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ABSTRACT

The Yolo County Department of Public Works, at its Central Landfill outside Davis, California, is
demonstrating new enhanced landfilling technology to manage solid waste landfills for rapid
completion of total gas generation and maximum gas capture. Methane generation is accelerated
by improving conditions for biological processes in the landfill through moisture management
while gas capture is maximized through cell containment with clay side walls and bottom and top
composite liner system. Compared to conventional operation, enhanced landfilling can more than
double recovery of landfill gas for electricity generation or other energy applications. Enhanced
landfilling also minimizes undesirable gas emissions over many years, including methane, which
has been implicated in climate change.

The two demonstration cells incorporate the following features:

Each cell contains approximately 9,000 tons of waste.

Biological reactions are facilitated by optimized additions of water and leachate.
Cells are covered with gas-impermeable membranes to contain methane.
Permeable layers serve to conduct gas to collection points.

The cells are instrumented to determine performance.

Gas generation, waste volume reduction, and a range of other parameters will be monitored for
several years, until methane generation is complete. This enhanced landfilling technology is
expected to offer an important advance in landfill operation, enabling low-cost mitigation of
methane emissions, maximization of beneficial energy capture, reduction of landfill volume, and
reduction of long term waste management costs. Larger full-scale applications are expected to
follow the demonstration.

An economic analysis is presented for enhanced landfilling applied at the Yolo County Central
Landfill. There is considerable uncertainty involved in this analysis; economic projections 30-50
years mto the future can only be considered to be very approximate. However, given the
assumptions used in this analysis, enhanced landfilling can be accomplished with a benefit to cost
ratio equal to one at a selling price for electricity of 3.5 - 4.5 cents per kWh if a double composite
hiner system is not required. Requiring the use of a double liner system would render enhanced
landfilling uneconomical.
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L. INTRODUCTION AND BACKGROUND

LANDFILLS AND LANDFILL METHANE RECOVERY

Sanitary landfilling is the main method of waste disposal in the United States. The EPA
estimates about 70% of U. S. municipal solid waste, amounting to about 150 million
tons/year over the past decade, is landfilled (Kaldjian, 1990). With conventional
landfilling, waste is placed in conformance to existing regulations. Waste deposited in
landfills is compacted daily with a soil cover to reduce blowing litter, manage bird and
rodent activity, and control odors. This process continues until a planned waste depth is
reached. The waste is then covered with an impermeable cover layer, usually clay. In
most cases, there is no attempt to manage or monitor conditions within the landfill for
biological activity.

PROJECT DESCRIPTION

The objective of this project is the design and construction of two landfill demonstration
cells to test the operation of a landfill as a biological treatment system. The landfill
environment 18 manipulated to achieve rapid biological stabilization, accelerating the rate
of generation of methane and maximizing gas capture. This will be accomplished through
additions and recirculation of liquids (water and leachate) to improve biological reaction
conditions in the landfill. Further investigations will include: the potential for landfill
leachate treatment through leachate recycle; the extension of landfill life resulting from
waste settlement during rapid biological conversion of solid waste to gas and hiquid; the
assessment of the environmental impacts of the approach in order to provide regulatory
agencies with information that can be used to develop guidelines for its application. The
monitoring program will provide the data necessary to achieve these objectives. The
nature of the monitoring program will allow changes in technique as warranted by ongoing
evaluations.

The overall project objectives are as follows:

e The principle project objective is to demonstrate substantially accelerated landfill gas
generation and brological stabilization while maximizing landfill gas capture.

» To monitor the biological conditions within the landfill cells.

s To demonstrate that the recirculation of leachate 18 an effective leachate treatment
strategy.

* To demonstrate the landfill life extension that can be realized through more rapid
conversion of landfilled solids to gas.

» To provide regulatory agencies with information that can be used to develop
guidelines for the application of this technology.




» To better understand the movement of moisture through landfills.

BACKGROUND

Bactenal generation of methane, carbon dioxide, and other trace gases, occurs in almost
all landfills containing municipal wastes. Although methane production is significant
enough that gas is often usable for energy generation {Augenstein and Pacey, 1992),
recovery rates and yields are far under their maximum potential. Maximum methane yield,
as demonstrated in laboratory tests, might provide combustible gas having 40 to 50% of
the waste's energy content. However only a portion of the methane energy potential is
normally realized. Waste decomposition to landfill gas proceeds only slowly, over many
decades in conventional, dry landfills. This may be inferred from low gas recovery rates
and from recovery of intact, legible reading material after many decades in the landfill
(Rathje 1989).

Recovery of landfill gas has been driven by the 1991 Federal Clean Air Act, and by
policies of state agencies such as the California Air Resources Board. Of primary mterest
has been the issue of energy recovery, however, conventional approaches utilizing clay
caps and vertical wells are likely to collect between 70 to 90 percent of the gas generated,
allowing the remainder to escape to the atmosphere. Reasons for this include:

o Cover porosity. Field experience shows in-place clay final cover to be significantly
porous. Augenstein and Pacey (1991) estimate fugitive emissions during operation
may be 10 to 60 percent of the gas generated, depending on the site. The California
Air Resources Board estimates escape at 40 to 60% of the amount of gas collected
(SCM, 1990), which implies fugitive emissions about 30-40% . Walsh estimates
fugitive gas per VOC fractions at 25 to 75% (SCS Engineers, 1994).

s Low generation rates. Of methane generated, high fractions can be emitted to the
atmosphere at both early and late stages in “conventional” filling. Gas generation may
begin, shortly after waste is placed, and before welling can capture gas with high
fractional efficiency. At long times after filling and closure, gas generation may
continue. Its collection may be less efficient then because continuing collection of
low-rate gas generation is less cost effective, and equipment may no longer operate (or
may be less well maintained). The amount of gas thus escaping long-term may be
considerable; EPA and other models suggest that 20 to 40 percent of total gas
generation may occur after 30 year post-closure collection period mandated by the
EPA. Thus high collection efficiency of 70 percent or more by a well operated system
at peak gas generation rates is reduced by both early and long term fugitive emission
when the entire landfill methane generation cycle is considered.

Efficient use of landfill-generated gas is hampered by equipment considerations. To use
the gas efficiently, collection and conversion equipment must have capacities which are
close to the actual volume of gas produced. Because volume projections may differ from
actual results by as much as 50%, selection of appropriate equipment can be difficult.




In summary, methane recovery from landfilled waste is typically less than half of the
maximum potential for reasons of inefficient recovery, inability to confidently size
equipment to make best use of available gas, and slow and incomplete generation of gas.
Conventional landfilling generally results in slow decomposition of wastes over time, and
gaseous emissions that are difficult to manage. It also presents various long-term
expenses involving gas system and containment maintenance, leachate management, and
problems with continuing subsidence. The YCCL Demonstration Project is intended to
address these problems.

PAST APPROACHES

Previous attempts to recover methane energy from municipal wastes have involved a
variety of waste-to-methane approaches. Early successful solid waste fermentations were
conducted in mixed-tank equipment similar to those used to digest sewage solids
(Goluecke, 1969, Pfeffer, 1974). However, drawbacks included parasitic energy
consumption and high capital equipment costs.

Disadvantages with mixed tank approaches have prompted other work exploring the
potential of “static” or unmixed digestion in low-cost reactors which can include landfills
(Augenstein et. al., 1976). Calculations of diffusional transport rates, and subsequent
laboratory experience, show that waste can be digested without mixing, at high solids
levels characteristic of a landfill. In-landfill methane generation has pronounced
advantages, namely:

o The reactor is basically “free” in terms of incremental cost
e In-landfill fermentation can easily tolerate inerts (waste components like rocks)

e Laboratory work has shown methane yields comparable to or better than for stirred
tank work, so that expensive pre-processing can be avoided.

For these reasons, in-landfill fermentation appears to be the most attractive means of
generating methane from municipal wastes, and is currently receiving worldwide attention
(Lawson et. al. 1991).

This report presents only a brief background on enhanced landfilling. Readers desiring
more background on the subject may refer to the original Proposal to the California
Energy Commission {Yolo County, 1991). The following report summarizes various
issues involved, and discusses how containment and optimization of biclogical conditions
may be combined to maximize methane recovery.




TRIALS ELSEWHERE
Field trials to accelerate landfill decomposition have already been attempted. It may be
useful to briefly review efforts at landfill enhancement that have occurred elsewhere.

e The earliest trial involving detailed measurements of gas generation and other refevant
parameters was the field demonstration in Mountain View, CA, in which six cells were
operated with a variety of amendments (Pacey et. al., 1987). The test cells were
unexpectedly warm (40 °C) at time of construction, possibly due to limited acrobic
composting of waste prior to placement of cover soil. Cell temperature continued to
rise as methane was generated until several reached temperatures of 50-60 °C, at
which time gas generation rates dropped while temperatures remained constant.
However, gas production ultimately resumed. Other Mountain View problems
included gas leaks, leachate buildup in cells due to inadequate drainage, and various
measurement difficulties. Despite problems, this test successtully demonstrated
generation rates three to five times that of conventional landfills in the area.

e Tests were conducted at Brogborough, UK, in which 4 cells were used to test the
effects of liquid recycle, waste amendments and other variables (Campbell, 1991).
Results are difficult to evaluate as cell sizes and contents were approximately doubled

- two years into the program for reasons having to do with operation of the surrounding
landfill. Also, the gas collection efficiency is not well known and may be very poor, as
the conventional clay cover is cracked. Failure of temperature probes has also
occurred.

e A program was conducted at Binghampton in the early 1980°s through the New York
State Energy Research and Development Administration (NYSERDA) to test leachate
recycle.

e The Delaware Solid Waste Authority (DSWA) is conducting a program wherein two
one-acre cells containing 11,000 tons of waste each are testing the effect of leachate
recycling. This project has been successful at improving leachate quality and
determining liquid retention time in the waste. Waste temperature monitoring has
been lost as temperature probes, placed with the waste as it was filled, have failed.

The objectives of earlier trials included waste stabilization, volume reduction, energy
recovery, and convenient leachate disposal. Emission abatement had low priority, in part
because the environmental impacts of VOC's, particularly methane, had less recognition
than currently. The trials have provided some interesting results, but all experienced
problems and limitations. Experiences and limitations with these other tests have been
considered in planning the YCCL Demonstration project.

Problems with liquid handling occurred at both Mountain View and Brogborough due to
design problems and component failure. Difficulties also arose with gas collection, leaks,
and measurement of gas flow at Brogborough, Binghampton and for a time, Mountain
View.




LANDFILL CONTAINMENT AND MANAGEMENT ISSUES

- One general consideration is that any process must be economically compatible with
current landfill practice. It must also satisfy present and pending federal/state regulations
regarding landfills. The strongest regulatory constraint is that leachate contamination of
strata beneath the landfill, or threat of it, must be avoided by appropriate containment and
prevention of hydrostatic head on the base liner. Additionally, to maximize gas capture,
the landfill surface should be covered by an impermeable membrane.

SURFACE MEMBRANES. Gas recovery efficiency can be greatly improved by use of
gas-impermeable membranes. These are coming into wide use (Booth, 1991; Rice, 1994)
and may become a post-closure requirement for landfills in the future (Federal Register,
June 26, 1992). Synthetic membranes, in contrast to conventional clay caps, have gas
permeabilities that are, for practical purposes, negligible. Membranes over gas-conducting
layers (such as shredded tires) can capture essentially 100% of gas per VOC's generated.
However, such membranes, when used alone, have a serious disadvantage. Surface
membranes will maintain waste at low initial moisture levels (20-25%) which simply
extends the time for decomposition to as much as a century. Field results have confirmed
the substantial slowing of decomposition beneath impermeable membranes (Kraemer,
1993; Leszkiewicz 1995). Such dry containment approaches have been termed “dry
tomb” technology (Lee, 1990), and pose the following problems:

» Economics will be very poor for capture and utilization of gas generated at low rates
for extremely long periods.

¢ Membrane and other waste containment integrity must be maintained over longer
periods as “entombed” waste decomposes slowly. Leachate generated under such
conditions carries a high pollutant load well into the future, incurring high maintenance
costs, and liability for groundwater contamination.

Simply covering a landfill with an impermeable membrane will not greatly increase energy
recovery, but may create difficulties. To avoid long-term problems associated with
conventional landfilling it is also necessary to enhance waste decomposition to speed
completion of methane generation. The Yolo County landfill project combines membrane
capture with optimization of the methane generation process to complete production
within much shorter intervals.

