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ABOUT ITRC

Established in 1995, the Interstate Technology & Regulatory Council (ITRC) is a state-led,
national coalition of personnel from the environmental regulatory agencies of some 40 states and
the District of Columbia, three federal agencies, tribes, and public and industry stakeholders. The
organization is devoted to reducing barriers to, and speeding interstate deployment of, better,
more cost-effective, innovative environmental techniques. ITRC operates as a committee of the
Environmental Research Institute of the States (ERIS), a Section 501(c)(3) public charity that
supports the Environmental Council of the States (ECOS) through its educational and research
activities aimed at improving the environment in the United States and providing a forum for
state environmental policy makers. More information about ITRC and its available products and
services can be found on the Internet at www.itrcweb.org.

DISCLAIMER

This document is designed to help regulators and others develop a consistent approach to their
evaluation, regulatory approval, and deployment of specific technologies at specific sites.
Although the information in this document is believed to be reliable and accurate, this document
and all material set forth herein are provided without warranties of any kind, either express or
implied, including but not limited to warranties of the accuracy or completeness of information
contained in the document. The technical implications of any information or guidance contained
in this document may vary widely based on the specific facts involved and should not be used as
a substitute for consultation with professional and competent advisors. Although this document
attempts to address what the authors believe to be all relevant points, it is not intended to be an
exhaustive treatise on the subject. Interested readers should do their own research, and a list of
references may be provided as a starting point. This document does not necessarily address all
applicable heath and safety risks and precautions with respect to particular materials, conditions,
or procedures in specific applications of any technology. Consequently, ITRC recommends also
consulting applicable standards, laws, regulations, suppliers of materials, and material safety data
sheets for information concerning safety and health risks and precautions and compliance with
then-applicable laws and regulations. The use of this document and the materials set forth herein
is at the user’s own risk. ECOS, ERIS, and ITRC shall not be liable for any direct, indirect,
incidental, special, consequential, or punitive damages arising out of the use of any information,
apparatus, method, or process discussed in this document. This document may be revised or
withdrawn at any time without prior notice.

ECQOS, ERIS, and ITRC do not endorse the use of, nor do they attempt to determine the merits
of, any specific technology or technology provider through publication of this guidance
document or any other ITRC document. The type of work described in this document should be
performed by trained professionals, and federal, state, and municipal laws should be consulted.
ECQOS, ERIS, and ITRC shall not be liable in the event of any conflict between this guidance
document and such laws, regulations, and/or ordinances. Mention of trade names or commercial
products does not constitute endorsement or recommendation of use by ECOS, ERIS, or ITRC.
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LS Evaluation Survey

We value your opinion! Please complete the following survey to tell us how useful the ITRC documents have been to you.
Thank you.

1. Please write the title of the ITRC document for which you are completing this evaluation. (Please complete a separate form for
each document that you are evaluating.)

2. Please identify your involvement with the site-specific application of this document:

Your Name: (Optional) Your Organization:
____Regulator ____ Project Manager (consultant/engineer) ____ Responsible Party
___ Stakeholder ___ Public Representative _ Local Official __ Other:
3. Did the use of this document aid in your review / approval of the site-specific application? Yes No

4. Did the use of this document provide you with new / important background information

on the use of the technology? Yes No
5. How many other sources of information did you use for background information? 1 2 3 4 5+
6. If you had read the ITRC document first, would you still have needed the other materials? Yes No

7. Did the use of the document provide you with a better understanding of the regulatory
requirements involved in using the technology? Yes No

8. In which part(s) of the approval process did the use of the ITRC document help?
Please circle as many as apply:

Test Plan / Treatability Study / Remedial Investigation and Feasibility Study /
Remedial Action (Work) Plan / Record of Decision / Other

9. Was the guidance from this document incorporated into your site-specific application? Yes No

If yes, please explain how:

10.Did the use of the document save time / money in the review and application of the technology Yes No
11.Will the use of this document result in time and/or monetary savings at subsequent applications? Yes No
12.0verall, did you find the guidance document useful? Very / Somewhat / Not at all
13.0Overall, did you concur with the guidance outlined in the document? Very / Somewhat / Not at all

14.Please identify which sections of the document were most useful in your application.

15.For what other areas should the ITRC develop guidance?

Please fax completed surveys to ITRC c/o WPI at: (540) 557-6085.
No cover sheet is necessary. Thank you.
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EXECUTIVE SUMMARY

This Bioreactors Landfill Technical/Regulatory Guidance Document is primarily written for
decision makers associated with the plan development, review, and implementation of bioreactor
landfills. The decision makers include, at a minimum, regulators, owners/operators, and
consultants. This document focuses on the decisions and facilitating the decision processes
related to design, evaluation, construction, and monitoring associated with bioreactor landfills.

To facilitate the use of this document and understanding of the decision process, a decision tree
is provided in Chapter One (1.0). In the electronic version of this document, clicking on any
process box or decision diamond in the decision tree accompanied by a section number will take
the reader to that place in the document.

Bioreactor landfills are designed and operated by increasing the moisture content of waste to
enhance the degradation and stabilization of the waste material. The team believes that available
research indicates that municipal solid waste degraded in a bioreactor landfill may reduce the
long term threat potential relative to a dry tomb landfill resulting from breakdown of organics
and the possible sequestration of inorganics. Specifically, bioreactor landfills may accept non-
hazardous liquids and sludges to provide nutrients, enzymes, moisture, and bacteria to accelerate
biodegradation of both Municipal Solid Waste (MSW) and biosolids. Also, while recirculating
leachate from a landfill is fundamental to bioreactor operation, make-up liquids provide
additional moisture when not enough leachate is generated from the landfill to attain optimal
waste moisture content.

Leachate and make-up liquids recirculation will be collectively referred to as “liquids
recirculation” throughout this document. Liquids recirculation accelerates the decomposition of
MSW by distributing moisture, nutrients, enzymes, and bacteria throughout the waste mass more
efficiently than natural infiltration alone. In addition, various application systems are used to
provide a thorough and more homogeneous distribution of moisture throughout the waste
material. Liquids recirculation may be accompanied by pressurized air to enhance the aerobic
biodegradation process; however, with or without aeration, the anaerobic bioreactor process
accelerates gas generation that can offer a revenue stream and decrease the contaminant load in
the leachate.

The team believes that bioreactors can expedite beneficial reuse of landfill capacity, resources,
and expedited reuse of the property. Because most landfills have little ability to complete the
degradation process while in a dry tomb state, landfills of this design continue to be managed as
such ad infinitum unless a demonstration can be made that the waste is not longer able to leach
undesirable constituent into the groundwater. Bioreactors, on the other hand, design degradation
into the landfill, thereby accelerating what will eventually occur, but under controlled and
predictable conditions. Planning post closure land use into a landfill is now a reality and there are
more choices for land use that would never have been considered when using a dry tomb landfill
design. Additionally, landfill capacity can be increased since during degradation waste, volume
decreases thereby providing additional landfill space in existing landfill sites.



The team does offer caution because bioreactor landfills must be carefully designed and
operated. Many smaller county and local landfills should not consider using bioreactors until

they have appropriate scientific and engineering staff to design, monitor, and operate the
bioreactor appropriately.
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CHARACTERIZATION, DESIGN, CONSTRUCTION, AND
MONITORING OF BIOREACTOR LANDFILLS

1.0 BIOREACTORS

Currently the municipal solid waste (MSW) industry is undergoing a transformation in the way
waste is managed. Traditionally landfills were constructed to become waste repositories where
the waste is entombed, the site fenced off, the grass mowed, and occasionally someone will come
for routine monitoring and/or maintenance activities (e.g. sample the groundwater).

Today there is a growing trend to integrate post-closure functional use (see ITRC ALT-4, 2006
in progress) into landfill design, construction, operation, and closure. The process should
consider landfill economics with the long-term growth and land-use plans of the community.
This practice is to some degree, predicated on the potential threats to human health and the
environment associated with the closed landfill’s waste materials. Reducing the threats
associated with the closed landfills would be the result if the material within the landfill were
stable and thereby has a reduced potential to release toxic constituents into the environment. One
potential means to achieve waste stabilization and reduced release potential may be by operating
the landfill as a bioreactor instead of as a dry waste isolation cell. Bioreactors can degrade and/or
sequester the waste material and its associated constituents to the point where the leachate does
not contain toxic constituents above applicable drinking water or groundwater standards. Section
1.3 highlights several advantages of bioreactors.

The ITRC ALT team believes that bioreactors can expedite beneficial reuse of landfill capacity,
resources, and expedited reuse of the property. This guidance document is intended for use by
regulatory agencies, stakeholders, consultants, and industry to assist in permitting, operating, and
monitoring a bioreactor landfill. Bioreactor landfills are designed and operated to attain
increased waste moisture content to enhance the biodegradation and stabilization of the waste
material. Bioreactor landfills also may accept non-hazardous liquids and sludges to provide
nutrients, enzymes, moisture, and bacteria to accelerate decomposition of both municipal solid
waste and biosolids. Recirculating the leachate generated from the landfill is a primary and
fundamental attribute of bioreactor operations. Since make-up liquids may also be used to
augment on-site leachate, leachate recirculation and make-up liquids addition will be collectively
referred to as “liquids recirculation” throughout this document. Liquids recirculation accelerates
the decomposition of MSW by distributing moisture, nutrients, enzymes, and bacteria throughout
the waste mass more efficiently than natural infiltration alone. In certain cases, liquids
recirculation is accompanied by injected air to enhance the biodegradation process. The
bioreactor accelerated waste degradation process enhances gas generation that can provide a
revenue stream to the operator and decrease the contaminant load in the leachate. Both of these
bioreactor attributes reduce potential threats associated with the landfill, while increasing long-
term stability of the waste material.

This guidance intends to help solid waste professionals consider the future picture when
evaluating post-closure uses, in addition to addressing the technical details that achieve
successful results. The team members challenge all those involved in landfill decision making
process—owners and operators, consultants, government officials, and the public—to keep an
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open mind, to see symbiotic relationships, and to seize opportunities for meaningful post-closure
use of landfill sites where technically feasible, economically viable, and supported by the
community.

All landfills are under intense and continuous public and regulatory scrutiny. Alternative landfill
technologies such as liquids recirculation are often viewed skeptically by landfill critics. As such, it
is essential that systems be carefully designed, constructed, and operated. Even a single failure
caused by an inadequate recirculation system could have negative and far-reaching ramifications.
Proper design, construction, and operational practices will facilitate the successful implementation
of innovative technologies such as bioreactors. To approach a bioreactor decision, there are
intuitive steps best followed to ensure regulatory and technical questions are addressed before a
commitment is made to the use of a bioreactor. Figure 1-1 presents the team’s suggested series of
questions. Each question is discussed in more detail in the section identified in each shape.
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Figure 1-1. Bioreactor Decision Tree
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Like most operations, bioreactor performance can be influenced by subtle and unseen
circumstances. Bioreactors are closed vessels and visual inspections are difficult to perform. While
monitoring the performance of a bioreactor, adjustments that will enhance or optimize the
bioreactor landfill performance can be made. This could mean more rapid degradation and thereby a
shorter timeframe for stabilization. To take full advantage of the bioreactor, these adjustments might
require features of the landfill to be redesigned. Whatever the nature of the adjustment, operators
should carefully monitor their operation during startup. Figure 1-2 shows a typical interactive
approach for a bioreactor startup. The experience gained from early operations offers the operator
the opportunity to learn particular effects that changes in design have on the optimal operations of a
bioreactor.

4 N\
Collect Landfill/Bioreactor
Characterization Data
G J
v

g
Design Bioreactor
\§ J
v
( i N\
Construct/ Retrofit «
L Bioreactor )
v
4 )\
> Operate Bioreactor
\\ J
v
Collect and Evaluate
Bioreactor Data

Optimize
Bioreactor
Design

Redesign
Bioreactor
Elements

Figure 1-2. The interactive startup or learning bioreactor flow diagram
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1.1 Background of Bioreactor Concepts

1.1.1 Definitions of Bioreactors

Research and practice have resulted in several different definitions of bioreactors. Some of the
names and definitions are presented below. However, the team has chosen to use the EPA’s
Office of Research and Development’s definition of a bioreactor as follows:

“Bioreactors are landfills where controlled addition of non-hazardous liquid wastes or
water accelerates the decomposition of waste and landfill gas generation.”

While this is a general description of a bioreactor, it is beneficial to be more inclusive than
exclusive, which will allow greater flexibility in the design and operation of a bioreactor. This
could prove especially useful if a bioreactor changes operating practices or functions throughout
its life cycle.

Previous investigations or studies have defined bioreactor landfills as follows:

Dr. Fred Pohland, (Recognized as the first to publish bench scale results of liquids recirculation

in the 1970s) University of Pittsburgh, Hazardous Waste Research Center

e Suggests that a landfill that adds nutrients, buffers, or inoculum in addition to recirculating
landfill leachate to achieve a moisture content of 40-60% (by weight) is a bioreactor landfill

EPA’s Office of Research and Development proposed the following definition:
e “A landfill designed and operated in a controlled manner with the express purpose of
accelerating the degradation of MSW inside a landfill containment system.”

Solid Waste Association of North America (SWANA) Definition
e Any permitted Subtitle D landfill or landfill cell where liquid or air is injected in a controlled
fashion into the waste mass in order to accelerate or enhance biostabilization of waste.”

USEPA MACT Rule

* “Any landfill or portion of a landfill where liquid other than leachate is added in a controlled
fashion into the waste mass (often in combination with recirculation of leachate) to reach a
minimum of 40% by weight.”

e Requires installation of gas control and collection system prior to liquid addition

e Operate gas control within 180 days after achieving moisture of 40%.

