be attractive materials for alternative conversion processes.
Thermochemical processes currently represent the only means for plastics conversion.
With the appropriate thermochemical processes, gasoline, diesel, and other fuels could
be produced, as could petroleum-like base products such as ethylene for new plastics
production.

These technologies have the potential to save valuable natural resources by avoiding
the extraction of non-renewable crude oil, coal, and natural gas. Thermochemical
techniques have previously been commercialized for plastics recycling. These
conversion technologies could also be applied to the growing problem areas of
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electronic components, consumer appliances, and plastic packaging materials. Since
chlorine is a precursor to dioxin formation, the chlorinated plastics components would
either have to be separated from the feed stream or include appropriate remediation
technology in the process.

Primary feedstocks for biochemical processes would be green and food wastes,
although other biomass sources such as sludge could also be used. Sludge may have
value as fertilizer or soil additives if heavy metal concentrations can be kept sufficiently
low. Lignin is largely undegraded in most fermentation systems, including anaerobic
digestion, and hence remains as a residue of the process. Lignin represents
approximately 28 percent of typical soft wood, up to 50 percent for nut shells, with lower
percentages for grasses, straws, and other herbaceous materials.

Paper is primarily cellulose but may be coated or otherwise treated, and it may include
other constituents such as clay and heavy metals from pigments.

Overall, the amount of energy that is derived for different processes is a function of both
the feedstock and the method used to produce the energy. Feedstocks with high heat
values, such as plastics, tires, or rubber, can produce generally higher energy outputs.
On a per-mass basis, the greater the preprocessing, the greater the potential energy
output. This is particularly true with respect to removal of inorganic material such as
metals and glass.

Products

Products from conversion technologies will differ based on the technology used and the
feedstock that is converted. Generally speaking, products consist of the following:

Gasification:

e Fuel gases (CO, CH4, Hy , Ny CO, & other hydrocarbons such as C,H,, C;H,,
C,Hg) or synthesis gas.

e Heat that can be transferred to the process to displace a fuel.
e Tars and other condensable substances, if present after gasification process.
e Char and ash.

Pyrolysis:

o Fuel gases (CO,, CO, CHy, Hy) containing less chemical energy than equivalent
product gases for gasification of the same feedstock.

e Ash and char (fixed carbon not pyrolyzed) containing significant quantities of
feedstock chemical energy.

e Pyrolytic tars and other high molecular mass hydrocarbons, also containing
significant quantities of feedstock chemical energy.
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e Pyrolytic oils and/or other condensable substances, containing significant
guantities of feedstock chemical energy.

Biochemical processes can yield:

e Biogas (a mixture of methane and carbon dioxide). Biogas contains less
chemical energy than the equivalent products from gasification of the same
feedstock.

e Ethanol.

e Solvents, organic acids, and other bio-based chemicals for refining to end
products.

e Residues that can be used for compost/soil amendment/fertilizer if permitted by
local regulations or a feedstock for thermochemical conversion.

Fuels and chemicals can be produced from the synthesis gas derived from gasification
and pyrolysis of the feedstocks. Storable gas, liquid, and chemicals can be produced by
conversion technologies. The secondary processing of synthesis gas can be used to
produce a range of liquid fuels and chemicals including methanol, dimethyl ether (DME),
Fischer-Tropsch diesel fuel, hydrogen, ethanol, ethylene, or substitute natural gas.

For the production of these fuels or synthetic chemicals, the synthesis gases from
gasification processes generally require less additional processing to produce valuable
products than any other form of conversion technology except the methane-rich biogas
produced through anaerobic digestion. Interestingly enough, film plastic is produced
from ethylene gas, which is derived from non-renewable natural gas.

Products of biochemical processes include biogas, ethanol, and other alcohols for use
as fuels or as chemical feedstocks. Biochemical processes can also be used to produce
higher value chemical products. Biogas can be upgraded to natural gas pipeline quality
and compressed for use as a transportation fuel much like compressed natural gas
(CNG). Ethanol is produced from a fermentation process, distilled and dehydrated to
yield fuel-grade ethanol.