ACCELERATING WASTE DECOMPOSITION AND METHANE GENERATION
Waste decomposition with gas generation can be promoted by control of moisture,
temperature, pH management, and nutrients. While other factors can be important,
moisture is crucial for biological activities associated with methane generation. Moisture
control is the primary method used to enhance generation in this demonstration project,
and is the most easily applied enhancement amendment.




Leachate management can be an important major aspect of landfill moisture control.
Collection and reinjection of this liquid to the waste mass (commonly referred to as
“leachate recycle”) is a advocated practice ( Pohland, 1989), and could be effective as a
means for enhancing methane generation and accelerating stabilization in conventional
landfills. However, newer landfills are much deeper and have less permeable covers.
Precipitation infiltration, and consequently leachate availability for recycle, is restricted
(Leszkiewicz, 1995). Thus, liquid supplements from outside sources may be necessary to
increase the moisture content of the waste sufficiently for effective enhancement.

Given measurement limitations in other demonstration projects, a major objective is to
instrument and carry out measurements to “fill in the gaps” left by other projects. A key
measurement will be that of liquid movement through the cell, providing important
information on waste permeability and recoverability of generated gas. Additional
measurements include temperature, gas pressure and composition, leachate quality, and
containment integrity.

GENERAL APPROACH
The design guidelines adopted for the Yolo County Demonstration Project are as follows:

e Toavoid the threat of leachate contamination of underlying strata, the landfill shall
have a composite or double base lining, as mandated in all new landfills or landfill
exXpansions,

- & To have a highly permeable bottom drainage layer to preclude build up static head.

o Cells shall be filled with waste according to standard landfill practice, except that
temporary cover shall consist of matenials not restrictive to the flow of liquid. For
demonstration purposes, moisture, temperature and pressure sensors shall be placed in
the waste to monitor decomposition.

e Temperature, moisture and pressure sensors shall be placed in the waste as the cells
are filled in order to monitor processes within the waste mass.

e Provisions for uniform surface liquid addition, such as infiltration trenches, shall be
constructed on the surface of the filled waste.

e A porous surface layer, such as shredded tires, shall be placed to create a highly
conductive gas collection space for the capture and conduction of gas to collection

points.
e Filled cells shall be covered with an impermeable membrane.

s Liquids shall be added as needed to maximize biological activity and gas generation.
Liquid addition shall be managed as needed to preclude the development of
hydrostatic head on the base liner.




'PROJECT PERFORMANCE OBJECTIVES
The project consists of two test cells, each with about 9,000 tons of waste (enhanced cell
8,568 tons and control cell 8,737 tons). These test cells are large enough to represent
both the compaction and heat transfer of large-scale landfills at normal waste depth.
Techniques to enhance methane production will be applied to one cell (the enhanced cell),
with the other serving as the control. The enhanced cell has been provided with means for
controlled liquid addition to increase moisture content for methane generation. The celis
are instrumented to monitor moisture and temperature at multiple points within the waste.
Volume reduction, leachate flow and quality, static head on the base liner, containment
integrity and other parameters of interest are also to be monitored. Gas-tight waste
containment will allow accurate measurement of methane generation using positive
displacement meters.

Performance objectives include:

Estimated Methane Generation: Based on the assumptions stated under heading ENERGY
POTENTIAL in Section V, the enhanced demonstration cell is expected to generate about
22.0 million cubic feet of methane, while the control cell is expected to produce only 7.9
million cubic feet. The difference between these values amounts to a net gain of 14.1
million cubic feet of methane, which is the equivalent of 2,430 barrels of 0il. These
methane volumes should be produced in the enhanced cell within 5 to 10 years of initial
liquid addition, whereas, for an unenhanced cell, such gas volumes may take from 30 to 50
years or longer to produce. If decomposition can be brought to completion within 5
years, the average gas flow rate over this period would be about 8 cubic feet per minute,
and if the process should reach completion within 1 year (very unlikely rapid
decomposition rate), the flow rate would still average to about 42 cubic feet per minute.
These flow rates are well within design parameters for pipe size and flow measurement
devices.

Volume Reduction and Settlement: The volume reduction brought about by the
conversion to methane of the organic fraction of the waste is estimated to account for
about 20 to 30 percent of the as-placed volume. The estimated average settlement in the
enhanced demonstration cell should be about nine feet, based on a volume reduction of 20
percent. Such settlement corresponds to a recovered landfill volume sufficient to place an
additional 1,700 tons of waste,

Water Addition Requirements: The water content of as-placed waste is typically between
20 and 30 percent, and may need to approach 40 to 50 percent for optimal methane-
generating conditions. Assuming the initial water content of as-placed waste to be 25
percent, 1 million gallons of water must be added to the enhanced cell to achieve field
capacity. Allowing for a transmissivity of 10 ¢cm per second, water added to the cell
should require about 5 months to seep down through the (average) 40 foot depth of
waste. The total addition of 1 million gallons of water over a 5 month period dictates a
rate of addition of about 10 gallons per minute cumulative for all 14 injection points. The
addition of this quantity of water should bring the waste to its field capacity for moisture.




Reduction in Leachate Strength: As water is added beyond field capacity leachate is
produced which is collected at the bottom of the cell and recirculated through the waste,
After one year of leachate recirculation the following is expected to occur;

e Reduction of Biochemical Oxygen Demand
e Virtually complete elimination of organic acids
* pH brought to near neutrality (6.5 to 8.0)

SUMMARY OF EXPECTED ENERGY BENEFITS
A number of energy, environmental, and landfill operations benefits are expected to result
from enhanced landfilling and are summarized below.

e Iigher methane yield, higher generation rates, significantly shorter decomposition
time,

» Better economics of scale for energy use due to greater quantities of captured gas in
significantly shorter time.

e Completion of waste decomposition over shorter terms, reducing long-term risks to
the environment and reducing long-term gas collection and other management costs.

e Predictable completion of waste decomposition such that landfill-gas fueled energy
equipment may be sized to make maximum use of the gas generated.

* Emission of methane gas into the atmosphere is expected to be virtually eliminated,
along with its contribution to.global climate change.

SUMMARY OF EXPECTED WASTE MANAGEMENT BENEFITS

¢ Potential for landfill life extension by volume reduction, and thus, reduced land use.

* Leachate quality improvements and correspondingly reduced threat to groundwater, as
well as reduced costs for off-site disposal and treatment.

® Reduced emissions of Volatile Organic Compounds and other air pollutants.

e Reduced costs for post-closure landfill maintenance and gas system operations due to
earlier completion of landfill gas generation and waste stabilization.

PROJECT STATUS WITH REGARD TO PERFORMANCE OBJECTIVES WITHIN
CEC CONTRACT DOCUMENTS

To date, the Project Objectives, as described in the Project Activities section of the
contract with the California Energy Commission, have been achieved. Briefly, these
activities include:

Design and Construction of Base Liner: The primary base liner components were designed
and constructed as planned. Some of the primary components of the designed system
include the following:

¢ A double composite liner system for the enhanced cell and the single composite liner |
for the control cell. Current regulations prohibit the introduction of liquids as is




required for enhanced landfilling. However, an “engineering alternative” (double
composite liner system) to the prescriptive regulations (single composite system) was
obtamed to demonstrate to the regulatory agencies that benefits can be realized
without increasing environmental hazards.

» Leachate collection and removal systems for the cells.

¢ Perimeter levees for containment of refise and anchoring the geosynthetic materials.

s leachate management system.

Congtruction of the base liner was completed $14,000 below the budget allowance.

Design and Construction of Levees: Construction of the clay levee side walls was
conducted while waste was being placed inside and outside of the cell in order to avoid
unbalanced loading of the sidewalls. The five-foot lifts of sidewall material and waste
were designed to minimize clay use and maximize waste volume. During the winter of
1994, due to reduction of daily waste tonnage and operational difficulties at the landfill,
the filling of the demonstration cells was postponed from April of 1994 to April of 1995.
A contractor was chosen on a time-and-materials basis which resulted in a substantial
increase in the cost of construction. The original construction estimate of $40,000 was
amended to $106,000, and an additional $14,000 was expended to construct the
instrumentation and gas collection risers within the waste mass. The new contractor
‘completed this $120,000 phase of the project. Part of the added cost was covered by a
grant from the California Integrated Waste Management Board.

Design and Construction of The Waste Monitoring System: Thermistor type temperature
sensors, custom-made PCV moisture sensors, and agricultural soil moisture sensors were
selected and installed within both demonstration cells. The control cell contains 11
temperature and 19 moisture sensors, while the enhanced cell is equipped with 13
temperature sensors and 37 moisture sensors. Wire leads from the sensors were enclosed
in a housing of nylon-reinforced flexible PVC tubing for protection against damage.
Additional slack was provided for these leads to prevent breakage as settlement occurred.
A Druck pressure transducer was placed within the leachate collection trench to measure
hydrostatic head above the base liner. All wire leads were connected to a Micrologger and
a remote transmitting unit. Construction of the waste monitoring system was completed
within budget.

Design and Construction of Landfill Gas Collection and Removal System: Vertical and
horizontal gas collection systems were designed and constructed. The vertical gas wells in
each cell were constructed of perforated 4-inch diameter PVC pipes; one well in each cell
surrounded by gravel and the other by shredded tires enclosed in wire mesh. The
horizontal gas collection system was constructed from the surface of the waste upward,
beginning with a perforated 4-inch diameter PVC pipe placed within a compressed layer of
shredded tires at least one foot thick. A protective, 12 oz. per square foot geotextile layer
was placed above the shredded tires followed by a compacted layer of clay 1.5 feet thick.
All of this was finally covered with a 40 mil, linear low density polyethylene (LLDPE)
impermeable membrane. Gas can be extracted either by the vertical or horizontal pipe
system, or by a combination of both.




The gas removal system was designed and constructed to handle a volume flow rate much
higher than that which is to be expected from these cells. The gas is conducted from the

- cells to the power plant via a 6-inch diameter PVC pipe. Landfill gas flowing from each
cell is measured separately by a positive displacement rotary gas meter installed after the

- condensate knockout and trap system. Each meter is capable of measuring flows from 42
cubic feet per hour to 5,000 cubic feet per hour. The condensate that drains from the
knockout and main 6-inch header is collected disposed of in the landfill leachate
management system. The gas recovery system was constructed within budget.

Design and Construction of Leachate Recirculation and Pumping System: The leachate
recirculation and pumping system was designed to collect and distribute liquid within the
enhanced cell. The primary components include the following:

e A leachate pumping system capable of pumping a maximum of 12 gallons per minute,
e A leachate flow metering system for both cells.
* A pipe system to conduct leachate to the holding tank and back to the cells.

e A distrbution system for the enhanced cell.

The distribution system in the enhanced cell consists of 14 injection points distributed over
the waste, below the surface membrane, 20 feet apart on center. Liquid will be injected to
each point at a rate of about 0.71 gallons per minute per injector for a total of 10 gallons
per minute. Each injection point has a measuring instroment to determine the depth of
liquid on the waste surface, which is recorded automatically. It was initially anticipated
that if the average depth of half the injection points were greater than a preset depth, the
pump would automatically shut off until the liquid level had declined to an acceptable
level. However, this leachte inflow management plan was abondoned to preserve memory
in the datalogger for other data measurements considered to be more important. The
liquid depth sensors are still used to monitor liquid depths in the infiltration trenches but
are not used to control the pumping of hquid to the enhanced cell. This system was
constructed within budget.

Design and Construction of the Cover System: A composite liner system was designed
and constructed for the final cover for both cells. The LLDPE liner system was not
covered with soil as originally intended. This was intended for ease of inspection and any
repairs that might be required. The liner was weighted down with sand bags. The pressure
under the liner will be controlled so that no billowing of the liner will occur. As an extra
precaution, rubber blow-out caps were installed to relieve pressure build up in case the
automatic pressure adjustment system fails. A porous layer of shredded tires was used
ingtead of drain rock for gas collection with a geotextile to protect the liner. In December
of 1995, during the construction of the LLDPE liner, a windy storm occurred which
damaged the liner resulting in $20,000 in repair costs. Yolo County’s insurance company
covered some of the cost incurred, though $5,000 had to be paid out of the contingency
portion of the contract. Excepting this unavoidable cost, the cover system was completed
within budget.
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‘Although module construction, cell construction and all subsequent steps were delayed, all
major project tasks have been accomplished. The original CEC funded portion of the
project has brought the cells to the point of operation.

We have accomplished the steps necessary to arrive at the fundamental purpose of the
project, namely, to apply enhanced landfill techniques to a waste management unit in order
to accelerate the stabilization of the waste and monitor effects within the waste.