« Bioreactor is closed, liquid addition ceased for one year or more

e Can remove or stop control when EG/NSPS (Emission Guidelines/New Source Performance
Standards) are met

The general types of bioreactor landfills include but are not limited to:

« Aerobic - In an aerobic bioreactor landfill, leachate is removed and re-circulated, often with
additional water, into the landfill in a controlled manner. Air is simultaneously injected into
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the waste mass, using vertical or horizontal wells, to promote aerobic bacterial activity and
accelerate waste degradation.

e Anaerobic - In an anaerobic bioreactor landfill, moisture is added to the waste mass in the
form of re-circulated leachate and other water to obtain optimal moisture levels. No
additional air is added to the landfill, since the intent is to promote an anaerobic environment.
Biodegradation, by anaerobic bacteria, occurs in the absence of oxygen. As a result of waste
degradation, this process produces landfill gas. This gas, primarily carbon dioxide (CO,) and
methane (CH,), can be captured to minimize greenhouse gas emissions and for energy
production.

e Hybrid (Aerobic-Anaerobic) - The hybrid bioreactor landfill accelerates waste degradation
by employing a sequential aerobic-anaerobic treatment to rapidly degrade organics in the
upper sections of the landfill and collect gas from lower sections. Operation as a hybrid
results in the earlier onset of methanogenesis (operation as an anaerobic bioreactor)
compared to the typical “dry tomb” landfill where no liquids are added.

To better understand the benefits of a bioreactor, it is important to have a general understanding
of the biological degradation of solid wastes. The following is a brief summary of the
degradation process that occurs naturally in landfills.

1.1.2 Biological Degradation of Solid Wastes

Municipal solid-waste stabilization in a sanitary landfill can be separated into two major

biological stages:

e An aerobic degradation phase, which happens almost immediately after waste placement

e An anaerobic degradation phase, which develops once the oxygen originally present in the
landfill is consumed

The large amount of organic matter in solid wastes allows biodegradation to proceed. Food and
yard organic wastes, which are generally the first components of solid waste to undergo
biodegradation, typically make up approximately 27% of MSW (municipal solid waste).

Aerobic Degradation

Aerobic degradation of organic matter occurs first in the degradation sequence. Bacteria begin to
grow on the surface of the biodegradable fractions of the wastes and start metabolizing the waste
by hydrolyzing complex organic structures to simple, soluble molecules. Cellulose,
hemicellulose, and proteins are converted to soluble sugars and amino acids during this phase.

Leachate produced during the aerobic phase also is characterized by the dissolution of highly
soluble salts initially present in the landfill. The leachate formed during this initial phase is most
likely a result of moisture that was squeezed out of the wastes during compaction and landfill
filling operations. Little solids loss occurs during aerobic degradation. This aerobic degradation
phase is generally short because of the high biochemical oxygen demand (BOD) of the solid
wastes and limited amount of oxygen present in a sanitary landfill.
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Anaerobic Acid Production

Once the oxygen is exhausted, the microorganisms cannot completely metabolize the soluble
sugars and amino acids and begin to break it down to organic acids which are readily soluble in
water. As a result, soluble organic acids begin to accumulate in the landfill. The microorganisms
involved in these processes obtain energy for growth from the chemical reactions that occur
during metabolism and a portion of the organic waste is converted into cellular or exocellular
material.

As the initial anaerobic biodegradation processes occur, the organic-acid accumulation yields a
low pH leachate and considerable concentrations of inorganic ions (e.g., Cl, SO4, Ca, Mg, Na).
The increase in cation and anion concentrations probably results from the leaching of readily
solubilized materials including those originally available in the solid waste and those made
available by biodegradation of organic matter.

Methanogenic Degradation

The second stage of anaerobic biodegradation is characterized by methane fermentation by
methanogenic bacteria. The anaerobic conditions and the soluble organic acids create an
environment where the methanogenic bacteria can grow. The methanogenic bacteria utilize the
end products from the first stage of anaerobic degradation and convert them into methane and
carbon dioxide. Methane fermentation generally begins within one year following solid waste
placement (Walsh and Kinman, 1979). The methanogenic bacteria prefer a relatively neutral pH
(6.6 to 7.4) and do not like acidic conditions. The acid formation in the first stage tends to lower
the pH and if acid formation is excessive, the activity of the methanogenic bacteria can be
inhibited.

1.2 Bioreactor Process Overview

The primary function of the bioreactor landfill is to accelerate the degradation of MSW.
Research indicates that a bioreactor may generate LFG (landfill gas) earlier and at a higher rate
than traditional dry landfills. In a bioreactor, LFG is also generated over a shorter period of time
because LFG generation declines as the accelerated decomposition process depletes the source
waste. The net result appears to be that the bioreactor produces more LFG during the period
when the landfill is operating, than the traditional landfill. Most modern MSWLFs (Municipal
Solid Waste Landfills) do not install gas collection systems until after site closure and landfill
capping is complete. A typical bioreactor will have and operate gas systems during the active life
of the landfill and collect and control gas over a shorter period of time.

Some studies indicate that the bioreactor increases the feasibility for cost-effective LFG
recovery, which would reduce fugitive emissions. This offers an opportunity for beneficial use of
bioreactor LFG in energy recovery projects. The US Department of Energy estimates at
http://www.epa.gov/epaoswer/non-hw/muncpl/landfill/bioreactors.htm  that  “if  controlled
bioreactor technology were applied to 50 percent of the MSW currently being landfilled, 270
billion cubic feet of methane could be recovered each year. This LFG volume could be used to
produce one percent of US electrical needs.”
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Figure 1-3 depicts a typical gas production curves from a dry tomb landfill and a bioreactor
simulating the expected first order biological decomposition rate (K) expected under bioreactor
operation vs. the Subtitle D landfill with no liquids added using USEPA’s Landgem model.

____—Bioreactor

-

Traditional

Methane Production
CFM of Landifll Gas

Time

CFM=Cubic Feet per Minute

Figure 1-3. Typical Landfill gas prediction curve for Bioreactor Landfill vs. Traditional
Subtitle D Landfill (From Waste Management, Inc.)

1.2.1 Liguid Amendments

Most landfills do not generate sufficient volumes of leachate to increase moisture content of
MSW from an average ambient moisture content of 20 to 25 % by wet weight to optimal levels
of 40 to 60% by wet weight. While this may be a significant operational goal, it may be very
difficult to ensure that all of the waste material attains field capacity. Even if the waste material
does not achieve field capacity, the addition of moisture will enhance waste degradation.

Liquids from outside the landfill boundaries will be required. Specifically, water or aqueous
amendments (>50% water) are the most beneficial to increasing the population of bacteria that
are naturally present in the landfill to optimize their performance in generating gas, degrading
the organic fraction of MSW, and providing a treatment zone for leachate generated by the
landfill. Non-hazardous organic amendments that are degradable also provide nutrients for the
bacterial population. It is important, however, to use the appropriate amendments that enhance
methane fermentation, since this is the principal stage of degradation of MSW where landfill gas
provides over 55% methane that can be beneficially used as an alternate energy source. It is
essential to understand the phases of waste decomposition to ensure that the landfill is in the
right “zone” of optimal degradation as discussed in the following section.
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USEPA has provided guidelines for acceptable liquid waste streams that could be added to a
bioreactor landfill under the RD&D rule. USEPA’s RD&D rule was established in recognition of
the fact that most large landfills lack sufficient leachate to increase moisture content in MSW in
a time efficient manner. However, the RD&D rule also allows other on-site liquids that also can
be added including precipitation run-on, stormwater, surface water, and groundwater. The
following guidelines are recommended for identifying potential off-site liquid amendments that
may be available in the marketplace near the bioreactor landfill:

e Liquid amendments that are between pH of 4 to 9 and must be non-hazardous by
characteristic and definition
= Liquids amendments that are 95-99% aqueous
e Liquid amendments currently accepted by bioreactor demonstration sites are
- biosolids (2 to 9 % fresh or treated sewage sludge from POTWs (Publicly Owned
Treatment Works (from raw sludge, digestors or lagoon clean-outs)
- liquid rejects from food and beverage manufacturers
- paint rejects or paint spray booth materials (acrylic water based paints)
tank clean-outs and oily waters(95% aqueous)
antifreeze waters, dye and ink test waters, dry well water
leachates from other sites
liquid sludge from non-hazardous waste treatment plants (commercial and industrial)
- remedial liquids from companies that specialize in remediation and transport
e High concentration of soluble and degradable organic liquids

Liquids not acceptable include:

e Surfactant based fluids, oil or petroleum based fuels, pickling wastes, aluminum dross, and
high sulfur content wastes

e Liquids that can be degraded quickly to simple sugars, such as tomato food rejects, should be
used in combination with other aqueous amendments to avoid rapid fermentation to volatile
acids

e Liquids with total phenols > 2000 ppm

e Liquids that are sulfide or cyanide reactive, ignitable, or corrosive

e Liquids that may be classified as hazardous waste or substances

These amendments or liquids are not acceptable because in sufficient quantities, they could
potentially retard acceleration into the methanogenic phase of degradation of MSW (Phase V)
(See Figure 1-4 in the following section for a description of the phases of degradation and cause
the landfill to remain in the acid phase (Phase I11). However, small quantities of non-hazardous
liquids not recommended above can be blended with acceptable liquids if the net result renders
the combined liquid amendment with suitable characteristics.

The most likely liquid available to bioreactor landfills in substantial quantities would be POTW
biosolids and effluents. Disposal of biosolids often presents a great challenge to (POTWSs) as
land treatment disposal options are becoming less viable. This is due to existing mature land
application sites reaching their absorptive capacity for attenuating metals and other pollutants.
There are a number of ways of managing and disposing of biosolids; the most popular and cost-
effective method is co-disposal at MSW landfills. Existing solid waste regulations require that
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biosolids be solidified sufficiently to pass the paint filter test. This results in a solids content of
22-25% by wet weight. By using of biosolids prior to solidification, POTWSs can save money and
energy by avoiding further processing and the bioreactor landfill can benefit from the high water
content, bacteria, enzymes and nutrients.

The earliest work in lab scale leachate recirculation demonstration by Dr. Fred Pohland in 1975
showed that addition of biosolids enhanced the beneficial results of leachate recirculation alone
in increasing settlement, gas production, and leachate treatment. USEPA sponsored studies at the
Office of Research and Development (ORD) in the early ‘80s showing the increase in gas
production as a result of co-disposal of biosolids and MSW. Other studies by Leuschner (1989)
and New York State Energy Research Development Authority (1987) all showed positive affects
for early gas production. A recent study by Reinhart et al, 2005 showed that co-disposal of
biosolids has several benefits comparable to a bioreactor landfill at full scale landfills, especially
in increasing rates of gas production. USEPA also views this as favorably controlling green-
house gases while the facility is active as opposed to long-after closure. These advantages make
biosolids co-disposal in landfills very effective in increasing degradation and treatment of both
MSW and sludge.

There are a large number of industries that may be near bioreactor landfills that have to pre-treat
their liquids left over from production of goods and materials before discharge directly into the
City sewer system. These industries may benefit in savings for pre-treatment and residuals
management by taking suitable liquids directly to the Bioreactor Landfill. There also are other
industries that have direct discharges (NPDES permits) that could be diverted into the landfill
that could save on treatment, monitoring and reporting costs. Diversion of these liquid
amendments into the Bioreactor Landfill also benefits the environment. It reduces the amount of
pollutants that enter the air from treatment facilities and pollutant loads that enter surface water.
There will be controlled emissions at the landfill with the collection and control of landfill gas
and there will be no discharges into surface water directly from the landfill or leachate.

1.2.2 Phases of Waste Decomposition

In order to understand the principles of the landfill operated as a bioreactor, it is important to
understand the degradation characteristics or “life cycle” of an MSWLF. Municipal solid waste
can be rapidly degraded and constituent concentrations reduced (due to degradation of organics
and the sequestration of inorganics (e.g. bind them so they it will not flow into the leachate or
release from the landfill)) by enhancing and controlling the moisture within the landfill under
aerobic and/or anaerobic conditions. Through recirculation of the leachate and degradation,
leachate quality from a bioreactor can rapidly improve, which leads to reduced leachate disposal
costs. According to Pohland et al (1986), there are five distinct phases of waste decomposition as
shown in Figure 1-4. Each phase, characterized by the quality and quantity of leachate and
landfill gas produced, marks a change in the microbial processes within the landfill.

10
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Figure 1-4. Waste decomposition phases taken from draft
(Modified from Pohland and Harper, 1986)

Phase | (lag phase) is an acclimation period in which moisture begins to accumulate and the
oxygen entrained in freshly deposited solid waste begins to be consumed by aerobic bacteria.

Phase Il (transition phase) The moisture content of the waste has increased and the landfill
undergoes a transition from an aerobic to an anaerobic environment as oxygen is depleted.
Detectable levels of total volatile acids (TVA) and an increase in the chemical oxygen demand
(COD) of the leachate signal the increased activity of anaerobic bacteria.

Phase 111 (acid phase) The rapid conversion of waste to TVAs by acidogenic bacteria results in a
decrease in leachate pH in Phase Ill. This phase is the initial hydrolysis where liquid leaches out
the easily degradable organics. The rapid degradation lowers pH to make it more acidic, and
mobilizes metal species that migrate from the waste into the leachate. Volatile Organic
Compounds (VOCs or solvents) are also mobilized. This phase is characterized by peak COD
and BOD levels in leachate.

Phase IV encompasses the period in which the acid compounds produced earlier are converted
to methane and carbon dioxide gas by methanogenic bacteria. This phase marks a return from
acidic conditions to neutral pH conditions and a corresponding reduction in the metals and VOC
concentrations in leachate. This phase marks the peak in landfill gas production. The landfill gas
production and COD/BOD cycle follow similar first order biodecay constants.

Phase V marks the final stage or maturation to relative dormancy as biodegradable matter and
nutrients become limiting. This phase is characterized by a marked drop in landfill gas
production, stable concentrations of leachate constituents, and the continued relatively slow
degradation of recalcitrant organic matter.

11
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1.3 Advantages and Disadvantages of Bioreactor Landfills

As with many new technologies there can be associated advantages and disadvantages of
bioreactor landfills. Advantages provided by bioreactors landfills are discussed below as primary
and secondary. Some of the disadvantages associated with bioreactor landfills can be mitigated
by the design to accommodate the potential issue. Design issues are discussed later in the design
section of this guidance.