Digestate from digestion processes including lignin and other non-degraded components
of the feedstock can be processed for fertilizer and soil conditioning applications.
Alternatively, the material can be used in compost or dried and used as a boiler fuel for
heat and power or converted to fuels through thermochemical means.

Biomass can be hydrolyzed to create fermentable sugars for producing ethanol. Sugars
can also be converted to levulinic acid and citric acid. Levulinic acid is a versatile
chemical that is a precursor to other specialty chemicals, fuels and fuels additives,
herbicides, and pesticides. The largest application for citric acid is in the beverage
industry, which accounts for about 45 percent of the market for this product. Citric acid is
also used in a wide variety of candies, frozen foods, and processed cheeses and as a
preservative in canned goods, meats, jellies, and preserves.

Products that can be created from conversion technologies are listed below in Table 3.
In general, however, no quantitative market analysis data is available.
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Table 3. Products of Conversion Technologies

Conversion Primary Secondary Solid S\elslouned::y Feedstocks
Technology Product Products Residues Products Processed
Complete . Fuels., Ash metals, Very high and | All organics,
L Synthesis gas | chemicals, recycle or : :
gasification . . flexible low moisture
and electricity | landfill
- Moderate,
Incqr_nple_:te Electricity, Char ash, may need _
gasification Fuel and some | fini All organics,
(See synthesis gas | marketable metals, refining at low moisture
. recycle additional
pyrolysis) fuels
expense
Indirectly fired Electricity, Char ash, Moderate may
pyrolysis with | Fuel and some metals need refining | All organics,
drier & synthesis gas | marketable recycle or at additional low moisture
gasifier fuels landfill expense
Heat, power, .
_ fuels Inorganics, _
Anaerobic Fuel gas (CH, . metals, glass, | Moderate to Biodegradable
. ) chemicals, :
digestion and CO,) Soil undegraded high components
biomass
amendment
Chemicals Inorganics,
. S metals, glass, | Moderate to Biodegradable
Fermentation | Ethanol heat, soll )
undegraded High Components
amendment .
biomass

Environmental Impacts and Controls

AB 2770 required the CIWMB to assess the environmental and public health impacts of
each conversion technology in comparison to those environmental and public health
impacts from the transformation and disposal of solid waste.

A number of environmental factors will impact conversion technologies. These impacts
include:

e Air emissions, particularly dioxin, furans, heavy metals, and greenhouse gas
emissions.

¢ Management of ash, char, and other solid residues.
e Management of any liquid residues.

A number of studies have characterized emissions from individual waste conversion
processes. But they lack the consistent, comprehensive data necessary to make
comparative analyses and broad conclusions within and among technology classes. This
is due to the wide variety of process configurations, feedstock processed, and control
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strategies that are uniquely applied to individual facilities. The lack of data is also due to
the general immaturity of conversion technologies as applied to MSW.

Air Emissions

Emissions from thermochemical and biochemical systems include such things as NO,
SO,, hydrocarbons, carbon monoxide, particulate matter (PM), heavy metals,
greenhouse gas emissions such as methane and CO,, and dioxins/furans. In addition,
fugitive gas and dust emissions may be present that depend on control strategies,
operational practices, and level of maintenance at a particular facility.

For example, enclosed receiving buildings may have exhaust air treatment to minimize
volatile organic compounds (VOC) and dust emissions from unloading and feedstock
storage. Conversion processes, particularly thermochemical conversion, may use air
pollution control devices at the reactor outlet as well as the exhaust gas outlet. This will
allow for redundant control and monitoring. Table 4 lists typical air pollution control
technologies that have been used for emission control.