Liquid addition to the enhanced cell and the application of a vacuum to both the enhanced

and control cells to collect Indfill gas occurred in October, 1996. Preliminary data is
presented elsewhere in this report.
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II. DESIGN AND CONSTRUCTION

ENGINEERING DRAWINGS

A large number of detailed engineering and construction drawings were prepared for this
project. Many project details are best seen by reference to selected drawings. Drawings
are contained in the Appendix 1.

GENERAL OVERVIEW OF DEMONSTRATION CELL CONSTRUCTION

The bases and drainage structures for the two 10,000 feet square test cells were
constructed in 1993 in conjunction with a 22-acre landfill expansion (Module B) at the
Yolo County Central Landfill (YCCL) outside Davis, California (see Photo 2, upper).
The general location of the test cells within Module B and the larger landfill are shown in
Drawing 1I-1 “SITE PLAN”. Configuration of the base is shown in Drawing I1-2, CEC
CELLS-VIEWING NORTH-WEST (see Photo 2, lower). From April through October
1995 the test cells were filled with municipal solid waste to depths of approximately 50
feet. Waste was placed in each cell in 5 foot lifts, each lift was overlain by about I foot
of chipped greenwaste to serve as daily cover and surrounded by compacted ciay levee
side walls. Moisture and temperature sensors were embedded in the waste at various
levels during waste placement. The sensor wires run horizontally through the waste and
then rise vertically to the surface in flexible vertical risers constructed by filling wire
mesh cylinders with gravel, which also serve as gas collection wells. Following waste
placement, the cells were covered with a layer of shredded scrap tires (to serve as a
horizontal gas collection system), geotextile, cover soil, and then a geosynthetic cover.
The sensor wires are connected to a central data logger which is programmed to take
periodic readings of the sensors. The collected data is then transmitted off site via radio
link. The major elements of the completed test cells are illustrated in Drawing II-3,
entitled “METHANE ENHANCEMENT BY ACCELERATED ANAEROBIC
COMPOSTING AT THE YOLO COUNTY CENTRAL LANDFILL”.

DETAILS OF DEMONSTRATION CELL CONSTRUCTION
The methods of construction of the different system components are described below.

Base lavers: Base lining layers for both cells consist of a soil and gravel operations layer
over geotextile, drainage net, a 60 mil (0.060 inch thick) high density polyethylene
(HDPE) geomembrane, and a 2 foot layer of compacted clay as illustrated in Drawing
II-4 MODULE B AND CEC CONTROL CELL COMPOSITE LINER SYSTEM
DETAIL (seec Photo 3). For the enhanced cell, a secondary containment system was
constructed on top of the base lining system as shown in Drawing 11-5 CEC ENHANCED
CELL COMPOSITE LINER SYSTEM DETAIL (see Photo 3). The double containment
was required by the Regional Water Quality Control Board due to the liquid additions
that will occur in the enhanced cell. In the enhanced cell, the soil operations layer was
compacted, a one-foot thick layer of compacted clay liner was placed, and a 60-mil
HDPE liner was installed (see Photo 4). The bottom of both cells slope at 2% in a
southerly direction towards a gravel filled trench containing a perforated leachate
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collection and removal pipe as shown in Drawing 11-6 CEC CONTROL AND
ENHANCED CELL GRADING PLAN (see Photos 4 - 6).

Leachate Drainage to Manhole: The leachate that is collected in each cell flows through
solid pipes in Module B which convey the leachate to separate manholes at the perimeter
of Module B (a distance of approximately 650 feet) for measurement, and in the case of
the enhanced cell, recirculation. This is illustrated in Drawing I1-7 MODULE B PLATE
LYSIMETER AND LEACHATE COLLECTION TRENCH CROSS SECTION and
Drawing 1I-8 NORTH AND SOUTH MANHOLES LAYOUT. To prevent the loss of
landfill gas through the leachate removal lines, U-traps with 24 inches of liquid head
were constructed at the pipe outflows in the manholes (see Photo 7).

Enhanced Cell Secondary Liner: For the enhanced cell, one objective is to demonstrate
integrity and leak-free performance of the primary liner system (a regulatory concern).
The double containment system incorporated into the enhanced cell will allow for leak
detection and leakage volume measurement. Any leakage through the enhanced cell’s
primary liner system will be captured by the cell’s secondary liner system. The
secondary liner system drains to its own leachate collection trench, and then through a
solid pipe in Module B to a manhole at the edge of Module B. Outflow at this manhole
would indicate leaks in the enhanced cell’s primary liner system.

Manholes: Manholes (prefabricated HDPE, of conventional commercial construction)
are used to collect and hold leachate draining from cells. The enhanced cell manhole also
serves as a reservoir to which water can be initially added, and leachate subsequently
recirculated to the enhanced cell as needed. The manholes are designed to allow drainage
into the landfill leachate disposal system if required, but are valved so that volumetric
measurements can be made prior to draining. The manhole for the enhanced cell is
shown in Drawing II-9 MANHOLE 1 PLAN AND SECTION (see Photo 7).

Compacted clay sidewalls: The clay used to construct the cell sidewalls was taken from
the on-site borrow source, and was of the same type used to construct the compacted clay
liner system for the demonstration cells and module B. The clay was pre-moistened at
the borrow site using a water truck and disc, and a minimum of 24 hours was allowed for
the water to fully saturate and sofien the clods. The moisture content of the soil was
adjusted to a value between 0 and 3 percent above optimum.

Scrapers were used to transport the clay for the construction of the levees. The subgrade
was scarified and moistened to a depth of 2 to 4 inches before the clay was spread to an
even 8-inch loose thickness. Four to six passes of a Tenco 5X 5 sheepsfoot compactor
pulled by a Caterpillar D8 were needed to achieve a final compacted 1ift thickness of 6
inches at 95% relative compaction (see Photo 11). The mating surface of each Iift was
left rough and kept moist to make sure that a potential flow path for gases or liquids was
not created. Each subsequent lift was placed over the prior lift using the above procedure.
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Following compaction of each lift, 6 inches of clay was cut away and the previous lift
was tested for density according to ASTM D 2922 (nuclear gage) (see Photo 11) and
moisture content according to ASTM D 1557 (oven drying). Areas which tested below
95% relative compaction were reworked and tested. If the moisture content of the clay
was not acceptable, it was adjusted by wetting or aerating, as required, to within 0 to 3
percent above optimum moisture content.

Although permeability tests were not conducted during the construction of the clay
levees, but since the above procedure were strictly followed, it has been shown in
previous clay liner construction projects that with the on-site soil permeabilities of 107
cm/sec or lower can easily be achieved.

It was important to place waste on both sides of the sidewalls, as they were constructed,
to shore and maintain their integrity. First, clay was placed in lifts until the sidewalls
reached a height of 5 feet. A five foot lift of waste was then placed inside this perimeter,
and then a waste lift was placed outside the clay sidewall perimeter. The addition of
waste lifts and sidewall construction continued until the desired cell waste and sidewall
depth was reached. Drawing II-10 FILL PLAN, Drawing II-11 CROSS SECTIONS
LEVEE CONSTRUCTION 5 FOOT LIFTS, AND Drawing I1-12 CROSS SECTIONS
FILLING SEQUENCE 5 FOOT LIFTS.

Waste Selection for Cells: The waste placed in the cells was deposited by waste trucks
(packer trucks) containing residential or commercial solid wastes. This waste is from
typical packer truck collection routes serving households or commercial establishments
such as small businesses, restaurants, markets, etc. Self-haul vehicles were diverted
from the cells since they tend to have loads containing bulkier items than packer trucks.
No waste entering the landfill on weekends was placed in the cells since the majority of
weekend waste is from self haul vehicles. Other bulky loads or loads that consisted of
nearly all of the same material were also diverted from the demonstration cells. All loads
entering the landfill are weighed and a log of tonnages placed in the demonstration cells
was maintained (see Photos 8 and 9).

Waste Placement: The bottom of the control cell lies about 2.5 feet lower than that of
the enhanced cell due to the placement of the secondary liner in the enhanced cell.
Therefore, the control cell contains slightly more waste than does the enhanced cell, as
they were both filled to the same height. The control cell received 8,737 tons of waste
and the enhanced cell received 8,568 tons. Placement of waste was in five-foot deep
lifts. A total of nine lifts were required to fill cells to their final configuration. An
alternative daily cover of chipped greenwaste about 1 foot thick was used to cover the
waste. It is expected that chipped greenwaste as daily cover rather than soil will facilitate
necessary liquid permeation. Normal waste compaction procedures were followed; this
involved about 5 passes over each lift resulting in an average waste density of 1,027

- pounds per cubic yard for the enhanced cell and 1,014 pounds per cubic yard for the
control cell (see Photos 8, 9 and 16). These densities include all material placed in the
cells; both the solid waste and alternative daily cover.,
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Placement of In-Waste Sensors: As waste was placed in cells, instrumentation was
mnstalled at design levels. Drawing I1-17 show views of the layout of sensors for
moisture and temperature monitoring at three levels within the control cell and four levels
within the enhanced cell (see Photo 13). The positions of the instrumentation layers are
shown in Drawing II-13 MONITORING SYSTEM FOR WASTE MASS-CROSS
SECTION. A Druck PTX 164 pressure transducer was placed in the leachate collection
pipe of the enhanced cell to measure the buildup of hydrostatic head in the leachate
trench.

Moisture Sensors: In-waste moisture sensors are of two types; gypsum blocks
manufactured by Electronics Unlimited, and perforated 1.5-inch diameter PVC pipes
filled with pea-gravel with three electrodes spaced 8 inches apart. The gypsum blocks are
of the type typically used for soil moisture determinations in agricultural applications.
Initial tests prior to actual placement of the gypsum blocks in the cells showed that they
deteriorated rapidly in leachate. To increase their life, each gypsum block was embedded
in a quart-sized block of plaster of paris. The PVC moisture sensors will send a signal
when the surrounding conditions are at or near saturation conditions. The purpose of the
PVC moisture sensors is to provide some means of verification of the data provided by
the gypsum blocks and for this reason they are placed very near one another. If a PVC
moisture sensor is sending a signal the gypsum block would be expected to indicate very
high moisture content. The control cell contains 15 gypsum blocks and 4 PVC moisture
sensors. The enhanced contains 25 gypsum blocks.and 12 PVC moisture sensors. This
arrangement is shown in the detail “Gypsum Moisture/PVC Moisture Sensor” of
Drawing 11-14 MONITORING SYSTEM FOR WASTE MASS-DETAILS.

Temperature Sensors: Temperature sensors are 10 k ohm thermistors encased in 1/4”
diameter by 4 inch long stainless steel cylinders manufactured by Thermometrics, Inc.
They were also embedded in plaster of paris blocks along with the gypsum blocks. This
arrangement allows correlations to be made between temperature and moisture
conditions. This arrangement is shown in Drawing II-14 MONITORING SYSTEM FOR
WASTE MASS-DETAILS. The control cell contains 11 temperature sensors and the
enhanced cell contains 13.

Instrumentation Leads: Forces on wire leads buried within waste can easily break
unprotected leads due to waste compaction and subsidence. This problem has been
experienced repeatedly in other projects. Thus leads were enclosed in a housing
consisting of nylon reinforced PVC flexible tubing. Substantial slack was also left in lead
lines as a further measure to limit breakage (see Photos 14 and 15). Leads from sensors
run through the waste to a gravel riser which is shown in detail “Settlement Provision
Detail” in Drawing II-15 MONITORING SYSTEM FOR WASTE MASS-GRAVEL
RISER DETAILS. Within this riser they lead to the surface, and connect to a
Micrologger and a remote transmitting unit. This approach to instrumentation lead
protection has proven quite successful as all emplaced sensors are providing data, A
schematic illustration of the paths of instrumentation leads is shown in Drawing I1-17.
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Liquid Infiltration System: The basic enhancement strategy is to bring waste up to

-optimum moisture content-for biological reactions by controlled additions of liquid
(initially water and later leachate). To facilitate necessary liquid additions, the waste
surface was constructed with 14 “trenches” filled with shredded tires as shown in
Drawing 11-18, CEC ENHANCED CELL LEACHATE INJECTION SYSTEM. The
trenches are approximately 3 feet wide, 5 feet deep, and 10 feet long. A 3-inch perforated
PVC pipe was placed vertically at the bottom of each trench for leachate injection, and
backfilled with shredded tires. Liquid is distributed to each trench by a distribution
manifold as shown in Drawing II-18 (see Photos 23 and 24). Liquid levels in these pits
are sensed by probes which are constructed of 2-foot sections of 1.5-inch perforated PVC
pipe filled with pea gravel, fitted with electrodes spaced 12-inches apart. These
electrodes indicate when the depth of liquid in the pits has reached depths of
approximately one and two feet. The data logger records the information from the probes
and the inflow of liquid to the cell is shut off when the average depth in seven of the pits
exceeds one or two feet, depending on the settings in the program. Liquid in the pits then
drains into and permeates waste at rates controlled by the waste’s permeability. When
the average of the probe readings indicates that the average liquid depth is below the 2
feet level, pit filling is resumed. This procedure is repeated until indices, including
moisture readings and/or leachate outflow, show that desired moisture levels have been
reached.