1.3.1 Primary Advantages for Bioreactor Design

Bioreactor landfills offer much potential as a viable waste disposal technology. These include;

e Primary advantages
- Efficient utilization of permitted landfill capacity
- Stabilization of waste in a shorter time
- Reduced leachate handling cost
- Reduced post closure care
e Secondary Advantages
- Optimization of waste emplaced in a landfill
- Potential for landfill gas to be a revenue stream
- Reduced air emissions containing VOC and HAPs
- Obtaining an advantage from alternative cover designs
- Reduced toxicity of leachate and waste material
- Consistentcy with sustainable landfill design

With the public issues related to “Not In My Back Yard (NIMBY) opinion/positions regarding
the siting of new landfill facilities and the promulgation of tougher, more stringent, solid waste
management regulations, permitting of new disposal facilities has become increasingly difficult.
The solid waste management industry has been forced to explore opportunities to maximize
waste disposal capabilities, and to efficiently utilize permitted capacities to extend the life of
existing facilities. The concept of accelerated decomposition of waste to gain additional airspace
within the landfill footprint has lead to a relatively new way to look at waste disposal.
Acceleration of waste decomposition can lead to enhanced landfill stability and decreased risks
of landfill releases coupled with regenerated and useable air space. These practices integrate risk
and liability management with the reduced siting, permitting, design, and construction of new
landfills.

When evaluating the bioreactor landfill concept, three primary advantages can be identified.
First, decomposition and biological stabilization of the waste in a bioreactor landfill can occur in
a much shorter time frame than what occurs in a traditional dry tomb landfill. As a result,
decomposition and biological stabilization of the waste pile can be reduced to years as compared
to decades for traditional dry landfills. The result of this rapid decomposition and stabilization
can be an estimated 20 to 40 percent gain in landfill airspace due to reducing the volume and
increasing the density of the in-place waste. If the resulting volume reduction of the waste can be
reclaimed and additional waste placed in the facility, then revenues generated by this additional
waste capacity can offset some or all of the costs of operating a bioreactor type landfill.
Furthermore, there are real cost savings in continued operations of an already established waste

12



ITRC — Characterization, Design, Construction, and Monitoring of Bioreactor Landfills February 2006

disposal site. Continued use of infrastructure already in place is almost certainly more beneficial
than construction of a new facility at a different location.

The second major advantage to the bioreactor concept occurs in the form of reduced leachate
handling costs. Liquids addition is one of the key components necessary to make a bioreactor
landfill function properly. Landfill leachate is often used to partially satisfy this liquid
requirement. The leachate generated by the existing landfill is a readily available source for a
portion of the necessary liquid. In many cases, the amount of money saved by not having to treat
or dispose of the leachate or otherwise handle the leachate can produce enough cost savings to
justify pursuing a bioreactor landfill.

In order to get the waste pile to the desired liquid content, other types of liquid wastes could
potentially be accepted at the landfill. Although regulatory barriers may currently exist with
regard to this concept, as bioreactor landfills gain acceptance, liquids restrictions currently in
place may be re-evaluated. Therefore, the need to add liquid to the landfill to make a bioreactor
work properly can result in reduced leachate handling costs and increased revenues generated by
previously unacceptable waste streams.

The third major advantage to the bioreactor concept concerns the possibility of reducing the
amount of post-closure care that is necessary for the facility. This is further discussed in the
ITRC’s Technical Regulatory Guidance for Ending Post Closure Care and Landfills (ITRC ALT-
4 in progress) and EREF’s (Environmental Research and Education Foundation 2006) A
Performance Base System for Post Closure Care at MSW Landfills (in progress): A procedure
for providing long-term stewardship under RCRA that is necessary for the facility. Currently,
regulatory agencies show resistance to deviating from the standard post-closure care periods (i.e.
30 years), however, should the bioreactor concept prove to be successful, these regulatory
barriers may ease. As the processes involved in the bioreactor process degrade waste, research
indicates that the waste (solid waste and leachate) may become less of a threat to human health
and the environment. Leachate quality in a bioreactor can improve with time. Also, the waste
pile becomes more stable as the density rises. Given this, a good case can be made for reducing
the length and types of post-closure care for bioreactor landfills. If the overall length of the post-
closure care period cannot be reduced, it is still possible that individual aspects of post-closure
care can be evaluated and reduced or even eliminated. As a result, significant savings might be
realized with a reduced length or complexity of post-closure care, in addition to having a closed
landfill that presents a reduced threat for contamination of the environment.

1.3.2 Secondary Advantages

As previously stated, one of the primary benefits of the bioreactor concept is the optimization
and maximization of the amount of waste that can be placed in a given landfill design. The
increased density and reduced volume of waste resulting from enhanced waste decomposition
could mean that existing landfills can remain in operation longer. A secondary benefit from the
efficient use of existing landfill capacity is the need for fewer landfills placed in green spaces.
Resources normally tied up by both the regulatory agency and the permittee to site and permit
new landfills can be put to use monitoring and operating those facilities already in existence.

Other secondary advantages can exist when the bioreactor concept is applied to landfills. For
example, landfill gas (LFG) is generated earlier in the landfill operation for bioreactors than for
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traditional dry landfills. As a result, operational advantages associated with the generation of
LFG can be realized sooner. These include direct income associated with the use or sale of the
gas and the indirect advantage of increased LFG generation early in landfill operation.
Diminishing gas generation late in landfill closure and post-closure period provides another basis
for reducing the post-closure care period. Certainly, early incorporation of LFG collection and
management system are important parts of bioreactor landfill design and construction. This
aspect is given appropriate emphasis in later sections of this guidance manual; however, certain
disadvantages also can be the result of increased early generation of LFG, such as potential
release to the atmosphere and gas-related impacts to groundwater.

Land fill gas emitted by a bioreactor landfill will consist primarily of methane and carbon
dioxide plus lesser amounts of non-methane organic compounds (NMOCs). According to the
USEPA 2005, LFG generated by bioreactors may contain lower concentrations of VOCs and
HAPs, thus reducing air emissions issues associated with the release of NMOCs to the
atmosphere.

Alternative final landfill covers (AFC)(See ITRC ALT-2, 2003) may be particularly beneficial
for bioreactors. Bioreactors need moisture unlike conventional “dry tomb” landfills. Alternative
final covers can be designed and constructed, in almost all settings, to control the amount of
infiltrating moisture from precipitation at bioreactors landfills. These AFC designs can offer cost
savings when compared to conventional landfill covers used for conventional landfills or
bioreactor.

Another secondary advantage of bioreactor landfills is the potential for lower toxicity and
immobility of chemicals in the waste due to enhanced aerobic and anaerobic conditions within
the landfill. The degradation processes active in bioreactor landfills typically go through several
phases during the life of the landfill. Organic compounds present within the landfill are broken
down by microbial action, and the threat of a release of toxic organic compounds is reduced.
Metals may become more mobile or less mobile as the alkalinity and pH changes as a result of
landfill phase changes. However, over time the overall lower toxicity of landfill leachate should
reduce the threat to human health or the environment associated with contamination of
groundwater should a release occur.

If the bioreactor landfill were to be used in
concert with the concept of a sustainable landfill,
bioreactors would have the secondary advantage
of allowing a cost-effective total reclamation of
the landfill airspace. When stabilized, the
degraded waste could be excavated using the
process of landfill reclamation. Stabilized waste
would consist of a compost-like material, soil,
and large non-degradable items. The compost and soil could be recovered by screening, and the
remaining non-degradable material, can be re-landfilled with little environmental risk. Some
non-degradable materials such as metals and glass may even be recovered from the waste stream
for recycling. Then the former landfill footprint could be available for reuse as a landfill, perhaps
restarting the bioreactor process.

A sustainable landfill concept blends the
act of allowing or encouraging the in-
place waste to degrade (organics) and
chemically bind (inorganics) and then
mining the degraded material for
recovery and reuse.

14
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1.3.3 Potential Disadvantages Associated with Bioreactor Systems

Bioreactor landfills definitely hold much potential as a viable waste disposal technology.
However, there are uncertainties associated with uses of the technology such as:

« Confusion over existing regulations to permit bioreactors
e Higher capital costs

e Operator skills

e Temperature control in aerobic bioreactors

e Geotechnical stability

e Liner chemical compatibility

= Odor control

e Auvailability of liquids

While some regulatory agencies believe they can permit bioreactors under their existing
regulations, many regulatory agencies believe that the prohibition on liquids addition to landfills,
other than leachate, precludes them from permitting fully functional bioreactors. Therefore, for
many regulatory agencies there is not currently available means to permit the long term use of
bioreactors other than through the RD&D rule provisions. Of the twelve states responding to a
questionnaire from the team, seven indicated they use the same process to permit a bioreactor as
they do a conventional landfill.

The concept of liquids addition to the waste pile to accelerate the decomposition of waste
appears contrary to the design requirements of current regulations. Current landfill regulations
require that the waste pile be kept as dry as possible during the life of the landfill, including the
post-closure period. As a result, particularly early in the progression of permitting bioreactor
landfills, resistance, and a lack of familiarity from the regulatory body and the public can be
anticipated.

In its questionnaire to the states, the team also asked if the state had statutes, regulations,
policies, or guidance pertaining to liquid addition to a landfill cell or waste material with the new
RD&D rule. Two-thirds of the states responding indicated they had no such rules. Facilities
pursuing a bioreactor landfill should anticipate delays in the permitting process as issues brought
forth by the regulatory body and the public will need to be adequately addressed possibly
through additional public outreach and education. The additional community outreach and
education may be above and beyond the specified regulatory requirements, but of great benefit to
the facility and the project. The likelihood of appeal of the permitting decision may also be
higher for new bioreactor landfills.

There is no question that bioreactors may have long-term cost benefits due to the potential for
reduced long-term risks and recovery of reusable airspace, however, there are additional short-
term costs associated with bioreactor landfills. For example these systems require additional
engineering, construction, and operational costs due to the complexity of the process. Bioreactor
landfills of all types are more complex in construction and operation, particularly if waste
decomposition is to be maximized. Bioreactor landfills contain engineered systems that have
higher initial capital costs and require additional monitoring and control during their operating
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life. The bioreactor landfill will also require a much higher level of oversight and operator skill
to maximize operations and to modify the system as needed. Consequently, bioreactor landfills
require a more complex set of operations and maintenance (O&M) procedures than conventional
landfills. Additionally, liquid delivery systems must be designed and installed at various stages
of landfill operation, which increases the chance of damage to the liquid delivery system and
adds to the complexity of conducting day-to-day operations. Therefore, some waste disposal
facilities, with limited resources, may find it difficult to retain the appropriate level of design,
construction, and operator skills to successfully implement a bioreactor landfill project. All of
these costs must be factored into the decision making process when evaluating the cost
effectiveness of a bioreactor process.

In landfill bioreactor systems designed to aerobically decompose the waste, the addition of
oxygen can increase the chance of internal fires at the landfill. Since aerobic processes within the
waste pile operate at higher temperatures than anaerobic processes, temperature control within
the waste pile becomes a critical factor. As a result, temperatures within the landfill must be
closely monitored at all times to ensure that a fire does not start within the waste. These types of
landfill fires are typically the most difficult to control, and could damage fluid delivery and
containment systems needed to add liquids and oxygen to the waste pile. Similarly because these
processes generate higher internal temperatures within the waste pile, it may be necessary to
upgrade fluid delivery systems to more heat resistant materials. Retrofitting and repairing
damaged systems after the landfill has been constructed is costly, difficult, and in some cases
impracticable.

The goal of most bioreactor designs is to raise the liquid content of the waste pile to a level close
to field capacity. As the waste pile becomes increasingly wet, geotechnical stability of the waste
pile can become an issue. As the liquid content of the waste rises, slope stability can decrease
along the perimeter of the landfill. By minimizing the amount of liquids added to the perimeter
of the landfill, this condition can be controlled, but must be closely monitored nonetheless. In
addition, as the waste pile degrades during operation, settlement will not be uniform over the
surface of the landfill. This differential settlement can cause internal stresses on the landfill
systems, in addition to causing possible operational problems such as liquid distribution. The
issue of surface seeps and breakouts may become a compliance issue, which will need to be
addressed during the operational life of the facility as well as the post-closure period.

There is some concern that the bioreactor process may have an adverse impact on synthetic liner
systems. Because aerobic processes in general operate at elevated temperatures, this increase in
temperature may cause a breakdown of the polymers in the main liner system. Certainly there is
the need for research into the long-term effects of the process on the components used to
construct today’s landfills. A key environmental condition for a geomembrane (as well as other
geosynthetics) is its in-situ temperature.

Dr. George Koerner (2005) reports that using thermocouples attached to geomembrane liners and
covers at two landfills containing municipal solid waste, long-term temperature data has been
obtained at dry (conventional) and wet (bioreactor) landfills. Data indicates that liner
temperatures beneath the solid waste at dry landfills are lower than at wet landfills. Cover
temperatures, however, are controlled by ambient temperatures at the site and show a
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pronounced annual cyclic behavior. The data is particularly intriguing since temperatures were
constant at 20°C for the first four years and then abruptly increased to a 30°C average. The cover
temperatures swing seasonally; higher in summer and lower in winter. An additional effort in
this regard is the monitoring of the geomembrane liner and cover temperatures in a bioreactor
landfill in Pennsylvania. The geomembrane beneath the waste was at an average temperature of
25°C (5°C higher than the dry landfill) at the start. It has gradually risen over the past 2.5-years
to an average temperature of 40°C (approximately 10°C higher than the dry landfill).

Although one of the benefits of the bioreactor process can be enhanced LFG generation, this
aspect of the process also can be a potential disadvantage. With many landfills being located in
close proximity to residences, the problem of nuisance odor control (associated with NMOCs in
LFG) already is an issue. The necessity for consideration of LFG collection and management
during bioreactor design and early implementation of those controls and management methods,
probably from the beginning of landfill operation, could be disadvantages (financial and
operational) for bioreactor landfills as compared to traditional dry landfills. Also, failure to keep
the gas collection system operating acceptably could increase public discontent toward a
particular landfill, and could result in the permitting authority requiring additional measures to
reduce nuisance odors and potential methane migration issues.

Bioreactor landfills require significant quantities of liquids be added to the waste pile. This
increase in liquids in the landfill can place stress on the leachate collection system. The leachate
collection system must be designed, constructed, and operated to handle these additional liquids.
Additional safeguards may be necessary during the design of the leachate system to address
biofouling, mechanical fouling of the piping in the collection system and the need for additional
pipe cleanouts. Furthermore, if the system does experience a failure, the risk of contamination to
groundwater may be increased, depending upon the constituents in the leachate.

