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PREFACE

The California Energy Commission Energy Research and Development Division supports
public interest energy research and development that will help improve the quality of life in
California by bringing environmentally safe, affordable, and reliable energy services and
products to the marketplace.

The Energy Research and Development Division conducts public interest research,
development, and demonstration (RD&D) projects to benefit California.

The Energy Research and Development Division strives to conduct the most promising public
interest energy research by partnering with RD&D entities, including individuals, businesses,
utilities, and public or private research institutions.

Energy Research and Development Division funding efforts are focused on the following
RD&D program areas:

e Buildings End-Use Energy Efficiency

e Energy Innovations Small Grants

¢ Energy-Related Environmental Research

e Energy Systems Integration

¢ Environmentally Preferred Advanced Generation

e Industrial/Agricultural/Water End-Use Energy Efficiency
¢ Renewable Energy Technologies

e Transportation

Demonstration of Landfill Technology for Peaking Power Potential at Yolo County Central Landfill is
the final report for the SMUD ReGen Program (contract number 500-00-034) conducted by Yolo
County Planning and Public Works Division of Integrated Waste Management. The information
from this project contributes to Energy Research and Development Division’s Renewable
Energy Technologies Program.

For more information about the Energy Research and Development Division, please visit the
Energy Commission’s website at www.energy.ca.gov/research/ or contact the Energy
Commission at 916-327-1551.
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ABSTRACT

In this project a landfill with a new gas control system consisting of a permeable layer made of
shredded tires plus a biocover was designed, constructed, and monitored to provide peaking
power. The gas collection system was operated at variable diurnal extractions by operating on a
12-hour on-off extraction cycle. Gas output, gas composition (both collected and sampled from
the landfills), and landfill surface gas emissions were monitored during the diurnal gas
extraction. Computer modeling was performed to assist in designing this system and to analyze
the effects of various changes in the design. Field and laboratory tests were conducted to
validate the computer model for various operating conditions. The biocover material was
characterized in laboratory and field tests. Field tests showed that various biocover
configurations controlled fugitive methane emissions by promoting methane

oxidation. However, biocovers did not perform as well in the wet season relative to the dry
season rate of the biocover.

Field-scale experiments were conducted to assess the performance of two methanotrophic
biocovers (compost wood chip mixture and green waste) under varying climatic conditions and
a landfill gas collection vacuum. The green waste biocover performed better at oxidizing
methane and reducing surface emissions than a compost mixed with woodchips, although there
were greater emissions in the wet season than in the dry season due to surface cracks. A
permeable horizontal tire layer beneath the surface helped distribute gas and limit fugitive
methane emissions whether or not the landfill was operated in the "peaking" mode. The
increase in surface methane emissions was limited to one percent without considering the
biocover methane oxidation, which had been predicted by computer simulations during
peaking operation.

Keywords: Methane, landfill gas, gas permeable layer, biocover, carbon dioxide, greenhouse
gas
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EXECUTIVE SUMMARY

Introduction

Landfill gas (LFG) has an economic value in addition to its value as a carbon dioxide (COz)-
neutral source of renewable energy when it is converted to electrical energy. Landfill gas can be
used as a replacement for natural gas in distributed power generation systems and other
applications, with a total landfill gas electric power generation potential of about 5 gigawatts of
energy (GWe). Although LFG utilization has increased ten-fold in the past 15 years, only about
20 percent of its potential is actually used for electricity generation; a similar amount of the
captured landfill gas is flared. The reasons for this low utilization rate are the unpredictability
and variability of LFG available for fuel generation and the lower value for baseload power sold
to the grid, which worsens the economics and increases the financial risk of developing and
operating LFG recovery systems.

Today, LFG converted to electricity is collected at constant rates for fueling baseload power
generation, which is the lowest value electricity. By comparison, pipeline gas-fired power plants
can be operated as peaking power plants in response to the much higher value of peaking
electricity. Other constraints are the availability of grid transmission at peaking power times
and the transmission losses during power wheeling (up to 40 percent in sending power from
Utah to California). These constraints make distributed peaking power generation highly
advantageous. Landfill gas is generated from landfills near major population centers,
significantly offsetting grid congestion. Finally, LFG is a renewable, green power source that is
desired by many consumers even at premium prices. Few renewable energy sources can
provide peaking power. Converting LFG systems from baseload to peaking power would
improve the economics, allowing landfill gas energy systems to be profitable with less need for
government subsidies or new regulatory drivers. This could greatly increase LFG use and result
in a major reduction of greenhouse gases emitted in the United States, since landfill gas
accounts for only five percent of total United States’ fossil fuel CO2 emissions. The economic
drivers associated with peaking power operations could encourage rapid implementation of
this technology, even within the next decade.