Liquid pumping: Initially, water will be added to the enhanced cell from a groundwater
extraction system at the YCCL. Later, leachate generated by the enhanced cell will be
recirculated. A Grundfos 10E8 submersible pump capable of pumping 12 gallons per
minute to the enhanced cell is permanently installed in the enhanced cell manhole. The
pump was sized based on expected liquid needs and permeability of waste which was
estimated to be about 10™ cm/sec. Using this permeability rate, it is estimated that the
enhanced cell will reach moisture capacity in approximately 5 months without
interruptions on delays in pump run times. Groundwater flow into the enhanced cell
manhole is monitored with a Signet 2535 low-flow flowmeter. Leachate flow out of the
manhole is measured with a Sparling FM625 Tigermag flowmeter. A manually operated
pump was installed in the control cell manhole to allow any leachate that accumulates to
be pumped into the landfill leachate collection system. Leachate from the conirol cell
manhole is monitored with a Signet 2535 low-flow flowmeter.

Vertical Gas Wells: Gas collection for each cell is by two vertical wells within the waste
and through the surface permeable layer of shredded tires. The vertical gas wells in each
cell are constructed of a perforated 4-inch diameter PVC pipe with one well surrounded
by gravel and the other by shredded tires enclosed in wire mesh (see Photos 12, 13 and
14).! The vertical wells were not drilled after filling but were constructed as the waste

1 (One project purpose has been to demonstrate beneficial use of scrap tires in landfill construction and
particularly in landfill gas extraction. Scrap tires pose a major disposal problem throughout the U. 8.)
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was placed, increasing the height of the wells as the waste was placed. Vertical gas well
construction is shown in Drawing II-15 MONITORING SYSTEM FOR WASTE MASS-
GRAVEL RISER DETAILS and Drawing I1-16 MONITORING SYSTEM FOR WASTE
MASS-TIRE RISER DETAILS. One key parameter of well performance and a measure
of waste permeability is the change in the gas pressure in the waste surrounding the well,
induced by extraction of gas at various rates from the well. To assess pressure/flow
relations, monitoring lines have been instalied for pressure measurements in the waste
surrounding the wells (see Photo 24). These consist of 1/4 inch diameter HDPE tubes
protected by PVC conduit extended out at various radii from the well. These detect the
pressure at their endpoints, thus giving in-waste pressure data as withdrawal proceeds and
as the rate of withdrawal is adjusted. The design of the pressure probes is shown in the
“Gas Pressure Sensor” detail of Drawing I1-14 MONITORING SYSTEM FOR WASTE
MASS- DETAILS (see Photo 17). The gas pressure sensor layout is shown in Drawing
I1-19 CEC HORIZONTAL GAS COLLECTION AND PRESSURE MEASUREMENT
LAYOUT and more details are provided in Drawing [1-20 GAS SYSTEM DETAILS.

Cell Surface Layers and Membrane Containment: The surface of the waste is completely
overlain by a minimum 1-foot compressed layer of shredded tires which are highly

permeable to gas flow (see Photo 20). This permeable layer serves to collect and
conduct gas to a horizontal, perforated 4 inch diameter PVC pipe placed in the shredded
tire layer (see Photo 17). The shredded tire layer is covered by a geotextile and over the
geotextile is a layer of soil approximately one foot thick (see Photo 21). The soil layer is
capped by a surface membrane for overall gas containment. The surface membrane is
anchored and sealed at cell sidewalls as seen in Drawing II-21 COVER DESIGN and
Drawing II-22 COVER SYSTEM DESIGN DETAILS. The membrane material is 40 mil
linear low-density polyethylene (LLDPE) manufactured by Polyflex, Inc. which was
chosen because of its ability to accommodate waste subsidence by stretching without
breaking (see Photo 25).

Gas Extraction: (as can be extracted by either the perforated vertical wells, or through
the perforated horizontal pipe in the surface permeable layer of shredded tires, or by
combinations of both. The gas flow from the surface permeable layer and vertical gas
well extraction can be adjusted in any desired ratio by valve adjustments. This allows
well performance tests at all possible flow rates up to the rate of gas generation. A plan
view of the gas extraction system is shown in Drawing I1-23 GAS EXTRACTION
SYSTEM LAYOUT and details are shown in Drawing [1-24 GAS SYSTEM DETAILS.

Gas Condensate Removal: As the warm, moisture-saturated gas exits the test cells and
cools, liguid condensate forms. This condensate must be drained at low points in the gas
system or it may pool and block lines. The landfill gas exits each demonstration cell in a
4 inch diameter pipe and is conveyed to an 8 inch diameter, 10 foot long PVC pipe
located just upstream from the gas meters and shown in the detail, “Condensate
Knockout and Gas Flowmeter Detail” of Drawing I1-24. The purpose of the 8 inch
diameter pipe is to provide a larger area for gas flow, thereby reducing the velocity of the
flow and facilitating the removal of landfill gas condensate. Condensate that drains from
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the system is conveyed to a 2,000 gallon HDPE tank. The level of condensate in the tank
is measured and the volume calculated prior to draining into the landfill leachate
management system. The conveyance of the condensate is entirely by gravity flow. To
prevent the entry of air into the system U-traps are installed where a condensate line is
open to the atmosphere.

Gas Flow Measurement: Landfill gas flow from each cell is measured separately by
corrosion resistant, positive displacement rotary gas meters manufactured by Dresser
Industries, Inc. (Model 5SM175). The meter is a special service meter, designed for
sewage and production gas measurement. These are continuous duty meters which
tolerate small quantities of entrained fluids and corrosive gases. Each meter is capable of
measuring flows from 42 cubic feet per hour to 5,000 cubic feet per hour with a
maximum pressure of 175 pounds per square inch. These meters are temperature
compensated and have externally mounted pulsers that send volumetric data to the data
logger. The meters are installed after the condensate trap of each cell as shown in
“Condensate Knockout and Gas Flowmeter Detail” of Drawing 11-24 GAS SYSTEM
DETAILS.

Landfill Gas Warming: Most condensate in the gas flowing into the positive
displacement meter would be removed by the trap discussed above. However gas exits
the trap at 100% relative humidity and more condensation can occur as the gas moves to
the meter. To further limit the possibility of any condensate entering the meter, the

- galvanized steel pipes just prior-to the meter are heated by electric heat tapes. A
temperature increase of 10 °F between the 8 inch PVC pipe and the meter was deemed
sufficient to maintain the remaining moisture in the vapor phase while passing through
the meter. The power required to accomplish this at the peak estimated gas flow rate is
500 watts for each cell. To satisfy this requirement each pipe was wrapped with a heat
tape 8 feet long and capable of dissipating 72 watts per foot, for a total of 576 watts per
pipe. This arrangement is shown in “Condensate Knockout and Gas Flowmeter Detail
of Drawing II-24 GAS SYSTEM DETAILS.

Gas Collection Pipes Connection to Main System: The landfill gas from the
demonstration cells will be collected under a vacuum induced by a blower [ocated at the
landfill gas-to-electricity facility located at the Yolo County Central Landfill. The blower
at this facility applies a vacuum to the gas collection system for the entire landfill, not just
the demonstration cells. This includes 83 vertical wells distributed over about 110 acres;
the two demonstration cells are tied into this system. The vacuum applied at the blower
varies between -10 and -50 inches water depending on the time of year, whether or not
electricity is being generated, etc. However, the average applied vacuum at the blower is
about -25 inches water, which corresponds to a vacuum at the demonstration cells of
about -15 inches water. After passing through the cell, condensate trap, and flowmeter
measurement station, the gas enters a 6-inch diameter PVC pipe that conveys the gas to
the main gas collection header pipe. This configuration is shown in Drawing 1I-25 GAS
EXTRACTION SYSTEM LAYOUT.
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Leak Detection: Leaks through the surface membranes or piping should be shown by the
presence of oxygen or nitrogen in the recovered gas. Sources of leaks in pipes can be
- traced by upstream/downstream measurements in the gas collection pipes.

System Gas Pressure: Gas pressure or pump suction in the methane recovery network can
be monitored on-site using a hand-held Pocket Digital Manometer, model PDM205,
manufactured by Air-Neotronics Ltd., England.

Gas Quality Analysis: One means of monitoring the processes occurring in the
demonsiration cells is to analyze the gas they produce. This is accomplished by having a
technician sample the gas at the collection wells, and run it through an MTI P200H gas
chromatograph. Comparing the landfill gas to a laboratory-prepared reference gas, the
chromatograph can provide information about the relative concentrations of carbon
dioxide, methane and nitrogen.

Weather Conditions: Wind speed and direction, rainfall, temperature and barometric
pressure are monitored by a Davis Instruments Weather Monitor II weather station. Data
is transmitted to the Davis office of the DIWM via modem, and logged to pre-configured
[BM clone.

Demonstration Cell Data Acquisition: The enhanced and control cells are monitored for
moisture, temperature, and pressure by 112 sensors (see plans, Section 1) which are
wired to three AM416 Multiplexers connected to a 21X “Micrologger™ (Campbell
Scientific, Inc) (see Photo 24). The Micrologger polls the sensors for information at
preset intervals, and stores the values until they are downloaded. Data is downloaded to
the office of the Division of Integrated Waste Management in Davis, CA, at
programmable intervals via a dedicated radio link to the Micrologger. A computer at the
Davis office runs a program which initiates contact with the Micrologger, downloads the
information and stores it in a file. The file may then be processed using a proprietary
application called Split, which sorts and prepares the raw data. Once the data has been
processed it can be imported to a database or spreadsheet program for graphing or trend
analysis.

Data Analysis; Data received from the landfill is analyzed by selective sorting and
plotting using the spreadsheet program Excel. Staff at the Davis office of the DIWM are
currently exploring the option of writing a specialized application for the database
program Access, which will take raw data as transmitted from the landfill, format it and
apply analysis profiles automatically,
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PLANNED MONITORING PROGRAM

Much of the data acquired from the test cells will be collected and transmitted by the
Micrologger using the following regimen: Data will be collected from the sensors at 15
minute intervals, and averaged hourly (four readings). The hourly averages will be stored
for later transmission, generally at 2-hour intervals. The following parameters shall be
monitored:

1.

Temperature. Thermistors in the waste mass will yield temperature data which will
be stored in a Micrologger until downloaded to a computer at the office of the
Division of Integrated Waste Management. Sampling frequency as stated above.

Moisture content. Moisture data will be collected using agricultural moisture sensors.
The data will be stored and transmitted to the office computer as with the temperature
data. Sampling frequency as stated above.

Leachate depth on the base liner. Leachate depth on the base liner of the enhanced
cell will be monitored with a pressure transducer that has been placed in the leachate
collection trench of the enhanced cell. The purpose of the transducer is to demonstrate
that liquid additions can be controlled to prevent the buildup of excessive hydrostatic
head on the liner. Sampling frequency as stated above.

Liquid volumes. All liquid additions will be metered and recorded. Liquid will be
added to the cell continuously at a very slow rate to bring the waste to ficld capacity.
This rate should be approximately 12 gpm for all 14 injection wells. All liquid
leaving the cells through the leachate collection and removal system flows to one of
two manholes, one for each cell. The volume of liquid in these manholes will be
measured prior to recirculation or removal, as needed. The secondary containment
liner of the enhanced cell drains to a third manhole to monitor leakage through the
primary liner, should any occur. Sampling frequency as stated above.

Landfill gas volumes. Landfill gas volumes will be metered and reported
automatically .to the Micrologger by an appropriate in-line device. Sampling
frequency as stated above, except that the data collected at 15 minute intervals will
represent integrated volume flow rates during the interval.

Landfill gas composition. Gas composition is determined using an MTI gas
chromatograph model P200H. Gases of interest are methane, carbon dioxide, and
nitrogen. Measurements are planned once weekly for the first 8 months and monthly
thereafter. Measured directly by DIWM personnel.

Landfill settlement. Surveys will be performed every six months to track the change
in elevation of surface monuments placed on the demonstration cells. Measured
directly by DIWM personnel.