1.4 Project Overview of Full Scale and Demonstration Bioreactor Projects

EPA and its state and industry partners are studying and conducting research and demonstrations
on bioreactor landfills and other landfills, such as those that recirculate leachate. The following is
a list of the bioreactor research studies, demonstrations, and guidance projects currently
underway within EPA.

1.4.1 Project XL Bioreactor Landfill Pilots

Project XL (eXcellence and Leadership) is an EPA initiative begun in 1995. The program

provides limited regulatory flexibility for regulated entities to conduct pilot projects that

demonstrate the ability to achieve superior environmental performance. The information and

lessons learned from Project XL are being used to assist EPA in redesigning its current

regulatory and policy-setting approaches. As of September 2001, four landfill pilot projects have

been approved to operate as bioreactors. These landfill pilot projects include:

e Buncombe County Landfill, North Carolina — http://www.epa.gov/projectxl/buncombe

e Maplewood Landfill, Virginia — http://www.epa.gov/projectxl/virginialandfills

» King George County Landfills, Virginia —
http://www.king-george.va.us/reports2.cfm?tid=2&storyid=21

e Yolo County Bioreactor Landfill, California — http://www.epa.gov/projectxl/yolo/index.htm
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EPA provided these facilities with the regulatory flexibility to allow them to recirculate leachate

and other liquids over a municipal solid waste landfill unit constructed with an alternative liner

system. In turn, the designers of these bioreactor XL projects hope that, when implemented, the

leachate re-circulation/gas recovery landfill approach will provide superior environmental

performance by

e enhancing groundwater protection;

= reducing landfill gas emissions by early installation of, and operation of, gas collection and
control systems;

e increasing waste capacity and lengthening life of existing landfill cells, thereby reducing the
need for new landfill sites, and;

= improving leachate quality and ultimately cleaner wastewater discharges.

The pilot demonstrations are expected to be completed according to the agreed-upon duration for
each individual project, between 2006 and 2026. The evaluations will be ongoing, and will be
completed shortly after each pilot is completed.

1.4.2 Cooperative Research with Waste Management using a CRADA

EPA’s National Risk Management Research Laboratory has partnered with Waste Management,
Inc. (WM) to conduct research on several large-scale bioreactor landfills looking at several
variables. This work is being conducted through a Cooperative Research and Development
Agreement (CRADA). The purpose of this five-year, joint research effort is to collect sufficient
information in order to ascertain the best operating practices to promote the safe operation of
bioreactor landfills.

Various design and operating features are being studied, including (1) semi-aerobic, and (2)
facultative waste decomposition processes. The CRADA is in effect from 2001-2006. Results of
this project will be used to assist in the development of bioreactor guidance documents and
standard operating procedures. Progress reports are available through conference proceedings or
by contacting WM directly.

1.5 Summary

Operation and design of a bioreactor landfill is not a new technology. Many bench scale and
pilot scale field demonstrations have been successfully completed. US Environmental Protection
Agency (EPA) sponsored research with this technology since the 1970s. Promulgation of RCRA
and CERCLA forced many US bioreactor facilities to cease operation. However, the adoption of
Subtitle D and research by USEPA has stimulated new demonstrations of the positive impacts
bioreactor landfills provide for managing municipal solid waste. Landfills need a Subtitle D liner
or equivalent and adequate leachate collection. Early and adequate gas collection system should
manage the increased rate of gas collection resulting from liquid introduction into the landfill.
Permeable material such as select inert C&D waste (excluding reactive material e.g. pulverized
sheetrock), foams, tarps, etc should be used as daily cover that will not block or hinder
movement of recirculated leachate and moisture throughout the waste mass. The foregoing issues
will be discussed in greater detail in Sections 3 and 5 of this document. Successful bioreactors
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could potentially increase the life of the landfills from 20 to 40% and avoid costly siting and
permitting of a new landfills.

2.0 REGULATORY BACKGROUND

In recognition of the need for national standards for the design and operation of landfills,
Congress enacted and the USEPA wrote the regulations to implement Subtitle D of RCRA.
These rules became effective in 1993 and prescribed landfill design, operation, and post-closure
practices such as composite liners and covers (low permeability soil plus geosynthetic
membrane), the prohibition of liquid wastes, installation of leachate collection systems, and
monitoring requirements that together form the basis of the modern sanitary landfill.

Subtitle D requirements  successfully
reduced the potential for leachate to escape,
and create negative impacts to human
health and the environment from the
modern landfill. Engineered liners, in
combination with leachate collection
systems, prevent the migration of leachate
from the bottom of the landfill into the
earth and groundwater. The requirement for
low permeability caps reduce the potential

The application of bioreactor technology at an
unlined landfill is difficult from a regulatory
perspective because liquid addition is prohibited
in an unlined landfill. There may be unusual
exceptions where naturally occurring shales or
clay formations might be construed as an
adequate liner, however it may be;

« regulatorily impractical and expensive,

e geologically rare and expensive, and

for leachate generation further by = the engineering is expensive

minimizing the major source of moisture
(infiltration of precipitation) from entering the waste. The resulting sanitary landfill today is a
highly engineered and secure waste isolation repository. However, it is also a dry tomb that
retards the microbial activity necessary for biological and chemical degradation and resulting
waste stabilization.

EPA was aware of the dilemma posed by designing moisture out of landfills while at the same
time trying to achieve waste stabilization. The preamble to the Subtitle D regulations includes:

“...EPA recognizes that landfills are, in effect, biological systems that require moisture
for decomposition to occur, and that this moisture promotes decomposition of the wastes
and stabilization of the landfill. Therefore, adding liquids may promote stabilization of
the unit...”

Also, liquid addition to the landfill could be permitted, but only by way of liquids recirculation
as allowed for in 40 CFR 258.28(b)(2).

USEPA is aware that most large landfills do not generate sufficient volumes of leachate to
optimize degradation. Bioreactor demonstrations and data from liquids recirculation landfills
have convinced USEPA to promulgate the Research Demonstration and Development regulation
FR 69 No. 55, pp. 13242-13256 (attached in Appendix D). This regulation allows authorized
States that adopt it to issue research permits for 3 years (renewable 4 times) to landfills that want
to demonstrate new technology. For bioreactors, the regulation allows non-hazardous liquid
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wastes to be added to the waste to increase moisture in the landfill. The rule also allows alternate
caps and delay of final capping to increase biodegradation and settlement of the landfill. As of
2005, a team questionnaire found that only one of the twelve states responding has adopted the
new RD&D rule but half of the states indicated they plan to adopt it. This would appear to
indicate state interest in bioreactor technology.

2.1 RCRA Regulations and Guidance

The key federal legislation governing the closure of landfills was written in the early 1980s, and
the beginning of the remediation programs for the correction of past disposal practices followed
shortly thereafter. RCRA is the controlling federal law for both municipal solid waste and
hazardous waste landfills.

2.2 Flexibility in State Solid Waste Regulations

Most of the emphasis in the federal solid waste regulations is placed on keeping liquids out of
landfills. While majority of the states contain regulations prohibiting “free” liquids from being
placed into landfills, these state regulations do contain provisions for allowing the recirculation
of leachate back into the landfill system. A few states, however, have regulations that allow for
the permitting of a bioreactor even before the RD&D rule.

3.0 DESIGN CONSIDERATIONS FOR BIOREACTOR LANDFILLS

This chapter provides fundamental concepts of bioreactor design. The design of a state-of-the-art
landfill, augmented by the principals of bioreactors technology, involves a myriad of scientific
and engineering disciplines, including but not limited to, geology, hydrology, civil, geotechnical
and materials (i.e. geosynthetics) engineering. In addition, biological and chemical waste
decomposition, gas and leachate quality and quantity resulting from landfill operations must be
evaluated and factored into the design. It is beyond the scope of this guidance document to
provide complete information on each and every design concept of landfills. The guidance
provided in this chapter is not meant to be all-inclusive since a bioreactor design requires a
multi-disciplinary approach. Many excellent reference materials are available for various
parameters of design, and research continues. The current literature and research should always
be reviewed in conjunction with this guidance to understand the current development in this
rapidly growing technology.

According to EPA (2003), there are approximately 2500 permitted Municipal Solid Waste
Landfills (MSWLFs) currently in operation in the United States. Approximately 10% of these
facilities will involve retrofitting bioreactors and commence liquids recirculation on existing
landfill infrastructures. Current trends indicate that between 10 and 15 new landfills are being
constructed each year, with between 2 and 4 facilities are being constructed as bioreactors.

Bioreactor features may be incorporated into any new landfill design so that all bioreactor
operational elements are addressed during the initial permitting process for a facility, or a
bioreactor may be retrofitted onto an existing facility. There are advantages to designing a
landfill as a bioreactor from the initial planning stages of the project. These advantages may
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include accommodating the specific needs of the bioreactor into the design, construction,
operation, closure, and post-closure care elements of the landfill. For example the landfill may be
filled in a method, such as back-sloping the lifts of MSW to reduce the potential for seeps, the
use of alternative daily cover to improve fluid distribution, the installation and operation of
liquids addition systems at various levels coincident with the filling operations, and the use of
compaction methodologies to enhance fluid migration. While all of these, and other design and
operating criteria, may be easier to manage if they are designed and built into the landfill from
the outset. These advantages may result in cost and resource savings while optimizing the results
of the bioreactor operation. However, given the number of existing landfills that may be suitable
as bioreactors, retrofits bioreactors may be implemented in greater numbers and very
successfully. Retrofit bioreactors landfills may require more iterative learning to optimize the use
of resources and bioreactor productivity than a design-initiated bioreactor. The iterative learning
practice of landfill operation and optimization is depicted in Figure 1-2.

As discussed previously, three general types of bioreactor landfills can be considered during the
early design process. First, an anaerobic bioreactor landfill promotes accelerated waste
degradation and methane gas production with waste stabilization. Second, an aerobic bioreactor
landfill promotes accelerated waste degradation and non-methane gas production with waste
stabilization. Third, a hybrid bioreactor landfill, which involves both processes, promotes
accelerated waste degradation and results in final methane gas production with waste
degradation. Any one of these types may be constructed as a new facility or as a retrofit to an
existing landfill facility.

A landfill bioreactor will have additional capital and operating costs compared with conventional
landfills. These costs can be offset by benefits including gas production, recovered airspace, and
enhanced liability management through decreased threats to human health and the environment,
and the possibility of reducing post-closure care. If the goal is to increase methane production for
energy recovery, an anaerobic bioreactor is desired. The capital costs of constructing an
anaerobic bioreactor may be partly offset by the increased gas generation rates and savings from
leachate disposal costs. A cost-benefit analysis should be undertaken to evaluate these costs.

Also, no two bioreactors will be designed or operated exactly the same. These variations lead to
different design considerations that are unique to the bioreactor setting, available infrastructure,
applicable regulatory requirements, relevant stakeholder concerns, and materials. Operating
criteria that are a benefit at one bioreactor, can present design and operating challenges in a
different setting.

Below are potential operating considerations that should be evaluated during design,
construction, and operation of bioreactors. Emphasis is placed on the term “potential”, because
issues that may be an important at one facility may not be nearly as relevant at another. All of the
items listed below can be addressed with thorough engineering and design:

e Management needs for increased volumes of landfill gas
e Increased Operations and Maintenance requirements

e Increased leachate management requirements

e Additional need for moisture for operational purposes

21



ITRC — Characterization, Design, Construction, and Monitoring of Bioreactor Landfills February 2006

» Potential for increased odors

e Potential for increase explosion risk

» Potential physical instability of waste mass due to increased moisture and density

e Instability of liner systems due to increased weight from the increased density of the waste
material. This should include consideration of other geotechnical characteristics and the
overall stability of the landfill

e Surface seeps

e Landfill fires

e Climatic factors

Bioreactor landfills are engineered systems that may have higher initial capital costs and may
require additional monitoring and control during their operating life, but are expected to involve
less monitoring over the duration of the post-closure period than conventional landfills.

3.1 Site Selection Process

3.1.1 Site Considerations

Many factors must be considered when evaluating a site for potential development into a

conventional sanitary landfill or bioreactor landfill. Some of these factors include public opinion,

health, and safety, local geology, hauling distance, sufficient rainfall drainage, zoning, and land

use requirements and economics. With these factors in mind, a site is selected based on its ability

to

e Conform with local Solid Waste Management Plan;

e Conform with land use planning;

e Address community stakeholder concerns;

e Be accessible to haulage vehicles in all weather conditions;

» Provide adequate safeguards against potential surface and groundwater contamination;

e Provide adequate setback and buffer areas;

e Obtain large amounts of suitable soil for use as cover (daily, intermediate and final) material,

e Provide protection so that environmentally sensitive areas are not impacted during the
landfill's operations;

e Be economically viable for the community it serves based on long-term solid waste
generation projections; and

e Provide a potential beneficial end-use (i.e. recreational purposes such as a park or golf
course) following landfill closure.

During the site selection process, other criteria also must be considered. For example, there are
restrictions for siting a landfill on or near a floodplain, wetlands, unstable soils, fault areas,
seismic impact zones, airports, and other constraints. If any one or more of these factors are
present at the selected site, additional performance standards may be imposed on the design of
any landfill type.
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3.1.2 General Landfill Design Considerations

Once a site is selected, the landfill must be designed to satisfy all of the criteria established
during site selection process. An important factor in a landfill design is establishing the size of
the facility. Working on behalf of the developer (often a public entity such as a County
government or Authority), the engineer estimates the quantity of waste the new landfill will
receive using population data and current solid waste disposal rates. The analysis should factor in
a projection of future population growth, commercial and industrial development, and recycling
rates. Once these factors are analyzed, an overall volume for the landfill can be determined. The
footprint and elevations of the waste disposal area are then determined. The design of the waste
disposal area must also consider the site topography, site soils, groundwater flow, and access to
cover material. The design also must consider the specific types and volumes of waste materials
that will be disposed of in the landfill (i.e. municipal, bulky, vegetative, dry industrial and other
wastes). The composition of waste types will largely determine the design of the liner system. To
provide more stringent protection for groundwater (at a minimum a Subtitle D liner system or
approved alternative), landfills may be designed with more than one liner system (often referred
to as a composite liner system, which has one liner on top of another with a primary leachate
collection system, or double liner system, which is constructed with a secondary leachate
collection system).