Table 4. Air Pollution Control Technologies °

Contaminant Control Technology

Particulate
matter (PM) and | Inertial separation, baghouse, scrubbers, electrostatic precipitators (ESP)
aerosols

Volatile metals | Carbon filters (or condense to PM or aerosols and use PM separation
(vapor state) techniques)

Limit chlorine mass input in feedstock, cold-quenching and/or

Dioxin/furans | o alytic/thermal combustion

Carbon
monoxide (CO)
and Hydrocarbon
(HC) gases

Process design, catalytic/thermal combustion, re-burning, carbon filters

Oxides of Flame temperature control, low NO, combustors, fuel nitrogen management,

nitrogen (NO,) | selective catalytic reduction, water injection, re-burning

Oxides of sulfur

Limit sulfur mass input scrubber
(SO, P

Acid gases Scrubber

Dioxins and furans are of particular concern in terms of potential environmental
consequences. These compounds are formed under high temperatures when chlorine
and complex mixtures containing carbon are present, and they can be found in the gas
and liquid phases. Dioxins and furans are typically formed downstream of the
combustion process as the flue gases cool in a temperature range of 400°F-1290°F,
with a maximum formation rate at approximately 600°F. Conditions that enhance the

43




downstream formation of dioxins and furans include poor gas-phase mixing during
combustion, low combustion temperatures, and incomplete combustion.

Proper design of thermochemical conversion processes and pollution control equipment
is critical to addressing the risks associated with dioxins and furans. An operator can
limit the amounts of chlorine and copper in the feedstock to minimize potential formation.
In cases where this is not feasible, a process called cold-quenching and/or high-
temperature incineration of intermediate products is recommended to prevent release to
the atmosphere.

In cold-quenching, intermediate gases are quickly cooled in a caustic scrubber solution
in order to prevent the re-formation of dioxins and furans. Alternatively, or in addition to
cold-quenching, high-temperature combustion of intermediate gases can prevent the re-
formation and destroy dioxins/furans already present.

The Stockholm Convention on Persistent Organic Pollutants (May 2001), which the U.S.
has signed, has established a goal of reducing or eliminating the creation of persistent
organic pollutants such as dioxins and furans. The convention provides guidance for
best available techniques for achieving its specific goals. These techniques include use
of cold-quenching, improved flue-gas cleaning such as thermal or catalytic oxidation,
dust precipitation, or adsorption.

Other techniques mentioned in the convention include treatment of residuals,
wastewater, and wastes and sewage sludge by thermal treatment. Also included were
modifications of process designs to improve combustion and prevent formation of the
chemicals through the control of parameters such as incineration temperature or
residence time. As Table 4 shows, many of the air pollution controls suggested by the
convention have been used historically.

There are instances where the amount of dioxin present in the effluent stream (air, solid,
and liquid) of the combustion facility is less than that present in the feedstock. This may
suggest that high-temperature conversion technologies, such as gasification, could
serve as a method to destroy dioxins in some instances.

Methane present in landfill gas is another pollutant of concern. The bacterial
decomposition of landfilled material produces significant quantities of landfill gas that can
be captured by landfill gas extraction methods; however, there is not 100 percent
capture of the landfill gas. The methane emissions from landfills are particularly
important, since methane is 21 times more potent as a greenhouse gas than carbon
dioxide. Landfills represent the second largest source of anthropogenic methane
emissions. By contrast, thermal facilities are designed to produce a fuel gas or synthesis
gas that may contain methane. In addition, thermal facilities are designed for 100
percent capture of the produced gas, including methane.

Solid Residues

Essentially all conversion technologies will produce a solid residue because all
components of the solid waste stream contain inorganic material, or ash. The amount of
ash varies with the material and how it is handled before it becomes a feedstock.
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Depending on markets and hazardous content of solid residue, it may find commercial
use or may need to be disposed in non-hazardous or hazardous waste landfills.

Thermochemical

All organic matter including biomass and solid waste contains trace quantities of heavy
metals. Whether the feedstock is landfilled, composted, gasified, or incinerated, the
heavy metal quantity remains identical; the only difference is that thermal decomposition
processes retain most of the heavy metals in thei