Leachate composition. Leachate characteristics will be analyzed, providing
information concerning bacterial activity and strength of leachate. Leachate from the
enhanced cell is expected to have a reduced pollution strength with respect to the
control cell. Measured directly by DIWM personnel (see Table 1., below).
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Table 1
Planned Leachate Testing Program.

PARAMETER FREQUENCY

Field Testing: pH, Alkalinity, Acidity. | Average of thirteen times per month.

Chemical oxygen demand, ammonia, |- First two months: Each cell once per week

nitrate, total Kjeldahl nitrogen, total |- Remainder of first year: Each cell once
phosphorous, total dissolved solids, every two weeks

sulfide, sulfate, total organic carbon. |- After first year: Quarterly

Volatile organic compounds Quarterly

Metals Quarterly
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III. PROJECTED ECONOMICS

CAPITAL AND OPERATIONS AND MAINTENANCE COSTS FOR

THE PROJECT ONLY

Thus far, operations and maintenance costs have not been incurred by the project. All
costs incurred so far have been due to design, construction and startup of the system. The
cost of the project to date has been approximately $563,000, as shown in Table 2.

Table 2.
Costs of the Enhanced Landfill Demonstration Project
COST AREA CAPITAL COST

Project Capital Costs
Construction of Base Liner $114,000
Construction of Clay Levees $120,000
Construction of Waste Monitoring System $40,000
Construction of Landfill Gas Collection and
Removal System $34,500
Construction of Leachate
Recirculation/Pumping System $47.500
Construction of Cover System $52,000
Initial Cell Operation and Testing $7,000
SUBTOTAL OF CAPITAL COSTS $415,000
Project Associated Costs
Design of all Systems $73,000
Project Final Report and Quarterly Reporting $25,000
Project Contingencies $50,000
SUBTOTAL OF ASSOCIATED COSTS $148,000
TOTAL PROJECT COST $563,000

Note: See project budget to get the $ amounts.
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Estimated operations and maintenance costs over the first two years of the project
monitoring phase are shown in Table 3.

Table 3,
Projected Operations, Monitoring,
and Maintenance Costs, First Two Years.

CATEGORY COST
Laboratory $15,000
Personnel $158,000
Surveying $2,000
General Contingency $10,000
Outside Consultant $10,000
(General Maintenance $25,000
Total Over Two Years $220,000

Note: Costs will drop off with time as
frequency of measurements decrease.

COSTS FOR A COMMERCIAL SYSTEM

Construction costs at the Yolo County Central Landfill can be used to estimate
construction costs for a commercial scale system. Waste Management Units are
constructed and filled at the landfill about every three years. These units cover 22 acres
with a maximum depth of solid waste of about 58 feet. Solid waste inflow averages
between 450 and 500 tons per day.

Capital and operating costs for application of enhanced landfill technology are only those
incurred above and beyond the cost of conventional landfilling. For cost analysis
purposes it is important to recognize that whatever containment design is used, most of
the cost of landfilling is incurred as part of basic environmental protection and is
independent of whether methane enhancement is practiced. For example, costs common
to enhanced and conventional landfilling include:

e A base liner system and a leachate collection and removal system
e  Waste coverage with a low permeability liner is required in any event.

e The installation of a landfill gas recovery system is required if certain emissions
criteria are to be met. These criteria are set forth in the Federal Clean Air Act and by
local air pollution control districts.
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e All normal operation and maintenance work will be incurred in any case.

BASE LINER COST

Current state regulations in California prohibit the introduction of liquids, including
leachate for recirculation, into a Class III Waste Management Unit. A goal of the project
is to demonstrate that liquid addition and leachate recirculation can be practiced without
causing a buildup of hydrostatic head on the landfill liner. It is hoped that the data
gathered through this project will show that a single-lined landfill provides adequate
environmental protection, however, the State Water Quality Control Board may continue
to require double-lined systems. To account for such uncertainties, three cases are
submitted and examined from a cost perspective.

Option 1 Single-lined landfill cell (Drawing TII-1).

Option2  Double-lined cell with a cross section identical to that used in the
enhanced cell for the project (Drawing IT1-2).

Option3 Double-lined cell using a cross section similar to that used in a
liquid waste surface impoundment existing at the Yolo County
Central Landfill (Drawing III-3).

Costs for landfill construction for each option on a per acre basis are provided in Tables 4,
5, and 6. Option 1 describes the cost of base liner construction if leachate recirculation is
not practiced or double containment is not required. The difference between Options 2
and 1 or between Options 3 and 1 is the incremental increase in costs that can be assigned

to enhanced landfilling.

24




Table 4

Component Costs of an Enhanced Landfill, Option 1

(Single composite liner system)

Base layers: (Listed from the bottom up)

Costs per Acre

Purchase and Transportation of Soil ($2.50/yd") $19,000
Compacted clay liner (2 feet clay) $12,000
60 mil HDPE base membrane $15,000
HDPE geonet (drainage layer) $8,000
Geotextile $8,000
Operations layer $6,000
HDPE pipes, 4" diam. 34,000
(Leachate collection and removal system, LCRS)

Subtotal base layers for Option 1: $72,000
Other associated costs:

Engineering and Design (8%) $5,800
Quality assurance/quality control for construction $12,000
Contingencies at 10 % $7.200
Total other costs: $25,000
TOTAL OPTION 1 COSTS $97,000
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Table 5
Component Costs of an Enhanced Landfill, Option 2
(Double lined using enhanced cell design)

Base layers (listed from the bottom up); Cost Per Acre
Purchase and Transportation of Sail ($2.50/yd’) $45,000
Compacted clay secondary liner (2 feet clay) $12,000
60 mil HDPE secondary liner $15,000
HDPE geonet (secondary drainage layer) $8,000
Geotextile (secondary liner) $8,000
HDPE pipe, 2-inch diameter (secondary LCRS) $2,500
Operations layer (secondary liner protection, 1.5 feet) $9,000
Compacted clay primary liner (1 foot clay) $6,000
60 mil HDPE primary liner $15,000
HDPE geonet (primary drainage {ayer) $8,000
Geotextile (primary liner) $8,000
HDPE pipes, 4" diam. (Primary LCRS) $4,000
Operations layer (secondary liner protection, 1 foot) $6.000
Subtotal base layers for Option 2: $146,500
Other associated costs:

Engineering and Design (8%) $11,800
Quality assurance/quality control for construction $15,000
Contingencies at 10 % $14,700
Total other costs: $41.500
TOTAL OPTION 2 COSTS $214,500
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Table 6.
Component Costs of an Enhanced Landfill, Option 3
(Double lined using YCCL liquid waste surface impoundment design)

Base layers (listed from the bottom up): Costs per Acre
Purchase and Transportation of Soil ($2.50/yd%) $19,000
Compacted clay liner (2 feet clay) $12,000
60 mil HDPE, secondary liner $15,000
HDPE geonet (secondary drainage layer) $8,000
HDPE pipe, 2" diameter (secondary LCRS) $2,500
60 mil HDPE, secondary liner $15,000
HDPE geonet (primary drainage layer) $8,000
Geotextile $8,000
Operations layer $6,000
HDPE pipes, 4" diam. (primary LCRS) $4.000
Subtotal base layers for Option 3: $97,500

Other associated costs:

Engineering and Design (8%) $7,800

Quality assurance/quality control for construction $17,500

Contingencies at 10 % $9.800

Total other costs: $35,100

TOTAL OPTION 3 COSTS $132,600
SURFACE LINER COST

Regulations governing landfills require that all landfills be covered with a low permeability
liner after filling; this process is referred to as “landfill closure”. Clay has been the most
often used liner material but synthetic membrane liners are becoming increasingly popular
due to the high cost of importing clay to landfills without on-site sources of clay.
Coverage with a synthetic membrane makes possible the recovery of nearly all of the gas
produced. Because landfill closure is a requirement of normal landfill operations it is not
considered an added cost of enhanced landfilling. However, because it is necessary to
maximize landfill gas capture, estimated per-acre costs for a surface liner system
incorporating a geosynthetic membrane are shown in Table 7. Costs are estimated using
construction costs at the Yolo County Central Landfill.
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Table 7.
Component Costs of a Landfill Surface Liner System

Surface layers (hsted from the bottom up): Costs per Acre
Purchase and Transportation of Soil ($2.50/yd”) $16,000
Foundation layer (2 feet) $16,000
Geotextile $8,000
Geonet $8,000
Geotextile $8,000

40 mil LLDPE (linear low density polyethylene) $15,000
Vegetative layer (1 foot) $5,000
Hydroseeding $1.500
Subtotal base layers for Option 3: $77,500

(Other associated costs:

Engineering and Design (8%) $6,200
Quality assurance/quality control for construction of base and $12,000
Contingencies at 10 % $7.800
Total other costs: $26,000
TOTAL COST PER ACRE $103,500

LIQUID HANDLING EQUIPMENT COST

Liquid addition and leachate recirculation can occur in a number of ways. Liquid can be
applied to the waste as it is being placed or liquid can be added to a separate leachate
collection and removal system upon final waste placement. Liquid can be added using the
surface of the landfill as a leach field, through injection wells, or a combination of both.
The quantity and timing of liquid additions would depend on the objective, such as
methane gas enhancement, leachate management, rapid landfill stabilization, etc. A cost
analysis for a commercial scale leachate recirculation system was not within the scope of
this report. Rather, the Delaware Solid Waste Authority (DSWA) was contacted, as they
have constructed large scale leachate recirculation facilities within the past several years.
The DSWA system utilizes both leach fields and interconnected mjection wells. The cost
estimate of $10,000 per acre is approximate as it is difficult to separate the recirculation
system costs from the overall landfill construction costs, but seems reasonable based on
construction costs at Yolo County Central Landfill.
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LANDFILL GAS RECOVERY AND UTILIZATION COST

The conventional manner of collecting landfill gas is to drill vertical wells after waste
‘placement and connect them to horizontal headers. . In some landfills, particularly large,
deep landfills, horizontal collection pipes are placed to begin gas collection before the
landfill is full. Another possibility, is to place a porous layer within the final cover that
will transmit the landfill gas to horizontal collection pipes. This porous layer could
consist of chipped tires or gravel. The Yolo County project uses a combination of
vertical wells and a porous, horizontal collection layer.

Typically, the installation of a gas collection system would be required to control
emissions and would not be installed solely to recover methane for utilization. The
generation of energy with the collected landfill gas is an alternative to flaring of the gas
which should have been collected anyway. Therefore, the cost of installing a landfill gas
collection system would not be considered an incremental increase in operating costs
resulting from landfill enhancement.

As enhanced landfilling has not been widely practiced on a commercial scale, the
economics of landfill gas-to-energy projects are evaluated assuming conventional landfill
practices. For this reason, it is difficult to consider the costs of energy generation as an
increase in expenses that result from enhanced landfilling. However, if an investment
were made in landfill gas to energy equipment with the intention of practicing enhanced
landfilling, additional power generating capacity would be required to take advantage of
the increased methane generation rate. In this case, the additional capacity could be
compared to the incremental increase in revenue resulting from increased methane
generation. Estimated costs for a hypothetical 1,000 kW plant are shown in Table 8.

INCREASED OPERATIONAL COSTS RESULTING FROM ENHANCED
LANDFILLING

Again, much of the operational expense of collecting and utilizing landfill gas would be
incurred regardless of whether or not enhanced landfilling were practiced. Estimated
operational costs are shown in Table 9. Only the maintenance of the liquid handling
equipment and the increased monitoring costs are considered to accrue from the practice
of enhanced landfilling. The other two costs, maintenance of the landfill gas collection
system and the energy generating facility are assumed to be costs that would have
accrued regardless of the application of enhanced landfilling. It should be noted that the
greater volumes of gas generated by enhanced landfilling may actually enable significant
economics of scale for energy equipment and operations cost.
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Table 8.

Capital Cost Estimate for a Hypothetical 1,000 kW Plant

COMPONENT COST PERCENTAGE

Collection System $200,000 133
Fees - Planning/Environmental $15,000 1.0
Legal Fees $15,000 1.0
Interconnect Cost $75,000 5.0

Generating Equipment $970,000 64.7

Contingency $225,000 15.0

TOTAL $1,500,000 100.0

Source: Laidlaw Gas Recovery Systems, Jansen, GR., (1992).

Table 9.

Estimated Operational Expenses for Enhanced Landfilling with a

Landfill Gas-to-Energy Facility

COMPONENT ANNUAL COST SOURCE
Maintenance and Monitoring of Gas $10,000' Yolo County estimate
Field (40 acres)?