Once the general layout and volumetric dimensions of the site are specified, the design shifts to
specific details. These details include:

e Liner systems (using an appropriate combination of low permeability material such as natural
clay or man-made geomembranes)

e Leachate collection and removal systems

e Gas collection and control systems

= Surface water controls

» Access roads

e Structures, including administration building and scalehouse

e Utilities

e Fencing

e Wash racks (to remove dirt from truck tires)

e Groundwater and landfill gas monitoring

e Landscaping

Once the engineer has designed each of the above systems, a permit application typically is
prepared and submitted to the regulatory agency for approval. The permit application usually
consists of several documents, including, but not limited to an environmental and health impact
statement, engineering design drawings and specifications, operations plan and other agency
specific requirements. Copies of the application are submitted to the regulatory agency and other
government agencies, including the host community, for review and comment. Through the
technical review process, the proposed design will be determined to satisfy (or not satisfy)
pertinent solid waste regulations. Technical deficiencies or aspects of the proposed design that do
not satisfy the regulations or current industry standards are brought to the applicant's attention
for correction.
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Bioreactor features may be incorporated into any new landfill design so that all design issues
relating to bioreactor operations are addressed during the initial permitting process for a facility,
or a bioreactor may be retrofitted onto an existing facility. In either case, the majority of design
goals will be the same.

3.2 Research Affecting Design Parameters

Recent literature, conference proceedings, SWANA Bioreactor Committee, and USEPA
sponsored workshops have shown positive results of liquids recirculation and appurtenant
bioreactor technologies on landfills. Research on bioreactor technology provides a better
understanding of interrelationships between liquids storage, field capacity, and densification of
waste materials during the accelerated decomposition process. Based on these results, the
optimum waste moisture for a bioreactor should be 10 to 20% above the levels of the incoming
MSW. The moisture does not have to be introduced all at once or during each day of operation of
the landfill, but can be added incrementally with liquids recirculation or make-up water over
time. Some sites have recirculated leachate in the same areas for seven years and will not achieve
field capacity for several more. Field capacity is a function of the types, age, density, and
porosity of the deposited wastes. Also, field capacity will decrease with time, as the waste settles
and increases in density. By recording the quantities of leachate applied to specific areas of the
landfill where waste volume and tonnages are known, it can be determined when field capacity
or (>forty percent waste moisture) has been achieved. (See Appendix F for a detailed set of
calculations for field capacity by Qian, 2002)

Density of MSW has been observed to increase up to 100 percent of initial densities with a
maximum expected density of ~2300 Ibs/cy (density is estimated using the volume lost due to
degradation as opposed to direct measurements). For example a bioreactor landfill in Minnesota
had a starting density of 800 Ibs/cy and after 4.5 years of recirculation had a final density of 1650
Ibs/cy, over a 100% increase. Another bioreactor in Ontario, Canada started with an average
density of 1000 Ibs/cy and after 7 years of recirculation reported a final density of 1950 Ibs/cy. A
bioreactor cell in New Jersey had a starting density of 1150 Ibs/cy and after 1.5 years of
recirculation, ended up at 1890 Ibs/cy. The operator injected over 12 million gallons into a 10
acre cell during that time frame. (Baker & Williams, 2001) the Outer Loop bioreactor
demonstration project (at http://www.epa.gov/ord/NRMRL/pubs/600r03097/600r03097.htm)
started at a density of 1450lbs/cy due to the additional liquid waste that were co-disposed and in
about 1.2 years measured a density of 2000 Ibs/cy. Typically a higher starting density of the
MSW results in a higher density at the end. The rate of density increase is largely due to the
amount of fluids available for recirculation (USEPA, 2003).

24



ITRC — Characterization, Design, Construction, and Monitoring of Bioreactor Landfills February 2006

= 35
& O
E 30 @ Central (W)
c
e 25 O Central (W+S)
[4H)
S :
3 20 ® @ Crow Wing
E 15 < Keele Valley
o 10 M Lyndhurst
o _ [®
g ° 5 * % O Mid-Penn
Q@
z 0 ) | V¥ Spruce (w)
100 200 300 400 500 600 700 800 900 1,000
Volume of Leachate Recirculated (Gallons)/Area of Influence (Acres) V Spruce (W+S)
(units in thousands)

Figure 3-1. Average percent settlement /year vs. volume of leachate
(Baker & Williams, 2001)

Because increase in density is the inverse of settlement, Figure 3-1 shows the relationship of
settlement responding to the amount of liquid added per area of influence in the landfill. This
shows that the rate of settlement (and density) and the amount of leachate recirculated, or liquid
added, per unit area is roughly correlated.

3.2.1 Recirculated (gallons) per Area of Influence (acres)

The predicted settlement from early bench scale tests that simulate a full bioreactor operation are
shown below (Pohland, 1975). These graphs that are from Dr. Fred Pohland’s work, show
settlement occurring from the addition of leachate to a 12-foot column of MSW that achieves
moisture content to 45% (Figure 3-2). The MSW has a starting density of 1000 Ibs/yd®. It can be
noted that immediate settlement from liquid addition alone and 6” inches cover soil provides for
21% settlement and that liquids recirculation after this initial moisture addition allows for 40%
settlement after a 2.5 year period.
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Figure 3-2. Liquids recirculation settlement results after moisture addition
to field capacity of MSW (Pohland, 1975)

Figure 3-3 shows the effect of sludge cake and leachate on the increase in initial moisture content
to field capacity with 6” of cover soil. Initial settlement was increased to 28%, and after 2.5 years
of recirculation increases of settlement were up to 43%. The time it takes under anaerobic
conditions to completely degrade most of the MSW and exhaust landfill gas was about 6 years
under optimal conditions. The corresponding time frame for aerobic biodegradation may less
than two years and a hybrid reactor requires somewhere in between the two.
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Figure 3-3. Liquids recirculation with sludge to increase moisture content
to field capacity (Pohland, 1975)

Leachate quality results indicate that bioreactors accelerate the degradation of general organics
(BOD and COD), and show a good correlation to degradation of hazardous organic constituents
as well (VOCs). Hazardous metals also follow the same trend. Data from the Delaware Solid
Waste Authority’s Sandtown Landfill (at http://www.dswa.com/gen_links/VVFTSandtown.htm)
has historical leachate data for the last 21 years. The data indicate that when the landfill leachate
BOD/COD ratios are <0.1, the VOCs and metals trend downward and are reduced to below
drinking water standards in 15 years. This supports a stable nature of leachate from a degraded
landfill and demonstrates that the source appears to no longer be a risk to HH&E.

3.3 Bioreactor Recirculation Methods

The primary goals in the design of a liquids recirculation system are to provide

a liquids distribution system that will allow uniform introduction of leachate or other liquids
into the waste material,

an environment that enhances biodegradation;

a system that is compatible with normal landfill operations and material;

a system that can survive normal landfill operations and settlement;

a system that avoids odors;

a system that minimizes operator attention; and

a cost-effective system.

Depending on the type of bioreactor, leachate/water distribution can occur in one or more of the
following ways.
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e Spray application: This is perhaps the most rudimentary form of liquids recirculation. Spray
application typically involves spraying leachate at the working face from a nozzled hose
connected to tanker truck. While this method is effective for wetting the waste, workers’
(landfill personnel and waste haulers) health exposure impacts must be considered.

= Vertical wells: Plastic perforated pipe is typically installed in a grid fashion into the waste
fill. Leachate is pumped to the wells and is allowed to drain by gravity or is pressurized for
distribution to the surrounding waste.

e Horizontal trenches: (See Figures 3-4 & 3-5) Perforated pipe is laid in permeable gravel
packs within trenches. Leachate is pumped to the piping and either drains by gravity or under
pressure to the surrounding waste. As landfill lifts are constructed, the preceding trench is put
out of service and a new one is put into service.

e Surface ponds: Excavations are made at the landfill surface into the waste layer. Leachate is
pumped into the open excavation and allowed to drain by gravity.

e Surface trenches: A series of long narrow trenches are dug at the landfill surface. Leachate is
pumped into the open excavation and allowed to drain by gravity.

Permeable Interim
Piping Alternative Cover

From Waste Management Technology Center, Inc.

Figure 3-4. Liquids addition using horizontal piping
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Figure 3-5. Leachate injection and gas recovery system

For gravity infiltration systems, water may be delivered via a distribution system (i.e. from an
equalization tank) or directly from a tanker truck. Table 3-1 includes a variety of techniques

available for applying liquids.

Table 3-1. Bioreactor process and applicable liquid addition methods

WASTE STABILIZATION PROCESS

TECHNOLOGY

Anaerobic Biostabilization

Vertical Wells
Horizontal Trenches
Spray Application
Surface Ponds
Surface Trenches

Anaerobic Biostabilization with Leachate Nitrification

Vertical Wells

Aerobic Biostabilization

Vertical Wells
Horizontal Trenches

Aerobic/Anaerobic (Hybrid)

Horizontal Wells
Semi-Aerobic Vacuum Induced
Horizontal Wells

3.4 Landfill Hydraulics

3.4.1 Water budget

The total volume of leachate and other liquids that will be available daily for introduction into
the waste mass may be determined by using a water budget approach. A global water budget first
considers the current availability of leachate/water, recirculation, water consumption and
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generation (through decomposition) volumes. The water budget analysis can be used to
determine the leachate collection removal system pumping rates and supplementary liquid
volumes (i.e. make-up water) needed to attain the desired moisture content. This analysis, such
as the HELP Model (discussed in section 3.5.3 below) can also help estimate the initial
saturation (i.e. up to six months following system activation) and field capacity (up to five years
of operation).

The water balance should consider the following site-specific parameters:

* Incoming waste moisture

» Preferential flow paths through the waste
= Even (not sporadic) moisture distribution
e Runoff

e Evapotranspiration

e Infiltration

e Waste field capacity

e Volume of waste receipt

3.4.2 Field Capacity

The field capacity, or the optimum waste degradation moisture content, is defined as that
moisture content at which the maximum amount of liquid is held within the void spaces in the
absence of gravity drainage.

3.4.3 HELP Model

The Hydrologic Evaluation of Landfill Performance (HELP) computer program (Schroeder,
1994) is a landfill hydrology model used when designing bioreactors. The HELP program is a
quasi two-dimensional hydrologic model that simulates water movement through the landfill.
The model may be used to estimate water balances under different design scenarios (ITRC ALT-
2,2004).

The amount of precipitation and leachate that travels through the waste mass can be
approximated by the use of Darcy’s Law, where
Q = kiA
Q = flow rate (L3/T) into landfill
K = permeability of media (L/T)
I = hydraulic gradient (unitless)
A = cross-sectional area (L2)

The permeability of soil and fill materials is a measure of continuous voids. However, a
reasonable approximation of the coefficient of permeability must be made, since heterogeneous
materials, including cover materials, will yield different permeabilities. Differences in waste
densities will also yield different permeabilities by as much as 2 orders of magnitude. The HELP
Model employs a default waste permeability of 1x10-3 cm/sec, which is comparable to other
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hydraulic conductivities cited in literature. However, the designer should be aware that tall
landfills with higher overburden stresses and higher waste densities may cause lower
permeabilities.

The HELP Model may be used as a tool to assist in the design of a new bioreactor or evaluation
of an existing leachate collection system (i.e. retrofit) and to estimate the quantity of leachate
under different operational scenarios. The HELP Model uses three types of input data to estimate
hydrologic conditions in landfills: climatological data (evapotranspiration, precipitation data,
temperature, and solar radiation data), soil data (soil/material interfaces and properties for
hydraulic conductivity, wilting point, field capacity, and porosity), and design data (landfill liner
system cross-sections including vertical percolation layer, lateral drainage layer, soil layer and
geomembrane liner). The HELP program estimates the amount of moisture that enters the
bioreactor as precipitation (rain, snowmelt, etc.), which is then modeled as infiltration through
the waste material. Water losses through evaporation and biological activity can be accounted for
in the program. The total amounts of liquid added as recirculation and that fraction collected in
the leachate collection system are then estimated by the model. To complete the water balance,
additional quantities of moisture can be calculated that would be required to maintain the waste
fill at the desired field capacity.

To summarize, the HELP model estimates the following for landfills and bioreactors:

Quantity of leachate permeating through the waste fill

Quantity of leachate removed by the leachate collection system
Quantity of leachate potentially leaking through the bottom liner system
Depth of hydrostatic head on the primary liner

3.5 Design Optimization

3.5.1 General Discussion

Liquids recirculation is not a new idea. Liquids recirculation has long been considered as a liquid
management option in an effort to reduce leachate disposal costs or enhance gas production.
What is new, however, is the concept of conducting full-scale bioreactor operations in such a
way that continued performance under controlled conditions is optimized. This involves creating
an environment favorable for microorganisms to thrive and enhance waste decomposition in the
most efficient way possible. Accelerated decomposition of organic wastes is accomplished
through controlled addition of liquids (and in some cases, air) to enhance microbial degradation
of wastes. This process is contrary to traditional solid waste management practices whereby
waste degradation was discouraged by minimizing the infiltration of liquids during the
operational and post-closure phases of the landfill.

The number of existing full-scale bioreactors in the universe of municipal solid waste landfills is
relatively small. Consequently, at the present time, there are data gaps and sparse field
information available to facilitate effectively developing consistent performance and design
criteria. There are currently several major demonstration projects underway in the United States
in an effort to close the data gaps. The New River Regional Landfill (NRRL), managed by the
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Florida Center for Solid and Hazardous Waste Management, is one such comprehensive
demonstration project that is expected to help close data gaps.

One of the most important factors for optimal bioreactor performance is the uniform and
continuous distribution of moisture within the waste mass. Particularly for retrofit landfills, this
may not always be possible since prior operational practices and existing site characteristics may
negate optimum performance goals (i.e. compaction densities, use of impermeable cover
materials, etc.).

Given the existence of data gaps and sparse field information, many questions remain concerning
performance optimization goals for bioreactors. The designer should consider the following:

e How do moisture requirements depend on site and geographical conditions and how do they
change as stabilization of the waste mass proceeds?

e Does waste preprocessing provide any additional benefits?

e What nutrients may be needed, if any, to enhance the biodegradation process and when are
they introduced?

e How can aerobic and anaerobic conditions be balanced jointly and independently in a hybrid
bioreactor?