The peaking power technology used to convert landfill gas to electricity is to selectively remove
methane gas at times of peak energy demand, with methane being “stored” within a permeable
zone in the landfill at other times. Demonstrating that variable diurnal gas extraction is feasible
without undue air intrusion or increased air emissions would allow widespread application of
this technology.

Project Purpose

The overall objective of this project was to evaluate the feasibility of operating landfills in a
peaking-power mode. This required varying the extraction rate of landfill gas during a 24 hour
cycle, from zero to two-fold over the average rate of production.

Preliminary modeling indicated that peaking power operations should result in only minor
increases in methane emissions (not accounting for biocover methane oxidation) if a horizontal
tire layer is installed, and that the construction of a horizontal tire layer can increase the methane
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collection efficiency by 50 percent over conventional (constant) pumping conditions without a
tire layer. The horizontal tire layer was also expected to significantly decrease the intrusion of
oxygen into the landfill.

Another goal of the project was demonstrating the use of a surface permeable layer and
biocover instead of a soil and synthetic liner cover to control greenhouse gas emissions by
natural oxidation of fugitive methane emissions.

Project Results

The usual approach to landfill gas recovery has been to use deep vertical wells attached to a
network of pipes with a blower that provides vacuum. The profile of surface flux leads to
landfill gas emissions away from the wells, resulting in inefficient landfill gas collection in the
range of 60 to 85 percent.

In this project a landfill with a new gas permeable layer and gas extraction system with a
biocover was designed, constructed, and operated at Yolo County Central Landfill using
variable extraction rates on a 12-hour on-off cycle. Landfill gas composition and landfill gas
emissions were measured at two pumping rates: 15 and 65 standard cubic feet per minute. This
study examined the influence of various operational parameters on fugitive methane emissions
and composition of the collected landfill gas. These model results were compared with field
tests conducted in the peaking power test cell. The comparison of the computer simulations
with field data collected to date suggested that the model is a reasonable representation of
conditions in the field and supported the results obtained from the modeling exercise.

Modeling helped guide the design of the peaking power landfill test cell by estimating the
influence of different operational parameters. Several important simulation cases were
evaluated:

e The influence of biocover permeability on methane emission and oxygen intrusion.

e The effect of the pumping rate on methane emissions and oxygen intrusion into the
landfill.

e The effect of the permeable layer near the landfill surface, specifically the depth and
width of the tire layer on methane emissions and peaking power operation.

The project approach was to:
¢ Evaluate the feasibility of operating landfills in a peaking power mode.

e Operate and monitor the performance of the constructed permeable layer and gas
extraction system in a landfill with biocover.

e Operate under the on-peaking and off-peaking mode for several months.

e Use collected data to compare performance of the cell to the performance predicted by a
computer model.
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The feasibility of peaking power operations was further evaluated in terms of its influence on
methane emission and oxygen intrusion. It was estimated that substantial efficiency
improvements over conventional extraction could be gained by combining a low permeability
surface over an upper near-surface highly conductive layer with extraction by the deep well(s).
This layer enabled essentially uniform pressure across the entirety of the conductive or
permeable layer of the landfill. It greatly reduced fugitive emissions far from vertical wells. This
method resulted in constant gas composition and high landfill gas quality (methane content)
due to two factors: landfill gas mixing in passage through the waste to reach the deep well, and
diffusion and dispersion results from the long transit time as it travels toward the extraction
system.

From this analysis it seemed possible to increase the amount of landfill gas collected during peak
energy demands above the assumptions in the base case simulations. The ratio of overpull to
underpull pumping might be increased from two up to five with less than one percent increase
in methane emissions above constant pumping conditions, which would be oxidized by the
biocover construction as demonstrated in the field and laboratory experiments. In addition, it
was clear that peaking power operation with a horizontal tire layer should result in both
increased methane collection efficiencies and reduced methane emissions when compared to cases
with standard vertical gas collection wells without horizontal tire layers.

The predicted trends in gas composition were in excellent agreement with measured trends in
the field. This suggested that the computer model was a useful tool for evaluating the effects of
various operational conditions on peaking power operations. Differences between model
predictions and field measurements of methane concentration in the pumping well suggested
leakage into the well through side slopes where the surface permeable layer was terminated.
This could be mitigated by extending this surface permeable layer on all side slopes.