Maintenance and Monitoring of $150,000' Laidlaw Gas Recovery
Electrical Generating Facility Systems Jansen, G.R.
(1,000 kW) (1992)

Increased Monitoring Costs $5,000 Yolo County estimate
Maintenance and Management of $25,000 Yolo County estimate
Liguid Handling Equipment

TOTAL $205,000

1. These costs are assumed to be incurred whether or not enhancement is practiced as discussed in the

text. Includes operation and maintenance of the landfill gas collection system.
2. Landfill gas from 40 acres of enhanced landfill is consistent with one MW of power generation.

POTENTIAL INCREASE IN REVENUE FROM GAS-TO-ENERGY CONVERSION

Methane recovery with enhanced landfilling may be conservatively assumed at 1.7 ft° per
pound of dry waste (Augenstein, et. al. 1976a, 1976b, Barlaz, 1990). This is about
threefold the “normally” observed recovery of around 0.6 f* per dry pound because of
higher generation rates and increased recovery efficiency. The surface membrane
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containment technology proposed for capture of essentially all generated gas is
commercially available and effective (Booth, 1991, Rice, 1994.) For a landfill receiving
500 tons per-day, the methane recovery at ultimate steady state is thus 1.5 million ft° per
day, enough to produce about 2 megawatts.

As previously discussed, gas generation from conventional landfilling is usually slow,
sporadic and incomplete due to efforts to maintain the landfilled waste in as dry a state as
possible. Also, well maintained clay surface liners can significantly reduce landfill gas
production by effectively excluding moisture from the landfill while still allowing gas
emissions to the atmosphere. Economic prospects for recovery of landfill gas and
subsequent energy generation under these conditions are very poor. Landfills wishing to
use landfill gas as an energy source can accrue substantial benefits from practicing
enhanced landfilling, where the moisture regime in the landfill is controlied to accelerate
decomposition, and the gas produced is effectively contained and collected.

ECONOMIC ANALYSIS OF ENHANCED LANDFILLING WITH ENERGY
GENERATION

An economic analysis of enhanced landfilling at the Yolo County Central Landfill (YCCL)
1s presented in this section. A description of the analysis is provided below with
assumptions and references for costs and benefit estimations.

The accounting stance taken in this economic analysis is that of an owner/operator of both
the landfill and the power generation from landfill gas facility. At the Yolo County Central
Landfill this is not the existing situation. Yolo County contracts with a private enterprise
in the energy industry to operate the electricity generation facility. A result of this
accounting stance is that royalties paid by the producer of electrical power (the private
enterprise) to the owner of the landfill (Yolo County) are not considered.

It is assumed that in the year 1997 a module at the YCCL is constructed and begins
accepting waste. It 1s further assumed that waste placed in this module and subsequently
modules will experience liquid additions similar to those in the enhanced cell of the
demonstration project. The tonnages of waste placed in the landfill each year in this
analysis are based on waste disposal projections for the YCCL. These are shown in Table
1 in Appendix 3. The waste disposal projections determine the landfill module
construction schedule and the amount of landfill gas generation that can be estimated each
year. Based on these projections and currently estimated landfill capacity, the landfill
capacity is calculated to be exhausted in the year 2020. Leachate recirculation is assumed
to continue for an additional ten years when landfill gas generation is assumed to cease.
This is discussed further in the following section.

The average depth of waste at the Yolo County Central Landfill is 40 feet. The
economics of enhanced landfilling will be different for landfills with waste depths different

than at Yolo County.
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The inflation adjusted discount rate used in this analysis is 3% (Anex, 1996).

A spreadsheet is used for all calculations associated with this analysis. The spreadsheets
generated in conducting this analysis are shown in Appendix 3.

Landfill Methane Generation

The amount of landfill methane generation is estimated at 1.8 ft° per dry pound of
municipal solid waste (Augenstein etal., 1976a, 1976b, Barlaz, 1990). The moisture
content of as-placed municipal solid waste is estimated at 25% on a weight basis.
Therefore, the equation used to estimate methane potential for a given tonnage of waste is
as follows.

Methane potential = (Tons landfilled)*(2000 Ibs./ton)*(75 lbs. dry waste/100 lbs. as-
placed waste)*(1.8 ft’ CHy/dry Ib. waste)

It is assumed that with enhanced landfilling, the rate of generation of landfill gas will be
accelerated such that landfill gas generation would cease after 10 years. Therefore, the
ultimate methane yield would be realized in 10 years and the landfilled waste would
possess no potential for further methane generation. For simplification, the yearly
methane generation is assumed to be steady state and equal to the methane potential of the
waste divided by 10 years.

It is assumed that waste placed in Year(i) would not begin generating methane until Year
(1 +1). Furthermore, it is assumed that during the first year of landfill gas generation there
18 no landfill gas recovery. This is because it takes time to construct the landfill gas
recovery system and landfill gas recovery would not occur during this time. Therefore,
10% of the total methane potential of the waste is assumed to be lost due to the fact that
the collection system is not yet in place. Therefore, in this analysis, methane recovery
from waste placed in Year(i) would not occur until Year(i +2). Of course, landfill gas
will begin to be generated soon after waste placement, however, not at the accelerated
rate that will occur with enhanced landfilling. Since liquid addition is not expected to
begin until after the landfill gas recovery system is in place, the estimate of 10% of landfill
gas being lost is a conservative estimate that does not serve to improve the economics of
enhanced landfilling.

It is also assumed that a permeable layer is placed over the waste, such as a shredded tire
layer, and that a synthetic liner is placed over the permeable layer, enabling a high
recovery efficiency of 95% of methane gas generated. Methane flowrates from the Yolo
County Central Landfill (YCCL), assuming that enhancement is applied, are shown in
Table 1 in Appendix 3.

The method of using a spreadsheet to add the individual contributions from the tonnage of
waste landfilled in each year is shown in Table 2. Each year’s tonnage is assumed to
generate an equal amount of landfill gas over ten years, although only 9 years worth of this
gas is assumed to be recovered.
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Energy Content of Landfill Methane

The heat energy potential of the methane gas is estimated assuming 900 BTU per f of
methane (Augenstein and Pacey, 1992). Electrical energy potential is estimated using a
heat rate of 12,500 BTU per kWhr (Augenstein and Pacey, 1992). Therefore, one million
cubic feet of landfill methane has a BTU content of (300 BTU/ CHa)(1,000,000 f°
CHy) = 900,000,000 BTU. The electrical energy potential for one million cubic feet of
landfill methane is estimated as (900,000,000 BTU/12,500 BTU per kWh) = 72,000 kWh.
Energy potential of landfill methane generated at the YCCL is shown in Table 3 in
Appendix 3.

Incremental Increase i Cost of Enhanced Landfilling above Conventional Landfilling
This analysis considers costs that would be incurred in the practice of enhanced landfilling
that would not be incurred if conventional landfilling is practiced. Some cost components
are considered mandatory for conventional landfill operations and, therefore, are not
considered as costs accruing to enhanced landfilling. For example, the cost of the surface
liner system that is placed at landfill closure is considered to be a cost for both
conventional and enhanced landfills and is therefore not considered to be a cost accruing
to enhanced landfilling. The same is true for the construction, operation, and maintenance
of the landfill gas recovery system. Any landfill large enough that energy generation
would be considered would be required to install a gas recovery system simply to comply
with the US Clean Air Act.

Costs Associated with Enhanced Landfilling

In this analysis, all of the costs associated with energy generation are considered as
accruing to enhanced landfilling even though energy generation could also be practiced
with conventional landfilling. In the case of energy recovery with conventional landfilling,
equipment costs will be spread out over more years because the methane gas is generated
slower than with enhanced landfilling. Also, with conventional landfilling, the amount of
energy generating equipment required to maximize energy generation from landfill
methane is less than with enhanced landfilling. This is because the energy generation rate
and methane yield is less with conventional landfilling; with enhanced landfilling more
energy generating equipment is required over a shorter period of time to take advantage of
the increased methane available. Therefore, with regards to the cost of acquiring energy
generation equipment, this analysis is conservative with respect to enhanced landfilling.
Rather than considering the incremental increase in cost to acquire the additional energy
generating equipment to burn the incremental increase in methane available from
enhancement, all of the energy generating equipment is accrued to enhanced landfilling.

FEnergy Generating Equipment

The cost to acquire energy generating equipment is $970,000 (1992 dollars) per megawatt
(MW) of power generation capacity. The cost of operations and maintenance is estimated
at $100,000 (1992 dollars) per MW of power generated. The source of this information is
Laidlaw Gas Recovery Systems (Augenstein and Pacey, 1992). The permitting fees, legal
fees, interconnect costs, and contingency total $300,000 in year 1992 dollars.
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Decommissioning of the energy generating facility is estimated at $250,000 in the year
2030,

Additional Liner Costs

Additional waste management units are constructed at the Yolo County Central Landfill
about every two years. The projected surface area of a module is about 22 acres.
Depending on the regulatory perspective in a given area and specific site conditions, a
conventional composite landfill liner system (single synthetic liner) may be allowed when
enhanced landfilling is practiced. However, a double liner system may be required by
regulators if liquid is to be added to the landfill. The additional cost to construct a
secondary liner system 1s estimated at $50,000 per acre (Yolo County cost estimate, 1997
dollars).

Liquid System Management System Construction and O&M Costs

The system required to add liquid or recycle leachate into the landfill is considered a cost
accruing to enhanced landfilling. However, some of the equipment that would be used to
manage leachate for enhanced landfilling would also be required if conventional landfilling
were practiced. The estimated cost to construct a landfill liquid addition/leachate
rectreulation system is $200,000 in 1997 dollars for a landfill module with a base surface
area of 22 acres. This includes pumps, pipelines, and infiltration systems. Operations and
maintenance of the liquid management system is estimated at $25,000, beginning in the
year 2000, This includes monitoring the system, maintaining the infrastructure, and
additional electricity costs above those accrued from conventional landfilling.

Benefits of Enhanced Landfilling

The most obvious benefit of enhanced landfilling 1s energy generation from landfill
methane. Other benefits are derived from leachate management and early stabilization of
the landfilled waste. These benefits are discussed below.

Landfill Methane to Energy Revenue

This analysis assumes that landfill methane is converted to electrical energy. The selling
price per kWh is varied; a sensitivity analysis is conducted to determine the selling price
per kWh required to achieve a benefit to cost ratio of one for four scenarios. These
scenarios are described later in this report. The benefit to cost ratio is defined as the
present value of benefits divided by the present value of costs. In the computation of
energy revenue from landfill gas a down-time for energy generating equipment of 20% is
assumed.

Tax Credits

Tax credits are available to producers of energy from landfill gas until the 2007. The tax
credit available in 1997 is $1.00 per BTU of landfill methane generated. Following the
year 1997, the tax credit is increased in each subsequent until the year 2007 (NEO
Corporation). Of course, a public agency that does not pay taxes will not benefit from tax
credits. However, a partnership with a private enterprise can be formed that would allow
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at least some portion of the tax credit benefit to be realized. The tax credits are shown in
the benefit spreadsheets in Appendix 3.

Leachate Treatment Cost Savings

The recirculation of landfill leachate has been shown to result in a leachate with a reduced
pollution load. This treatment benefit from recirculation can result in lower costs paid to a
wastewater treatment facility or can preclude the necessity of a leachate pretreatment
system prior to discharge to a wastewater treatment plant. Additionally, using the landfill
for leachate storage can equalize leachate flows such that leachate is disposed of with a
relatively constant flowrate. This can reduce treatment costs and reduce the need to
construct leachate storage facilities. The estimated benefit is $25,000 in 1999, the first
year that a leachate treatment benefit is expected to accrue. The $25,000 leachate
treatment cost 1s assumed to increase to $250,000 in 2029. The projected cost of leachate
treatment is uncertain and is based on the avoided cost of leachate pre-treatment prior to
discharge, and the avoided cost of additional leachate surface impoundments.

Landyfill Life Extension Benefits

The accelerated stabilization of the landfill will result in accelerated settlement of the
landfill and, possibly, landfill life extension. Typically, in conventional landfills, this
settlement occurs over a period of time too long to take advantage of the increased landfill
airspace. To achieve this benefit it would be necessary to return to already stabilized
landfill modules and add additional waste to increase the landfill height to its pre-
settlement elevation. This approach might not be cost effective if a final cover system had
already been placed on the landfill module. However, if this accelerated settlement were
reliable, it might be possible to gain regulatory approval to landfill waste to an elevation
higher than the ultimate regulated elevation knowing that with enhanced landfilling the
final elevation would be within the maximum allowed height. For example, if the
maximum regulated height were 80 feet, it might be possible to landfill to an elevation of
84 feet knowing that within 10 years the final elevation would settle to 80 feet or less.