» What is the ideal compaction goal? What range of in-place waste densities are most
conducive to bioreactor operations and yet maintain economic viability of airspace during the
operational phase?

e Operationally, is it best to reintroduce leachate across a larger area with make-up liquids as
needed to maintain field capacity or stagger liquids recirculation on one phase/cell at a time?

3.5.2 Factors affecting design optimization

The amount of leachate and makeup liquids that are introduced into a bioreactor (new or closed
cell) in a controlled fashion without exceeding the regulatory requirement of liquid head on the
primary liner system or causing operational problems, such as side seeps, will be largely
determined by the following factors:

e The volume, composition, waste density and moisture content of the emplaced waste
materials

e Climate, precipitation, and hydrology

e Liquids addition and management methods

e Landfill geometry, including interim height and final elevations

e Hydraulic capacity of the liquids recirculation system

= Design and configuration of overlapping cells with integrated liner and cover systems

e Placement and type of daily and intermediate cover materials

It will take approximately 1.75 inches of
leachate/makeup water per foot of landfill
thickness to raise the initial moisture content of
waste at 25 percent to a field capacity of 40
percent or greater at an in-place density of

The primary goal of the bioreactor landfill
is to promote effective liquids recirculation
so that enhanced degradation of wastes is
maximized.
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1200 Ib/yd3. Approximately 25 to 50 gallons of additional moisture is needed per ton of disposed
waste to attain field capacity. In many cases, leachate alone will not be a sufficient source of
liquids in order to maintain the desired moisture content. Other supplementary liquids should be
considered, including landfill gas condensate, storm water and surface water.

In practice, the high end of field capacity should not be attained in the field due to slope stability
concerns. In fact, water content should not exceed 40 percent water by weight due to the
potential for decreased stability with over saturation.

The heterogeneity of waste materials in the landfill and the type of daily and intermediate covers
will restrict the uniform distribution of leachate and makeup water. Low impermeable soils can
result in ponding and perching of leachate in the waste area, preventing it from draining to the
waste below. Therefore, alternate materials and practices should be considered to promote free
flow of leachate between lifts.

For any bioreactor type, optimization of the design should consider the following, where
applicable:

e Technigues to measure hydrostatic head on liner system and use of appropriate sensors.
Hydrostatic head can be determined by differential pressure measurements, such as
transducers

e Type of liner system used in the bioreactor. For example, the choice between a double liner
system, with provisions for leak detection monitoring, as opposed to a single composite,
which may not have a secondary leachate collection system. Leachate compatibility tests
may have to be performed on the liner material if equivalent data does not exist.

e Availability of data for specific waste types and properties, in order to accurately conduct
slope stability analyses

e Accurate assessment of geotechnical considerations due to changes in static and pseudostatic
forces of waste mass throughout life of bioreactor

e Recirculation of most of the leachate generated at the facility

e Uniform distribution of leachate throughout the waste mass, to avoid channeling and ponding
of liquids within the landfill

e Anticipation of consolidation and differential settlement; wells should be kept away from the
exposed edges of the landfill

e Ability to monitor effectiveness of distribution system in terms of liquid delivery to the
appropriate location as well as uniform liquid delivery

e Consideration of multi-liquid delivery systems (vertical and horizontal wells) to improve
efficiency

e Control leachate outbreaks due to overpumping or perching of leachate

e Optimization of landfill gas control (i.e. avoid flooding of gas collection systems)

e Overcompaction of waste, resulting in higher in-place densities, may impede liquids
recirculation.

Low permeability soils should not be used as daily or intermediate cover since the application of
these materials can result in internal ponding and lateral deflection of added liquids and the
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potential generation of seeps on side slopes. The use of alternate cover materials is strongly
encouraged in order to promote free flow during the liquids recirculation process.

Permeable alternative daily and intermediate covers are used to promote the passage of liquid to
saturate the waste and allow the movement of liquid down into the collection system. The
method of controlling landfill leachate seeps should be specified (installation of vertical sand
drains, etc.). Addition of nutrients (the role of key nutrients, nitrogen and phosphorus, is well
understood but quantities and method of distribution must be evaluated).

Design drawings showing all plan views and profiles of the liquids recirculation system that will
uniformly distribute liquids throughout the waste mass should be prepared. In the case of
horizontal piping systems, more than one level of distribution piping may be required (i.e.
intermediate and high-level elevations) depending on the specific characteristics of the landfill.
A lift of waste should be placed on the recirculation system prior to operation since below grade
discharges are essential to minimize odor migration and surface evaporation losses.

3.6 Design Components

3.6.1 Liners

Regulations allow for flexibility for use of single composite liners, single non-composite mixed
composite liners, and double liner systems with leak detection systems. Although the USEPA
RD&D rule allows for liquids recirculation on alternative liners, most states require standard
composite liner systems. Many in the waste industry understand that virtually every liner will
leak some amount given construction imperfections and material fatigue with time. They
appreciate, even if more expensive to construct, the redundancy in of composite liner systems as
adding an extra level of protectiveness and liability management. Recirculation on primary PVC
liners should be discouraged since these liners tend to lose plasticity over time (Koerner et al
1988). Compatibility testing may need to be performed depending on the type of liner system
materials selected.

3.6.2 Leachate Collection and Removal Systems:

Leachate collection systems for landfills and bioreactor systems must be designed to efficiently
collect, remove, and manage leachate. The Federal and most State regulations require that the
height of leachate head on the primary liner be less than 30 cm (1 foot) to minimize the threat of
groundwater contamination. Evaluation of site specific leachate characteristics to minimize
clogging from particulates (TS, TDS, TSS), biological agents (COD, BOD, TOC) and
precipitates should be conducted to ensure the efficacy of the design.

As leachate is moving through the waste mass at sufficient quantities for field capacity to be
maintained, the leachate collection system must have sufficient drainage capability. Most state
regulations require a minimum hydraulic conductivity of 0.01 cm/sec for the drainage media in
order to adequately convey leachate to the piping distribution system. This value may be too low
for sufficient drainage in liquids recirculation systems. As such, the leachate collection media
should have a permeability of greater than 1.0 cm/sec.
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The long-term permeability of granular drainage material should be evaluated since the base of
the landfill must function during the lifetime of bioreactor operations. Retrofitting a bioreactor
on an existing landfill should evaluate existing leachate collection design since repair, removal or
replacement of the system is cost prohibitive. Leachate collection systems in conventional
landfills that have incorporated geotextiles (as a pipe blanket) or sand as a drainage media are
likely to experience a decrease in hydraulic conductivities between one and two orders of
magnitude less during the operational life of the facility. Likewise, more organic material can be
expected to move through the landfill and into the drainage system during the early bioreactor
stages when the pore space is much higher in the waste mass than at later stages, resulting in a
much higher potential to plug the drainage system earlier in the process. Materials, such as
insoluble aggregate, with increased and more sustainable flow capacity are preferable to finer
material such as sand, which can promote clogging of collection pipes. A perforated pipe
network within a suitable material accompanied by a geonet is recommended. Also wrapping
geotextile fabric around collection pipes to prevent fouling must be avoided. Furthermore, the
designer should establish a suitable flow capacity.

The pipe design should include an evaluation of flow capacity, spacing, and crush strength.
Crushing of pipes depends on the unit weight of the waste mass; if the unit weight increases, the
load increases, and the factor of safety becomes lower. The design should also ensure that pipe
connections are secured and not be prone to deformations during biostabilization, compaction,
and subsidence.

For example a perforated pipe network could be embedded in V-shaped trenches spaced at
regular intervals (i.e. 100 foot intervals) and sloped to maintain performance requirements
(typically one foot of head). Drainage material could be used in the V-shaped trenches. The
collection pipes should be designed to convey leachate into the perimeter manholes by gravity
and without impediment.

The use of a geosynthetic geonet possessing a high transmissivity value must also be considered.
Using a geonet in conjunction with the stone drainage layer will enhance the performance of the
collection system and control the head on liner during high flow conditions. However, the filter
fabric on the geonet should be evaluated for potential clogging. Restrict the use of geotextiles or
sand in the drainage layer, which can promote clogging. Specify a sufficient number of cleanouts
to facilitate ease of cleaning since plugging of pipes may occur during initial bioreactor
operations due to higher organic loading when void spaces within waste are sufficiently large.
The collection line should extend from one end to the other so that the pipe is accessible for
cleaning or flushing. To prevent clogging, pipe junctions within the landfill should be
minimized. Additionally, long runs of pipe and small diameter pipe should be avoided.

Leachate head level sensing devices should be installed on the liner system at the time of
construction to facilitate the monitoring and to provide data demonstrating that the head is less
than 30 cm. The leachate collection and removal system should have appropriately located
valves; if the sensing devices indicate an exceedance in head, leachate flow is reduced until the
head on the liner subsides to less than 30 cm.
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3.6.3 Liquid circulation systems

An optimum leachate circulation system would be capable of effectively saturating the waste and
then maintaining the waste at field capacity. Leachate injection line locations and spacing should
be evaluated by a professional engineer to ensure uniformity of liquid delivery system. The
design of a piping network should consider the trench size and spacing, and the injection
pressure and schedule. Also, liquid injection lines and wells should not be placed too near the
edge of the landfill to jeopardize slope stability or initiate seeps. The system should have the
ability to control flow in order to minimize local pore pressures, piezometric head, and seepage
forces. Access to frequent leachate collection and removal system cleaning should be designed in
light of the fact that increased leachate flow rates may increase the potential for clogging.

For efficient bioreactor operations, horizontal and vertical injection systems may provide the
most reliable means of recirculating leachate throughout the waste mass. Internal moisture
distribution is an important design consideration. Constructing such systems within the waste
mass may improve moisture distribution over that achieved by trickling liquids down through the
waste from the top of the waste mass. This may help to avoid mounding and the problems
associated with preferential pathways or blockages developing around denser material. The
number and location of wells or trenches required for the even distribution of leachate depends
on the hydrodynamics of liquid flow through a landfill. To that end, computer software
developed by the U.S. Geological Survey, named SUTRA (Saturated and Unsaturated Transport
Model), was developed to simulate leachate flow from vertical and horizontal wells. Further
design guidance on this subject is available in Reinhart and Townsend (1999).

3.6.3.1 Gravity Infiltration Systems

Gravity infiltration systems are the most simplistic approach used for introducing leachate at the
working face. This is done with tanker trucks fitted with spray bars. The drawback to this method
is that liquid distribution tends to be uneven and sporadic. Odor problems could occur with
liquids recirculation at the working face. Surface impoundments and open infiltration trenches
are also used within operational areas. Typical percolation rates for surface leachate applications
range from 0.2 to 0.5 gpd/ft’; however, team members have experienced seepages above 0.3
gpd/ft>. Operation of these systems is weather dependent. Water addition should be done
carefully and slowly since it could cause problems with leachate seeps and stability. The team
cautions owners and operators that this range is highly site dependent and should be used with
caution.

Below surface systems include liquid bed distribution systems and recharge wells. As these
systems are not exposed to the atmosphere, they may result in reduction of odors and can be used
in all weather conditions. These systems are susceptible to biological fouling, which can be
minimized by using pervious materials and avoiding geotextiles.

Vertical wells consist of perforated pipe backfilled with gravel or other materials of suitable
porosity and hydraulic conductivity (i.e. shredded tires). Vertical wells help promote liquids
recirculation through layers of daily/intermediate cover and heterogeneous materials. These
kinds of wells withstand settlement forces better than horizontal wells; however, they are prone
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to biological plugging. The design should account for flushing techniques; otherwise plugged
wells may be abandoned in favor of a new well point. Due to significant down drag forces,
vertical wells should be terminated at least 10 to 15 feet above the baseliner to avoid damage to
the liner system.

Liquid bed distribution systems consist of perforated pipe in gravel backfilled trenches that are
sloped and can be distributed in active and closed sections of the landfill. Leachate is pumped
into the trenches or discharged by tanker trucks.

3.6.3.2 Injection systems

Vertical and horizontal piping systems may deliver leachate under pressure so that uniform
distribution occurs in the proximity of the pipe. Spacing of the pipes is designed such that the
injection rate does not exceed the hydraulic capacity of the wetted area. Injection systems are
advantageous in that higher injection pressures are used to overcome fouling and encrustation in
the drainage media surrounding the pipe.

3.6.4 Landfill Gas Control and Recovery Systems

Liquids recirculation in an anaerobic bioreactor will significantly increase the rate of waste
decomposition and the rate of LFG generation. The time dependency of the peak availability of
methane (the most significant LFG component relative to gas use) is paramount to successful
landfill gas recovery and reuse projects.

Gas production potential within a dry landfill Through full-scale liquids recirculation,
and a landfill bioreactor is volumetrically the | |3dfill gas production can be expected to
same. However, higher gas generation rates | jncrease by 2 to 4 times the production rate

over shorter timeframes are expected for | for g typical landfill in the northeast U.S.
bioreactor landfills (a traditional Subtitle D

landfill generates 30% of total LFG by time of closure while a bioreactor landfill can generate
over 80% during the same period). Therefore, the design should consider the potential for LFG
collection and recovery due to shorter timeframe. The gas venting system must be sized to
handle the increased gas production rates. The design might consider early installation of larger
collection pipes and blowers. Liquids recirculation should be initiated only when the gas venting
system is constructed and operating.

Gas collection should be designed to work with
leachate collection and recirculation systems.
In most traditional landfill designs, gas
collection is not initiated until after the final
landfill cover is constructed. However, landfill
gas management does not necessarily control odors, such as those generated at the working face.
Working face odors must be controlled using other management techniques.

Bioreactor landfills should be designed and
constructed to allow gas recovery
coincident with the beginning of landfill
operation.
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3.6.4.1 Gas Systems Modeling

Gas collection systems exist in two primary types: passive and active systems. Passive systems
typically involve the use of wells with vent pipes or permeable gravel trenches in and around the
landfill. Gas travels through the path of least resistance into the vent pipes or trenches below the
final cover system and is discharged passively into the atmosphere. Such discharge is allowable
only where emissions restriction would not be exceeded. Active systems involve the extraction
of gas by means of an induced draft system. This system consists of a series of gas extraction
wells and collection piping, which often are connected to a flare for combustion (or other gas
destruction method) or is recovered as fuel, as mentioned above.