From these analyses, some of the more significant conclusions were:

Operating the landfill in peaking power mode resulted in only a one percent increase in
methane emissions over normal (constant gas extraction) operations. This difference was likely
too small to measure in the field and was consistent with field measurements using flux
chambers. These simulations did not account for the oxidation of fugitive methane in the
biocover, which may reduce fugitive methane emissions even more. Simulations indicated that
molecular diffusion is the dominant mechanism controlling upward methane fluxes through the
biocover.

When the time-averaged pumping rate was kept constant, it was possible to increase the ratio of
overpull/underpull from two to five with minimal effect on oxygen intrusion or methane
emissions. Thus, significantly greater overpull might be used to generate more electricity
during daytime hours with minimal effect on methane collection efficiency.

The permeable horizontal tire layer near the top of the landfill worked as a distributor so that all
the gases flowing through the layer became uniform. This feature would help to reduce fugitive
methane emissions even if the landfill is not operated in peaking-power mode.
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The original landfill design called for a horizontal tire layer near the top of the landfill that
completely covered the landfill width. Simulations indicated that the tire layer could be
considerably smaller while still mitigating fugitive methane emissions from peaking power
operations. Lost capacity in the landfills from including a permeable layer could therefore be
minimized by reducing the area covered by the tire layer.

Operating the pumping well in peaking power mode (with the tire layer at the top of the
landfill) did not result in significant increases in methane emissions from the landfill. Fifteen
and one-half percent of the methane generated escaped from the landfill when the landfill was
operated at a constant pumping rate equal to the landfill gas generation rate. Only 16.1 percent
of the methane generated escaped from the landfill during peaking power operations, when the
pumping well was operated for 12 hours in overpull (pumping rate equal to 1.5 times the
landfill gas generation rate) followed by 12 hours in underpull (pumping rate equal to 0.5 times
the landfill gas generation rate). Significantly smaller amounts of methane would be predicted
to escape into the atmosphere if the effect of methane oxidation in the biocover were included in
the analysis.

Field and laboratory experiments were conducted to determine methane (CH4) oxidation rates.
In-field static chambers were used to sample emissions during rainy and dry seasons. The
results of the landfill gas surface emissions testing showed that a maximum oxidation rate of
664.2 grams CHs/meter? per day was achieved. This average CHa oxidation rate was comparable
to reported oxidation rates for biocovers and higher than oxidation rates reported for soil
covers. In laboratory columns, methane oxidation decreased as the flux or pressure gradient
increased. The CHs flux exceeded the oxidation capacity of the laboratory experiments,
presumably because there was insufficient retention time in regions where CHs and oxygen (O2)
mixed.

The addition of moisture to the laboratory columns was inhibitory for O: diffusion in the
compost as evidenced by the reduced O: concentrations at depth in the water addition columns.
This observation was consistent with the field methane emissions tests where the effect of
climate was also significant. In the rainy season tests, there was a statistically significant
decrease in CHs emissions when the gas system vacuum was increased for the covers with the
highest emissions (0.91 meters compost plus wood chips, 0.31 meters compost and soil). In
contrast, there was no change in CH4 emissions associated with reduced gas collection system
vacuum during the dry season tests. Thus, when the biocover was very wet its oxidative
performance may be reduced and greater fugitive methane emissions might be expected.

These results suggested that it would be prudent to operate the gas system to maximize
methane collection during periods when cover soils are saturated with moisture, since in this
state CHs oxidation will likely be reduced. Further field tests are required to more precisely
determine the extent to which reductions in gas collection vacuum for peaking power
operations may be possible when the cover is saturated.
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Project Benefits

California’s landfilled waste tonnage for 2006 was about 42 million tons according to the
California Integrated Waste Management website. The authors estimated that each ton of waste
could fuel 0.25 megawatt-hours (MWh) or four tons of waste would yield one MWh. This
estimate was based on the assumption that the recovery yield of methane with use of the highly
efficient permeable layer would be 3,000 cubic feet per ton of “gate waste” as received at the
landfill and that the heat rate of the GenSet prime mover was 12,000 British thermal units per
kilowatt-hour.

If half of California’s landfills or 20 million tons of waste were to operate under a peaking
power mode, the total amount of power generated would be five million MWh. Assuming that
this power was recovered over half days throughout the year (4,380 hours per year), the
contribution of the “peaking landfill” would be 1,141 MW or about 1,100 MWe. While this
comprises a relatively small number in the mix of total generation, it would provide over 10
percent of the daytime excess of power requirement over minimum nighttime use. This would
be enough daytime power increment to satisfy the total electrical needs of four million
Californians (out of a population near 40 million in 2012).