This analysis assumes a landfill life extension of 5 years due to accelerated settlement for a
landfill life of 23 years. The value placed on this airspace gained is the calculated as
follows. The cost to permit and construct another landfill is estimated at between 11 and
12 million dollars in 1997 dollars. Using a discount rate of 3%, and a cost to open a new
landfill in 1997 of $11,590,000, the discounted cost in the year 2020 is $22,873,867.
However, it is assumed that enhanced landfilling has resulted in an extension of landfill life -
for an additional five years. Therefore, the expense of opening a new landfill can be
postponed for five years. The increase in value of the $22,873,867 over that five year
pertod, still using a 3% discount rate, is 3.64 million dollars. This benefit is assigned in the
year 2025.

Post-Closure Monitoring and Maintenance Savings

If the landfill 1s stabilized in ten years following closure, the monitoring and maintenance
of the gas recovery system can be discontinued. The cost to perform these tasks have
been estimated at $20,000 per year in 1997 dollars.
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Salvage Value of Electrical Power Generating Equipment

The salvage value of the electrical power generating equipment is assumed to be $60,000
per MW. This cost was not discounted. The salvage value is assumed to be the same at
all points in time.

RESULTS

A sensitivity analysis was done to assess how uncertainty in certain assumptions would
affect the results of the analysis. The analysis is performed with and without the cost of a
double composite liner, and with and without the benefit of landfill life extension. This
results in four scenarios being analyzed. The approach of the sensitivity analysis is to
adjust the selling price of energy, the amount paid per kilowatt-hour, until the benefit to
cost ratio is equal to one. Four cases were analyzed and are described below.

CASE 1. Case 1 assumes that liquid addition and leachate recirculation will be allowed
without a double liner. Additionally, Case 1 assumes that the five year landfill life
extension would be realized. For Case 1 only, the discount rate is also varied from 2 to
4% to evaluate the change in electricity selling price if the benefit to cost ratio is held
equal to one.

CASE 2: Case 2 also assumes that the construction of a double liner will not be
necessary. However, Case 2 differs from Case 1 in that no landfill life extension is
realized. The benefit from the five year landfill life extension is eliminated.

CASE 3: Case 3 assumes that a double liner will be necessary at a cost of $50,000 per
acre for additional construction costs. Case 3 also assumes that there will be a five year
landfill life extension.

CASE 4: Case 4 assumes that a double liner at $50,000 per acre will be required and that
there will not be any landfill life extension.

Table 10
Enhanced Landfilling Economic Sensitivity Analysis
SCENARIO DESCRIPTION cents/kWh for

B/C=1

Case 1 Single composite liner with landfill life extension of five 3.49

years.

Case 2 Single composite liner with no landfill life extension. 3.93

Case 3 Double liner system with a five year landfill life extension. 7.77

Case 4 Double liner system without any landfill life extension. 8.22

B/C = benefit to cost ratio
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TABLE 11
EFFECT OF ELIMINATING TAX CREDITS

B/C HELD CONSTANT AT 1
SCENARIO | ENERGY SELLING PRICE | INCREASE IN ENERGY SELLING PRICE
WITHOUT TAX CREDITS | FROM SCENARIOS WITH TAX CREDITS
(cents per kWh) (cents per kWh)
Case 1 4.05 0.56
Case 2 4.45 0.52
Case 3 8.30 0.53
Case 4 8.75 0.53

Results of the sensitivity analysis are presented in Table 10 of this section. The effect of
eliminating tax credits as a benefit are shown in Tale 11 of this section. Spreadsheets
showing the costs and benefits throughout landfill life are shown in Tables 4 - 11 of
Appendix 3. The present values of costs and benefits over the analysis period (1997 -
2050) are shown for all cases in Figures 1 - 4 of Appendix 3. It can be seen in Figures 1 -
4 that even though the benefit to cost ratio may be equal to one, there remain a number of
years when cash flows are negative. This is due to the fact that energy generation
equipment is expensive and these purchases occur relatively early in the project compared
to some of the benefits. The information presented in Table 10 is also presented
graphically in Figures 5 - 8 (Appendix 3), which show the change in benefit to cost ratios
for a range of energy selling prices. The changes in energy selling price ($ per kWh) for a
range of discount rates are shown graphically in Figure 9 of Appendix 3.

CONCLUSION

There is considerable uncertainty involved in this analysis. Economic projections 30-50
years into the future can only be considered to be very approximate. Regulatory
requirements are difficult to predict, the energy industry is undergoing restructuring, the
discount rate of 3% could change in the future. The analysis used Yolo County Central
Landfill as a model; other sites could have conditions that are completely different than
Yolo County and render the application of these results difficult. However, given the
assumptions used in this analysis, enhanced landfilling can be accomplished with a benefit
to cost ratio equal to one at a selling price for electricity of 3.5 - 4 cents per kWh for
Cases 1 & 2 when a double composite liner system 1s not required. Requiring the use of a
double liner system would render enhanced landfilling uneconomical. Electrical generation
equipment is expensive to purchase and operate and increases in costs of this component
would adversely affect the economics of enhanced landfilling. Also, because cash flows
are often negative in spite of the benefit to cost ratios being equal to one, cash flow
difficulties can be a problem during the period of landfill gas generation and energy
recovery.
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IV. REPAYMENT

REGULATORY IMPACT ON THE COMMERCIALIZATION OF ENHANCED
LANDFILL TECHNOLOGY

The California Regional Water Quality Control Board-Central Valley Region (RWQCB-
CVR), one of the agencies that regulates the Yolo County Central Landfill, will not allow
liquid to be added to a conventional Class III landfill cell. The reason for this is the
concern that the addition of liquid would result in increased hydrostatic head on the
landfill base liner resulting in increased risk of groundwater contamination. The
enhanced cell for this project was required to be constructed with a double liner system,
as normally required for liquid waste surface impoundments. The requirement of a
double liner increased the cost of the enhanced cell considerably. It is estimated that a
double liner system for a full-scale landfill would increase the cost of landfill
construction by at least $50,000 per acre (see Projected Economics Section). This
requirement could render the application of this technology economically prohibitive.

The view of the Yolo County Division of Integrated Waste Management is that the
addition of liquid to the landfilled waste is possible without causing excessive hydrostatic
head on the base liner. The goal is not to saturate the waste, but rather, to add liquid in a
managed way, until the waste reaches its field capacity (the point at which liquid begins
to drain). Managed liquid additions, when used with an efficient leachate removal system,
should preclude the buildup of hydrostatic head. A pressure transducer was placed at the
lowest point in the leachate collection trench in order to monitor this assumption.
Information from this transducer will be used to guide the liquid management program
for the project. Data collected in this way will be provided to the RWQCB-CVR for
evaluation and recommendations. If the collected data supports the notion that
hydrostatic head can be avoided, the RWQCB-CVR would be asked to allow the
managed addition of liquid to the landfilled waste placed in conventional waste
management units with composite liners.

The acceptance or rejection of a single liner model by the RWQCRB could very well
determine the future of the enhanced landfill project at YCCL. A double liner
requirement would severely impact the economic feasibility of large scale applications,
thus, a decision must be made with regard to the increased costs of a double liner system.
In any case, if the RWQCB continues to require a double liner system where liguid
additions are used, it does not mean the technology could not be applied elsewhere with
only a single liner. Site specific conditions at other locations might permit local
regulators to allow such an implementation.

It is expected that at least two years of operations and monitoring of the enhanced cell

will be required before enough data can be accumulated to develop a presentation to the
RWOQCB. At that time, if the data warranted it, a revision to our Waste Discharge
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Requirements would be requested which would allow liquid addition to the waste in
Module C, to be constructed during the summer of 1996. 1t is assumed that gas
generation well beyond that expected from conventional landfilling would be seen within
one to two years, with a corresponding increase in revenue to Yolo County. Based on
this scenario, repayment could begin within five years, allowing two years to gather data,
a year for Waste Discharge Requirement revisions, and another two years for increased
revenue from gas production to be realized.

METHANE POWER GENERATION AND THE CALIFORNIA PUC

The cost of full-scale application must be justified by prospective incremental energy
revenue to Yolo County. With utility deregulation and other factors, the possible
incremental energy revenue is much less certain. The contract existing prior to March
1995 between the Pacific Gas and Electric Company (PG&E) and Yolo Energy Partners,
whereby PG&E had agreed to purchase electricity at favorable rates until 1998 (Standard
Offer 4) was bought out by PG&E. Termination of the contract occurred without either
knowledge or participation of the two other stockholders, EMCON and Yolo County.
Yolo County is hopeful that the restructuring of the energy market currently underway by
the California Public Utilities Commission will result in favorable prospects for landfill
gas utilization.

CURRENT STATUS OF THE YCCI. METHANE POWER FACILITY

The generating facility has now been idle for about a year, however, the facility was
recently purchased by the Northern State Power company, a subsidiary of Minnesota
Power and Light. The plan calls for the Minnesota Methane company to produce and sell
power to Southern California Edison using PG&E’s transmission lines. A final
agreement as to how all this will work is not finalized, however, and it seems likely that
the sale of electricity under a new contract will be at a lower rate. Should electricity sales
be possible at a sufficiently attractive rate, enhanced landfilling will be implemented in
new modules at Yolo County as originally planned.
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V. EXPECTED BENEFITS, CONCLUSIONS AND
RECOMMENDATIONS

CRITERIA FOR EVALUATING BENEFITS

A variety of criteria may be used in evaluating benefits based on the assumption that
enhanced landfilling will be applied to a major fraction of the wastes (50 to 75%
depending on example) landfilled in California. Projections are also made for the United
States as a whole.

ENERGY POTENTIAL

The CEC's and Yolo County’s principal interest in enhanced landfilling is the recovered
energy and resulting revenue derived from applying the process to municipal wastes in
California. Derivation of the incremental energy potential is detailed below, with
assumptions stated:

I.

Municipal landfill waste generation in California will be at the national average rate
of 3.5 pounds (2.63 pounds dry) per person per day, based on EPA statistics
(Kaldjian, 1990) This waste amounts to 17 x 10° tons as-placed or 12.75 x 10° dry

tons per year.

Methane generation from one dry pound of waste in a dry unenhanced landfill is
about 1.0 ft° (Augenstein and Pacey, 1990)

Recovery efﬁcienc;z of methane with conventional well systems is about 60 percent
so that about 0.6 ft'/ Ib (dry waste) of methane is recovered.

Methane generation from one dry pound of waste in an enhanced landfill is about 1.8
fial

Recovery efficiency of methane from an enhanced landfill using a surface membrane
is about 95 percent so that about 1.71 ft'/1b (dry waste) of methane is recovered.

For simplification, transients are ignored, and operation is assumed to be at steady
state.

Methane recovery estimates for conventional landfills assume that 50% of California
waste would enter landfills with gas systems where the recovery rate is 0.6 ft'/lb, for a
recovery of 7.65 x 10° ftS/year.

The minimum landfill size where enhancement is economical is assumed to be that
supporting 1 megawatt of electric power production, at a conversion rate of 0.09
RN per capita waste generation of 2.63 dry pounds per day this requires the
landfill serve about 60,000 people.

75% of California’s landfilled waste will enter landfills of a size such that
enhancement is economical.
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Using assumptions 1-9 above, the recovery of methane without enhancement would be
7.6 % 10° ft3, as follows:

17 x 10° tons/year x 2000 pounds/ton x 0.75 (dry/wet weight) x 0.6 ft’ of methane
recovered x 0.5 (fraction of landfilled waste subject to recovery) = 7.6 x 10° £

With enhancement, methane gas recovery would be 32.7 x 10° {°.

17 x 10° tons/year x 2000 pounds/ton x 0.75 (dry/wet weight) x 1.71 ft*/1b of methane
recovered x 0.75 (fraction of landfilled waste subject to recovery) = 32.7 x 10° ft'.

This is equivalent to a net gain of 25.7 x 10° ft’ of natural gas, which is equivalent to
more than 4 million barrels of il a year. A rough projection for the increase in the
domestic energy supply for the U. S. as a whole suggests a figure of at least 100,000
barrels of oil per day. These are preliminary estimates and final numbers will not be
known, assuming the approach is successful, for several years. However, they are based
on reasonable assumptions and field and laboratory experience.