Gas production rates at landfills vary significantly, depending on the waste types and moisture
content of the wastes. As is the case with leachate, the quality and quantity of landfill gas vary
with time. There are a number of gas emission models available to evaluate the quality and
quantity of landfill gas. Among these is the USEPA, (EPA 2005) Landfill Gas Emissions Model
(LandGEM) V 3.02 that uses AP-42 emission factors. This model predicts gas generation flows
based upon site specific information including waste tonnage placement and inflow, waste types,
volumetric capacity and life expectancy.

The gas venting system must be sized to handle peak gas generation rates during the active
bioreactor operation phase. To design a landfill gas system, computer models based on the
Darcy-Weisbach equation are used to determine head losses in the system. One such model is the
KYGAS Model, developed by Dr. Don J. Wood and Dr. James E. Funk of the University of
Kentucky.

The ITRC ALT team recommends that landfill projects, and especially bioreactors, should plan
for gas management strategies early in the design of the project. This improves the integration of
LFG regulatory requirements with other landfill regulatory requirements such as the following:

RCRA Subtitle D:
e Explosive gases must be maintained below 100% LEL (or other appropriate regulatory
limits) at the point of compliance, typically at the property boundary
e Explosive gases must be maintained below 25% LEL within landfill structures (excluding
gas control and recovery components)
e LFG impacts to groundwater
e LFG impact on air emissions
e LFG and the types of covers:
- AFC’s may allow gas to migrate to the atmosphere yet still be in compliance with local
and/or applicable federal air emission requirements. (See ALT-2, 2003).
- Infiltration of water can inject air into the bioreactor process while liquid infiltration
through the soil can potentially treat the methane prior to release to the atmosphere.
- Conventional covers may more easily facilitate gas entrapment and collection for beneficial
reuse and maintenance of local air quality and emission standards.
e Full utilization of landfill gas management may reduce/mitigate impacts to groundwater. The
state of California research indicates that 75-80% of the landfill groundwater impacts are
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associated with landfill gas as opposed to landfill/liner release of leachate or liquids. (Peter
Fuller, Personal communication, 2005)

Timing: Operational:

e Post-Closure Care may be accelerated based on the increased rate of LFG generation. The
potentially saved cost of prolonged Post-Closure Care may offset the cost of the capitol
required to design, construct, and operate a LFG management system.

e Siting a facility is important in establishing a customer base for the captured gas or
permitting costs for flaring gas. If the plant uses the energy from the captured gas, on-site
impacts need to be addressed whereas if an offsite vendor uses the gas for energy generation
the off site population should be consulted prior to the final design decision.

3.7 Geotechnical Considerations

Waste stability is a critical component of bioreactor design. Because bioreactors introduce high
volumes of liquid and air (aerobic systems), the fundamental question becomes whether or not
the operation of a bioreactor will cause a destabilization of the waste mass from a slope stability
perspective. The addition of significant amounts of liquids increases the total weight of the waste
mass and affects the structural characteristics of the waste mass.

The addition of liquids adds weight to the waste mass but does not contribute to increased shear
strength. A dry waste mass can exhibit high strengths as evidenced by stable modern landfills
with fill heights of up to 300 feet and slopes steeper than 3:1. During liquids recirculation, pore
pressures and fluid volumes decrease and waste shear strength changes should be accounted for
in the design. Selected shear strength values are needed for the waste, liner system interfaces,
and subgrade. These values are significant for calculating the factor of safety against failure
since they ultimately represent the stabilizing forces of the landfill.

A wet landfill can result in as much as a 50% increase in the total unit weight of the waste and
the unit weights increase with height (i.e. doubles in the first 150 feet). As such, the overburden
weight or height of the landfill may be the limiting factor. The resulting changes in waste density
may affect seismic and other stability requirements which should be fully evaluated from
subgrade preparation through final cover placement. The increased density of the waste through
the decomposition process and settlement may result in the waste mass becoming more unstable
with steeper slopes, thereby reducing the designed safety factor. If reuse of the “recovered”
landfill airspace is being considered, the designer should consider how placement of new waste
on top of a stabilized waste mass would also affect landfill stability.

The analysis should also consider density changes and settlement of waste mass from
compaction and decomposition. In addition, the analysis should evaluate the impacts of liquids
recirculation on the landfill subbase, liner system, leachate collection/removal system, and waste
mass from a stability perspective so that these systems are not compromised by the increase in
normal loading resulting from higher mass densities. The designer should also evaluate how
changes in waste mass, hydraulic head and pore water pressure (from liquids recirculation) affect
the design parameters. Increased differential settlement must be evaluated in the design for
potential impact on the leachate collection system, active gas collection system and final cover
system. Some geometries (bottom grades, side slopes of cell excavation, interim and final
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grades) used for dry landfills may not work for wet or bioreactor landfills because of the
potential for landfill instability caused by water addition.

The designer should also conduct a sensitivity analysis by inputting different waste strengths and
interface strengths to see how the factor of safety changes. From the analysis, certain safety
factors may need to be addressed in design and operation to prevent landfill failure. The design
must try to control the hydraulic head/pore water pressure. Pore water pressures remain high
during active bioreactors for long periods of time. If pore pressure increases, the strength of
waste decreases, and may cause instability resulting in slope failures. Pore pressures can also be
increased by air injection.

3.7.1 Stability Analysis

For both static and seismic cases, critical cross-sections are delineated within the landfill that
represent in the lowest factor of safety. The designer must evaluate whether the calculated
factors of safety at the critical cross-sections satisfies regulatory requirements. If not, additional
design and/or construction requirements may be necessary. A plan must be developed for
periodically re-evaluating landfill stability, as applicable, during bioreactor operation, closure,
and Post-Closure Care.

3.7.2 Bioreactor slope stability

While undertaking a slope stability analysis for a bioreactor landfill, the designer should consider
the following:

e Increased weight of wet waste compared to the weight of conventional waste.

» Evaluation of bioreactor foundation and liner system: The most critical material interfaces
are analyzed. Materials used as part of the finite slope program include unit weight, friction
angle, and cohesion. In the static case, several cases should be examined where material
properties varied. Since the critical failure surface in each case passes through the waste,
any variation in the friction angle of MSW results in a variation in the factor of safety.
Therefore, the selection of a friction angle for MSW in bioreactors should be conservative.

» Seepage of leachate in side slopes could present potential veneer stability failures. This may
be difficult to predict beforehand but may serve as a “preliminary” warning during the
operation phase.

« As discussed above, the use of relatively low permeability daily cover materials may result
in perched leachate conditions. This can result in a build-up of pore water pressure within
an isolated zone. Therefore, planar surfaces through these zones should be analyzed.

e Gas pressure within a landfill generally is usually not a consideration in a slope stability
analysis. However, when the waste is saturated, landfill gas may contribute to pore
pressures as a result of the gas/pore water phase.

3.7.3 Subgrade settlement analysis

Geotechnical analysis for a bioreactor should also include subgrade settlement. As with
conventional landfills, subgrade settlements resulting from bioreactor operations may be
estimated using the Schmertmann strain method, or other appropriate methods, based on
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available subsurface information consisting of boring logs and cross-sections. Long-term
settlements for landfill subgrades are generally predicted from time equal zero (instantaneous) to
time equal 25 years (including creep).

3.7.4 Methods for predicting waste settlement

There are several methods available to estimate waste settlement in a traditional landfill (Sowers
Method, Power Creep Law, Gibson and Lo Model) See Waste Management & Research Volume
17, Issue 5, ~Page 347 (http://www.blackwell-synergy.com/doi/abs/10.1034/j.1399-
3070.1999.00059.x). However, these methods currently do not provide adjustments for liquids
recirculation in bioreactor landfills. Notwithstanding this, these settlement models can be used to
approximate long-term settlement in bioreactors provided that input parameters are adjusted for
the organic content of the waste, moisture conditions, and compaction practices. An EPA
document (in progress) is currently under development that will provide guidance on predicting
settlement rates resulting from bioreactor operations.

40 BIOREACTOR CONSTRUCTION

Following the design and successful permitting of a bioreactor project, construction of a
bioreactor should include construction methods quality assurance and quality control measures to
ensure compliance with the approved designs. Since bioreactor landfills must operate in
conformance to regulations that apply to active landfills, construction procedures for bioreactors
must be as rigorous as those used for any new cell construction. The permittee proposing to
construct the bioreactor must be responsible for ensuring that all construction-related activities
are performed by qualified personnel.

The approach to a complete bioreactor landfill design for a new landfill is to consider
construction details during the initial design and permitting process for a new landfill. However,
in many cases, bioreactor components are retrofitted into an operational landfill where
construction of the landfill infrastructure has already occurred. New or retrofitted bioreactor
landfills, (i.e. anaerobic, aerobic, hybrid) are constructed in much the same way as conventional
RCRA Subtitle D landfills since both types require bottom liners, gas recovery, and leachate
collection and recovery systems. Therefore, construction issues are similar for full-scale and
retrofit bioreactors since the landfill infrastructure and its related components must satisfy RCRA
Subtitle D and state regulations.

4.1 Construction Quality Assurance and Construction Quality Control Plan

) ) A Construction Quality Assurance and Construction
Construction ~ Quality ~Assurance |  qyality Control (CQA/CQC) plan should be included
and Construction Quality Control | a5 5 “nart of the design submission during the
plans, along with state-of-the-art | yormitting process. The CQA/CQC Plan should
designs, are critically important | o jine the observations and tests to be used to ensure
factors in successful bioreactor |  yhat construction of the bioreactor meets or exceeds all
construction projects. design criteria, plans, and specifications.
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The process of verifying and documenting conformance with the very specific and detailed
requirements in bioreactor design documents is intended to be consistent with the federal
regulatory requirements as contained in 40 CFR 258.60(c). These regulations include
requirements for construction and refer to the required documents as CQA plans and the persons
responsible for verifying and certifying conformance with approved plans as CQA personnel,
CQA officers, and registered professional engineers. These regulations are applicable for the
construction of bioreactors as well. For simplicity of reference in this manual, the terms CQA or
CQA officer are used. Any conflict between the way these and related terms are used by State
regulatory agencies or others interested in bioreactors and the way the same terms are used in
this regulatory guidance manual is unintended. This portion of the guidance manual emphasizes
the importance of verifying and documenting conformance with approved bioreactor design
documents.

The CQA/CQC Plan should also specify the responsibilities of all participating parties in the
project. Figure 4.1 presents a typical depiction of what the quality assurance/quality control
QA/QC hierarchy will look like for a bioreactor construction project. In this example, the
functions are generally separated once the construction contractor assumes overall
responsibilities during construction activities.
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Figure 4-1. QA/QC responsibilities
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Although the actual QA/QC hierarchy for a specific bioreactor construction project may vary, the
QC parties report to the owner, whereas the QA inspector is retained by the owner but is
independent and serves the “eyes and ears” for the regulatory agency responsible for issuing the
bioreactor construction permit.

4.2 Construction Quality Assurance and Quality Control Procedures

To ensure with a reasonable degree of certainty that the construction of a bioreactor system
meets the design specification, a CQA plan is essential. The CQA plan, which incorporates the
concepts of quality assurance and quality control, also affords a formal basis for certifying that
the bioreactor was constructed according to design. As defined below by USEPA, in “Solid
Waste Disposal Facility Criteria Technical Manual” (November 1993, EPA530-R-93-017):

“Construction Quality Assurance consists of a planned series of observations and tests to
ensure that the final product meets project specifications. CQA plans, specifications,
observations, and tests are used to provide quantitative criteria with which to accept the
final product.”

CQA is an integrated system of management activities involving planning, implementation,
assessment, reporting, and quality improvement to ensure that a process, item, or service is of the
type and quality needed and expected.

“Construction Quality Control is an on-going process of measuring and controlling the
characteristics of the product that is employed by the manufacturer of materials and by
the contractor installing materials at the site.”

A sampling program should be implemented as part of the CQA plan, for all construction
activities, in order to ensure, at a minimum, that construction materials and operations meet the
project requirements. The sampling program should be based upon statistical sampling
techniques and should establish and specify criteria for acceptance or rejection of materials and
operation. Construction of a bioreactor, involves both natural materials and geosynthetics so that
quality control procedures differ among media types. The purpose of any CQA test or
observation is to compare the material used, or the work actually performed, with the specified
material or workmanship. The design specifications for the bioreactor establish the parameters
that will be evaluated for the acceptance of the materials and work. Furthermore, testing of the
materials prior to (for characterization) or during construction will determine whether the
properties, composition, and /or performance of the material(s) or installed components are
within the limits specified in the design.

Observations and testing are important and necessary CQA activities throughout all phases of the
bioreactor construction. Observation of all component materials as they are delivered to the
construction site and installed in proper sequence provides compliance with design specifications
and procedures. Accordingly, the CQA plan must be developed by the facility owner/operator
and approved by appropriate regulatory agencies prior to the commencement of any construction
activities.
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The plan should include a CQA hierarchy and structure approved by the facility owner/operator
and the appropriate regulatory agencies prior to the commencement of any construction activities
at the facility. The hierarchy and structure should list the “parties” involved in CQA activities.
The “parties” list should detail the affiliation of all the personnel involved in CQA of the
bioreactor. The CQA plan also should clearly outline the duties of CQA personnel. Finally, but
most importantly, the documentation procedures also should be outlined in the CQA plan. The
effectiveness of the CQA plan depends largely on the recognition of construction activities that
should be monitored and on assigning responsibilities for monitoring each activity. This is
effectively accomplished and verified by the documentation of QC/QA activities.

Manufacturing Quality Control (MQC) specifications are manufacturer-controlled so that resins
and additives of products meet vendor certified values. MQC is performed by the manufacturer
to ensure that product meet specifications Manufacturing Quality Assurance (MQA)
specifications are consultant-controlled to determine if the manufacturer is in compliance with
the product specifications. CQC specifications are contractor/installer controlled and include
measures undertaken by the contractor to determine compliance with plans/specifications. This
includes product conformance testing and ensures that correct installation procedures are used.
CQA specifications are consultant controlled on behalf of the owner and permitting agency to
determine conformity with design and compliance with permit. Natural soils require CQC/CQA
and geosynthetics require MQC/MQA and CQC/CQA. Both media require knowledge of
applicable test methods (e.g. American Society of Testing & Materials, Groundwater Research
Institute, Department of Transportation, etc.) and sampling strategies of items used in the work.