VALUATION OF ENERGY

Several valuations are possible for the energy that might result from accelerated
anaerobic composting of municipal wastes in California. The increased gas volume
recovered may be roughly estimated at 25 x 10° 1’ per year. If valued for energy at a
-cited wellhead price of $2.00 per million Btu, the value would be $75 million. Converted
to electricity at a rate of 0.09 kWh/ft’ and sold {or wheeled) to a combination of grid and
retail users at an average of $0.04/kWh, the valuation of electric power would be closer
to 100 million dollars per year. Similar calculations suggest energy values could be
several hundred million dollars a year for the US as a whole.

The above defines, grossly, energy produced whose value might lie between $50 and 100
million for California. The economic activity promoted by the energy value, alone,
should be of at least similar magnitude. For the specific case where extra gas offsets fuel
use and thus reduces expenditures for fuel which would otherwise be purchased outside
the state, the state's economy is favorably affected. This is economically equivalent to
spending the $50 million or so within the state.

ABATEMENT OF GREENHOUSE GAS EMISSIONS

Currently, uncontrolied emissions of United States landfill methane into the atmosphere
contribute to atmospheric methane buildup. Evaluation of the impact of landfill methane
on this atmospheric buildup, and its adverse climate change consequences, has been
conducted by one of the project participants (Augenstein, D., 1992, and Blake, D., 1994),
In summary, U, S, landfill methane emissions are of high significance in contribution to
climate change, and in fact may constitute about 1-2% of the totality of the climate

change problem.
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The assumptions used above for energy calculations for California can also be applied in
estimating methane emission abatement. Calculations suggest that applying enhancement
to the degree assumed, with the same assumed capture efficiencies, would resultin a
yearly reduction of methane emissions of about 20 x 10° £’ for California (about 40 to 50
percent). Initial studies suggest that enhanced landfilling could also cut total emissions
by half, nationwide. This would result in a reduction of about 1% in the annual global
warming potential due to buildup of greenhouse gases in the earth's atmosphere. Such a
degree of abatement is regarded by those in the atmosphertic sciences as a major benefit
{Cicerone, R., personal comm., Blake and Augenstein, 1994.)

“Climate change equivalence” of methane to carbon dioxide on a molecular basis can
vary, depending on timespan, nature of emission over time, and other factors. One
widely applied equivalence ratio of methane to carbon dioxide is that adopted by the
Intergovernmental Panel on Climate Change (IPCC). The IPCC assumes equal quantities
of methane and carbon dioxide are generated, then integrates the greenhouse effects of
both over a 100 year period. Using this approach, the IPCC evaluates methane climate
change potency as eight-fold that of carbon dioxide on a per-molecule basis. The
abatement of 20 x 10° ft’ of emitted methane per year in California would equate, by the
TPCC standard, to mitigation of about 2.5 million tons of carbon emission (as CO,). In
greenhouse terms, this would equate to a reduction in consumption of 18 million barrels
of o1l annually for California and about 150 million barrels a year for the U. S. as a
whole.

One economic criterion for evaluating greenhouse gas abatement is the expense to
mitigate emission of one ton of carbon as CO,, or the “greenhouse equivalent” of another
gas. Costs for CO, carbon mitigation range from zero (for some economically self-
supporting steps such as conservation) to well over 100 dollars per ton, with higher costs
being more typical. US electric utilities participating in the EPA Climate Challenge
Program are typically considering steps that cost $10-20 per ton of carbon abated.

It must be pointed out that cost of methane mitigation by enhanced landfilling might vary
depending on a number of factors, however, a range of $0.50 to $2.00 per million Btu’s to
mitigate landfill methane emission seems to be a reasonable assumption. This is
equivalent to an abatement cost of approximately $3.00 - $15.00 per ton of CO, carbon,
which is rather low. Thus, enhanced landfilling appears to be an attractive route to
mitigation of emissions of greenhouse gases. Alternatively, the mitigation of 20 billion
cubic feet/year of methane emissions to the atmosphere is equivalent by the accepted
IPCC standards to the mitigation of 2.5 million tons of CO, carbon/year. At $15/ton
mitigated, this would have a value of $37.5 million annually.

WASTE VOLUME REDUCTION AND LANDFILL LIFE EXTENSION

Enhanced and conventional landfills experience volume reduction, a key factor in
extending the useful life of the facility. Over time, the waste is slowly converted to gas
and leachate, with a resulting decrease in volume. In the case of conventional landfills,
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this volume reduction occurs slowly over time and is of limited value to the landfill
operator. In addition, as the waste slowly subsides, the convex cover layer sags,
sometimes forming collection ponds for rainwater, and a potential threat to groundwater
due to the accumulation of high-strength leachate within the fill. To cope with this, the
operator must periodically move additional cover material over the fill, to maintain
convexity in order to shed rainwater. In the case of enhanced landfills, volume reduction
can be accelerated to the point that stabilization may occur within a decade of placement.
The ability to recover this volume for further filling is certainly beneficial, especially if it
can be accomplished within a short, predictable time period. On the other hand, if a
landfill operator has gone to the expense of installing an impermeable final cover system,
it may be impractical to remove that cover at a later date in order to add more waste. If,
however, this objective were planned for early, it might be possible to use a “temporary”
final cover during the time of landfill decomposition so that it would not be economically
prohibitive to place more waste at a later date.

For the unenhanced case, generation of 2 ft° of landfill gas (1 ft’ of methane with 1 ft> of
associated CO,) from one dry pound of waste represents the conversion of 15.8% of the
waste dry weight to gas. The enhanced gencration of 3.6 ft® of landfill gas per dry pound
(1.8 ft’ of methane) would represent conversion of 28.5 % of the waste to gas. Volume
reduction proportional to the loss of dry waste seems a realistic assumption. Assuming
that such waste volume losses will occur, waste ultimately reposing in the landfill will be
changed from 84.2% of the incoming waste, without enhancement, to 71.5%, with
enhancement.

This estimated volume reduction is significant because it suggests landfill life can be
extended by 10 to 15%, assuming a cost-effective means can be found to add waste after
closure. As with energy, several methods could be used to valuate landfill life extension.
One way in which savings might occur is that five landfills might suffice for a given
inflow of waste if enhanced landfilling were applied, whereas six might be needed
otherwise. The savings would include the costs of siting, permitting, land, lining, filling
operations and maintenance. One prediction is that by the year 2000 half of the collected
gate fees will be used to maintain the waste ultimately remaining in the landfill. This
volume reduction is assumed to apply to 75% of the waste produced in California, for an
additional waste capacity of 12.75 million tons per year. This leads to an estimated
savings of about $30 million annually.

REDUCTIONS OF OTHER POLLUTANT EMISSIONS

Landfill gas contains significant quantities of air pollutants such as volatile organic
compounds (VOC's) or non-methane organic compounds (NMOC's). The California Air
Resources Board, US EPA and others variously estimate their emissions to be somewhere
between 0.1 and 1.0 pounds per cubic foot of methane generated. Assuming that this
ratio of NMOC's to total methane is unaffected by enhancement, the abatement of NMOC
emissions to the atmosphere associated with a reduction of 20 billion cubic feet of
methane emissions per year would be between 2000 and 20,000 tons/year. A nominal
value for cost of abatement of emissions from other sources is about $2.50/Ib. This
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would place a value for this degree of NMOC abatement at somewhere between $5-50
million per year for California alone.

REDUCED POST-CLOSURE LANDFILL MAINTENANCE

The effort now required for post-closure landfill maintenance under Title 14 of the CCR,
is considerable. This effort is necessary to maintain containment and particularly gas
systems. Typical vertical well gas systems require continuing well-by-well adjustments
of gas extraction so that gas is captured with reasonable efficiency while air entrainment
is avoided.

Flow maintenance of current, well-based extraction systems is labor-intensive, and may
periodically involve drilling new wells, maintaining pipes and blowers, and so on. The
result is that gas system costs alone can be estimated at between $0.01 and 0.10 per ton
of in-place waste, while gas recovery continues. All of the costs associated with the gas
system monitoring and maintenance would be expected to cease if gas production were to
end (i.e., reach 95+ % completion) earlier than the mandated 30 years. By reducing the
maintenance period of a gas recovery system from 30 years to 10, assuming this
reduction applied to the amount of California waste which is landfilled, a savings of
$0.04 per ton per year, or $10 million dollars annually, should be realized.

EMPLOYMENT IN CALIFORNIA

Above estimates suggest benefits on the order of several hundred million dollars per year
if enhanced landfilling is applied to half of California’s solid waste. Employment effects
are difficult to predict at this stage.

STEPS NEEDED TO MOVE ENHANCED LANDFILL TECHNOLOGY INTO THE

MARKETPLACE

This enhanced landfill demonstration project is being conducted with the intention of
eventual full-scale application, as described in the original project proposal to the
California Energy Commission.

Application at a full-scale landfill is the logical next step toward bringing the technology
to commercial feasibility. However, within California, two factors now impede progress
in that direction:

e Deregulation of the electric utility industry has reduced prospective sales revenue
from electricity.

e The California regulatory approval process to allow enhanced landfilling appears to
require considerable effort, possibly due to the newness of the approach. Regulatory
issues at the federal level appear to be resolved at this time.?

2 Personal communications: Andrew Teplitzsky, Chicf, Residuals Management (i.e. landfilling), U. S.
EPA and Simon Friedrich, Head, Municipal Solid Waste Energy Research and Development, U. S.
Department of Energy. Communications with Don Augenstein in 1993, 1994 and 1995.
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For these reasons, larger scale applications may need to be considered in other states or
countries where circumstances are more favorable. Desirable characteristics of a location
for full-scale application include:

» ‘The selling price of electricity should be as favorable as possible (preferably $0.05
per kWh or more within the United States), either due to prevailing rates (avoided
costs under PURPA) or because of a given electric utility’s commitment to renewable
power, as in states such as Minnesota and Wisconsin and in the service territories of
New England Power.

» Local regulatory authorities should be willing to permit enhanced landfilling without
imposing unduly stringent and time-consuming demands. This should be the case
where regulatory authorities are familiar with the technology, its environmental
benefits and potential. States that are likely to be receptive are Florida and Delaware,
because of landfill test work that has been undertaken in those locations, and North
Carolina and Ohio, because of EPA offices in those states which endorse and support
bioreactor landfill work.

e There should be willingness of state agencies to provide at least some degree of
supplemental funding for the first full-scale application.

Enhanced landfill technology can also be moved forward by organizations which are
involved in its implementation. The Institute for Environmental Management (IEM), a
consultant to Yolo County on this project, wishes to help other parties undertake
enhanced landfilling. IEM has conducted discussions with major landfill engineering
firms so that enhanced landfilling services could be provided by IEM and the partner
firm. As the technology is successfully demonstrated at one or more landfills, a
marketing effort could promote the technology’s implementation at other landfilis that are
likely candidates for successful application.

The time necessary to lay the groundwork for a full-scale project can be roughly
estimated at 1-2 years (permitting accounting for a large portion) once the decision is
made to initiate a full-scale project. Startup would require another year or more, with
perhaps five years needed to determine complete performance characteristics at full scale.
Yolo County expects to implement this technology in future landfill modules if the test
cells are successful operationally and economically. Other steps that will be taken by the
county toward moving this technology to market shall include the following:

e Preliminary data will be distributed in reports and published in technical journals.

e Reports will be provided to other public agencies in areas where this technology
could be implemented, such as Sacramento County, Solano County, and Sonoma
counties.

» Data and reports will be made available to interested parties such as: universities (UC
Davis, University of Central Florida, etc.); local and state agencies (California
Integrated Waste Management Board, California Regional Water Quality Control
Board, and California State Water Resource Control Board); federal agencies (EPA’s
Risk Reduction and Engineering Laboratory); for further dissemination.
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¢ Based on recent proposed contract with Western Regional Biomass Energy Program
and Urban Consortium Energy Task Force the monitoring data will be made available
for further dissemination to the public sector. ...

OVERALL CONCLUSIONS

This report has described the planning, engineering, construction and startup of two test
cells at the Yolo County Central Landfill. The purpose of this project is to demonstrate
“enhanced landfilling ”. Major benefits of this technique are expected to include
maximum methane yield, higher generation rate, signifcantly shorter decomposition.

Construction of the test cells has been successfully completed as noted above, and initial
data is being collected. A comprehensive measurement program shall run over the next
several years, until the methane generation and waste stabilization are near complete.
Other benefits might include landfill life extension (or reduced use), reduction of costs for
landfill management, and mitigation of environmental impacts from Ieachate.

It is hoped that successful execution of this demonstration project will lead to much wider
application of the technology at sites in the US and worldwide. It is strongly
recommended that further development and application of enhanced landfilling be

pursued.
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