MQA and CQA activities are performed independently of the MQC and CQC parties to provide
a “check” on construction materials and installation procedures performed by the contractor.
Each product and test specification should reference the current standard in effect for that
product and test method.

Prior to construction activities, a preconstruction meeting is held to identify the field personnel
of all parties involved and answer questions (design engineer, QA/QC personnel, contractor,
installers, and regulatory agency). Thereafter, progress meetings should be scheduled at regular
intervals. Preconstruction and progress meetings are quality management tools whose
importance cannot be overemphasized; progress meetings are typically held weekly or more
frequently if desired by the QA party.

4.3 Construction Details

Construction details for a bioreactor project should follow the Engineer’s Project Specifications
and installation sequence as provided for in the design. Where applicable, the CQA/CQC Plan
should address all if the following aspects of construction. Best available engineering
construction practices should be employed for all phases of the bioreactor construction.
Construction of a bioreactor landfill involves the following major construction phases:

e Site Preparation

« Design sensitivity of key operational parameters
e Earthwork
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Trenching, backfilling and compaction

Erosion and sediment control

Grading

Paving and surfacing (for access roads and appurtenant structures)

4.4 Recordkeeping

Construction documentation might include daily inspection reports, daily summary reports,
inspections sheets, problem identification and corrective measures reports, record drawings, field
documentation and certification sign-off sheets. All laboratory reports and field testing results
should be reviewed, signed, and dated by a Quality Control inspector. A bound log book should
be maintained at the site during the active construction phase and could include the following:

A daily summary report should be prepared by the CQA officer, or under the direct
supervision of the CQA officer, during each day of activity. The report should contain, at a
minimum:

O O O O O O O O

The date

A summary of the weather conditions

A summary of locations where construction is occurring

Equipment and personnel on the project

A summary of any meetings held and attendees

A description of all materials used and references or results of testing and documentation
The calibration and recalibration of test equipment

The daily inspection report from each inspector

Daily Inspection Reports should be completed containing the following information:

NogakowdnpE

The location

The type of inspection

The procedure used

Test data

The results of the activity

Personnel involved in the inspection and sampling activities
The signature of the inspector

Photographs may be used as tools to document the progress and acceptability of the work and
may be incorporated into the daily summary report, daily inspection report, and an
acceptance report. Each photo should be identified with the following information:

1.
2.
3.

The date, time, and location of photograph
The name of photographer
The signature of photographer
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45 Construction Certification

The construction Certification Report should include as-built drawings signed, dated, and sealed
by a Professional Engineer licensed in the state (state certification requirements may vary) of the
bioreactor project. All designs should be prepared by, or under the supervision of a professional
engineer. The report should also certify that the bioreactor was constructed in accordance with
the approved design and that all the required testing was accomplished in accordance with
applicable standards. The record drawings should include survey data that show bottom and top
elevations of a bioreactor component and the plan dimensions of the components. Separate
drawings are appended to indicate cross-sections and special features. The report should also
include all of the daily inspection reports, MQA (Manufacturing Quality Assurance) /CQA
(Construction Quality Control) engineer’s reports, inspection sheets, laboratory test results,
internal memorandums resolving areas of conflict, and any work change orders approved by the
certifying engineer. The certification report, including any inspection data sheets, should be
retained at the facility for future reference.

5.0 BIOREACTOR OPERATION

Bioreactors fall into two major categories: “As built” bioreactors that are constructed during the
fill sequence, and “retrofit” bioreactors that are retrofitted into an existing cell at or are near final
grade.

This section discusses the key operating components. Specialized operating components often
contain proprietary information. Patents exist for several bioreactor technologies as well as
advanced collection and infiltration systems.

5.1 Waste Filling and Compaction

Typical compaction and filling in conventional landfills is similar, but may not be optimal, for
bioreactors. Fill sequence and types of interim cover may be important. Thus, attention must be
paid to compacting and covering practices to provide adequate permeability of the waste material
and facilitate the distribution of liquids, thereby enhancing the biodegradation processes. A site
geotechnical analysis will establish requirements for interim stability.

Waste filling procedures should homogenize the waste to the maximum extent practicable help
achieve field capacity throughout the landfill. Optimal operation includes subjecting all of the
waste to recirculated liquids and minimizing preferential flow paths. Waste preprocessing
(tromelling, shredding) may be conducive to efficient bioreactor operations, but the cost should
be considered against the overall economics of the bioreactor project.

The landfill should be operated in such a manner that it does not contain appreciable amounts of
tires, yard waste, lumber, tree trunks and limbs, bulky waste/white goods; sludge, ash, household
hazardous wastes, or shingles. These wastes should be intercepted and directed on-site or off-site
for processing and/or disposal by means other than landfilling.
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e To excavation must be avoided; if left unbuttressed, this could create high stress and may
potentially cause a slide.

« Filling waste on steep grades must be avoided.

» On-site roads and cover soil may contribute to instability, thus requiring more care with
design.

e Potential for landfill fires through temperature control (esp. aerobic systems) as well as
carbon monoxide monitoring must be minimized.

As previously stated, permeable material such as select inert C&D waste (excluding reactive
material, e.g. pulverized sheetrock), foams, tarps, etc should be used as daily cover that will not
block or hinder movement of recirculated leachate and moisture throughout the waste mass.
Operators should strip daily cover for this technology to be successful. After stripping a track
hoe should be used to dig windows in the trash. These windows should be filled with tire chips,
glass cullet, C&D, or gravel in order to create channels for liquid to move downward.

5.2 Aeration (For Aerobic and Aerobic-Anaerobic Bioreactors)

As Built

Aerobic conditions are established by injecting air into one or more of the most recently placed
waste lifts. While it is preferred that aeration is limited to the top ten feet, as many as three lifts,
or thirty feet, may be aerated at a time. The number of lifts being aerated is dependent on the
operations fill rate. The blower used for aeration should be capable of delivering from 0.01 to
0.06 standard cubic feet per minute per bank cubic yard (bcy) of waste (scfm/bcy). A higher
aeration rate (up to 0.06 scfm/bcy) is acceptable but evaporative loss of water could make
temperature management more difficult and adversely impact the biodegradation rates. Typically
horizontal piping is laid in the working face on 60 ft centers. There have been instances of
pulling oxygen through a cover system into a bioreactor landfill. Even though this allows all
emission from a landfill to be captured it is prohibitively costly at a full scale.

Retrofit

Vertical wells are drilled either in clusters or as individual units. In addition, well spacing is
variable and is generally recommended based on an evaluation of the radius of well influence.
The clustered wells are completed at varying depths to get top to bottom aeration.

5.2.1 Length of Aeration

Team experience indicates that optimum aeration time varies from 1-3 months and is dependent
on the following factors:

e Food content of the waste

e Moisture content of the incoming waste

e Ambient air temperature and the blower air temperature
e Density, saturation, and permeability

e Evaporative water losses
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Degradation of fresh wastes placed in an as-built bioreactor proceeds at a much faster rate (i.e.
fractionally) than "aged" wastes in a retrofit bioreactor.

Blowers can increase the exhaust air temperature by about 30° F due to adiabatic expansion.
Summer aeration cycles may be shortened unless the moisture content of the waste is higher in
the summer than has been observed in the winter. Gas sampling can be used as a monitoring tool
to determine the oxygen content in the aerated lift.

Aerobic — retrofit bioreactors

Length of aeration is typically greater than one year and it is recommended that the amount of
organic material in the landfill be estimated to calculate the amount of oxygen required. This will
aid in scaling the blowers and the estimated time to oxidize the waste volume. The limitation of
this technology appears to be the amount of air that the wet, compacted waste will accept.
Presuming pore volume and density are correlated, old dense landfill will take much longer to
aerate than new freshly filled landfills.

5.2.2 Aeration Operating Temperature Range

The safe operating temperature range for the aerated waste is between 125° F and 170° F. The
preferred operating range is between 145° F and 165° F.

5.2.3 Key Monitoring Parameters

There are four key bioreactor operating parameters that are being monitored to assess the
progress of aerobic biodegradation in the waste. These are odor, landfill gas composition, pH,
and waste temperature. Additional parameters may need to be monitored to satisfy air quality
requirements.

Odor

During the composting stage the presence of a sweet smell (probably butyric acid) is
pronounced. When this odor disappears, the aerobic stage is over or the waste is too dry and
needs to be drenched with water.

Gas Composition

The aerobic phase of gas production is characterized by what is not included in the gas. The gas
may include minor amounts of methane and is not as corrosive. The gas does not typically
contain significant concentrations of VOCs.

pH

The pH of the leachate is typically acidic due to the type of bacteria degrading the waste.
Leachate quality monitoring must make provisions for pH adjustments of leachate. Acidic
environments impede methanogenesis bacteria, which are crucial for enhanced biodegradation,

49



ITRC — Characterization, Design, Construction, and Monitoring of Bioreactor Landfills February 2006

and completion of the waste degradation process. The pH must be maintained within the neutral
range at all times with the addition of buffering agents.

Waste Temperature

Daily waste temperature measurements can prove beneficial. Spatial measurement is generally a
minimum of one per two acres in the mass at the level of aeration. Many technologists also
measure gas temperature in recovery pipes or vent temperatures. Within 15 days of aeration in
warm weather, the aerated lift should be at 140° F to 145° F unless it is unusually wet or dry.
Temperatures at or above 170° F are a cause for concern. It is recommended that material (e.g.
water, foam suppression, or CO,) be used to smother any fire; however water can create gases
(vapor) that may cause explosive conditions. It is highly recommended that a fire department or
fire suppression expert be consulted for any potential fire condition in a bioreactor. Once the
waste temperature reaches = 140° F, a change in temperature of = 20° F in a 48-hour period calls
for immediate action. Management should be notified immediately. Most sites doing aeration
develop a hot spot procedure as part of a safety drill.

For the purposes of fire monitoring CO can be measured at less than 10ppm, which when
elevated to a few hundred ppm could give an early warning that there could be an issue with fire.
CO can be measured inexpensively with a Draeger tube in the field. There are other portable
measuring devices which can be used to monitor even lower concentrations of CO. Operators
may also want to use combination meters (Measurements of O, and LEL) to evaluate explosive
limits.

5.2.4 System Operations and Maintenance Steps

The following operations and maintenance steps should be followed for optimal system
performance:

e Aeration should begin within ten days of completing a new lift of waste. The sooner the
better.

e Prior to beginning aeration the working face of the lift to be aerated should be watered. 10 to
25 gallons per bank cubic yard (gal/bcy) is preferred (this includes gallons of biosolids). A
minimum of 5 gal/bcy is required. Retrofit wetting is required and varies with each
technology chosen.

e The air pressure should be balanced across the header using a pressure gauge once the blower
has operated for 24 hours.

e Each aeration pipe should be checked for blockage (watering-out) weekly. Checking the
pressure and listening for surges is adequate.

5.3 Management of Moisture Levels

Moisture calculation is a straightforward method for determining the correct amount of moisture
to add to the MSW based upon collected data. An optimum moisture level exists for each
municipal solid waste landfill that will allow the process of biological stabilization and
compaction to proceed at the highest rate possible. Existing literature suggests that the optimum
moisture level is between 40-60%.
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5.3.1 MSW Moisture Content Determination

The gravimetric procedure for determining the moisture content of MSW is relatively simple and
is based in most part upon the methods for determining total solids as presented by Standard
Methods for the Examination of Water and Wastewater and/or EPA Method 160.3 (see
http://www.epa.gov/safewater/methods/). An initial weight is obtained for a 0.5-1.0 kg field
sample of MSW. The moist sample is dried at 103-105° C to a constant weight. The percent
moisture is calculated as follows:

Percent Moisture = 100 - (dry weight/wet weight * 100)

For example: A 1000-gram field sample of MSW is obtained and dried. The constant dry weight
of the sample is found to be 700 grams. The percent moisture is calculated:

Percent Moisture = 100 - (700/1000 * 100)
=100 - (0.70 * 100)
=100 - 70 = 30%

5.3.2 Moisture Addition Spreadsheet

The moisture addition spreadsheet should be utilized once the percent moisture results are
obtained from the laboratory. An explanation of the preparation of the spreadsheet follows.

5.3.2.1 Generation of Spreadsheet Data

A simple algebraic expression was developed to demonstrate the relationship between the total
weight for each cubic yard of MSW and any given percent moisture found for collected field
samples. A typical moisture level for generic MSW is 25%. The in-place moisture weight, X,
was calculated for MSW dry weights from 800 to 2000 pounds/cubic yard from the formula:

X = Decimal Fraction Moisture (Dry Weight Density + X)
For example, on the spreadsheet for Moisture Level of MSW = 25 Percent:
Let the dry weight density equal 1000 pounds/cubic yard and the moisture equal 25% (0.25 as
decimal).
X =0.25 (1000 + X) = 250 + 0.25X
0.75X = 250
X = 333.33 pounds

Pounds may be converted to gallons by dividing by 8.34 Ibs/gal water.
So, 333.33/8.34 = 39.97¢gallons.

Wet weight = Dry weight + Moisture weight = 1000 + 333.33 = 1333.33 pounds/yd®

These equations served to generate the first four columns of the spreadsheet. The equation may
be checked by the formula for percent previously presented.
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Percent Moisture = 100 - (dry weight/wet weight * 100)
Percent Moisture = 100 - (1000/1333.33 * 100) = 100 - 75 = 25%

5.3.2.2 Addition of Liquids to Achieve Moisture Goal

Using the same spreadsheet line with the MSW moisture level at 25% and 1000 pounds/cubic
yard dry weight, the liquid weight present at 35% moisture is calculated.

Calculation check:
X =0.35 (1000 + X)
X =350 + 0.35X
0.65X =350

X =538.46 pounds

Percent Moisture = 100 - (dry weight/wet weight * 100)
=100 - (1000/1538.46 * 100)
= 35%

The amount of moisture to be added to MSW at 25% to achieve 35% was done by subtraction.
Moisture to be added = 538.46 - 333.33 = 205.13 pounds or 24.60 gallons/cu yd.

The amount of