Economic benefits are difficult to determine. If the sale price were between 10 cents per kilowatt
hour and 15 cents per kilowatt hour, however, the authors estimated that the gross revenue
from peaking power would be between $500 million and $750 million per year for California.

The fueling of peaking power relative to constant rate baseload generation might not have
much of an effect “up or down” on greenhouse gas emissions, all other things being equal.
Natural gas fueled peaking plants tend to be older and less efficient, so the avoided CO2
emissions from substituting landfill gas-fueled peaking power for natural gas-fueled peaking
plants would be better than its substitution for conventional baseload power. Offsetting this is
the fact that the peaking approach might lead to some limited, additional CO: emissions relative
to constant-rate baseload power generation. The modeling and field data from this project
showed that peaking may increase the incremental emissions but the biocover used will
eliminate this increase in methane emissions relative to conventional generation.

This project’s most promising result for abating greenhouse gases was the overall design
incorporating permeable layers. Based on modeling and field measurements, the permeable
layers could reduce emissions whether the extraction is for conventional baseload power or for
peaking. Thus the permeable layer itself is worth pursuing on its own merits independent from
peaking power
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Chapter 1:
Introduction

Global warming is the direct consequence of the increase in the atmospheric concentration of
greenhouse gases, including methane (CHa4), carbon dioxide (COz2), ozone, nitrous oxide (NOx),
and chlorofluorocarbons (US EPA 2007). CHa is the most abundant hydrocarbon present in the
atmosphere with an average concentration of 1.7 parts per million (ppm) (Le Mer and Roger
2001). It has 21 times the global warming potential of CO2 by mass during a 100-year time
period (U.S. EPA 2007) and atmospheric CH4 has increased by a factor of 2 during the last
century.

Methane is emitted to the atmosphere both from natural and anthropogenic sources. Natural
sources include wetlands, tundra, bogs, swamps, termites, and wildfires. Major anthropogenic
sources include landfills, natural gas and oil production and processing, coal mining and
agriculture. In the United States, landfills are estimated to be the largest source of
anthropogenic CHs, accounting for 24 percent of anthropogenic CHs emissions (U.S. EPA 2007).
A reduction in CH4 emissions is a key objective of the U.S. Climate Change Action Plan (U.S.
EPA 1999).

CHa and COz, which comprise more than 99 percent of landfill gas (LFG), are produced during
the anaerobic decomposition of refuse in landfills. Unlike other greenhouse gases, CHa can be
used to produce energy as it is the main component (95 percent) of natural gas. Despite its
potential as a fuel resource, effective storage and collection of CHs can be a major challenge.

The major control on CHs emissions from landfills is to collect LFG and burn it in a flare or
utilize it for energy recovery. Gas recovery systems can be an effective strategy to mitigate CHa
emissions from landfills. Field studies have shown that CHs emissions decreased more than
three orders of magnitude adjacent to recovery systems (Bogner et al. 1993). Reductions of 75 to
90 percent of the emitted CHa through the use of LFG recovery systems have been reported
(Mosher et al. 1996).

CHa may also be oxidized in landfill covers by methanotrophic bacteria (Whalen et al. 1990;
Kightley et al. 1995; Czepiel et al. 1995; Chanton and Liptay 2000; Borjesson et al. 2001).
Reported values of CHs oxidation vary widely based on cover types, climatic conditions and
presumably based on the LFG flow rate. Field studies show that CHs emissions fluctuate daily
and seasonally and are affected by climate (Jones and Nedwell 1993; Borjesson and Svensson
1997; Kjeldsen et al. 1997). Landfill covers had been reported to oxidize CH4 from about 7
percent to 50 percent of the total amount (Kightley et al. 1995; Gardner and Manley 1993).
Czepiel et al. (1996) calculated 10 percent CHa oxidation in a landfill in the northeastern United
States during a 12-month period in which temperature fluctuations were considered. Recently
Barlaz et al. (2004) reported a mean CHsoxidation of 55 percent and 21 percent in a biologically
active cover constructed of compost and soil, respectively. These values are conservative as a
measure of methane oxidation is only possible when oxidation is less than 100 percent. In the
referenced study, many tests had no measurable emission, implying 100 percent oxidation.
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Moreover, nearly 100 percent oxidation had been reported in the literature (Kjeldsen et al. 1997).
Even consumption of atmospheric CHa is possible under certain conditions (Bogner et al 1995;
Borjesson et al. 1998; Barlaz et al. 2004).

When CHs is converted to electrical energy, it has an economic value in addition to its value as a
COz-neutral source of renewable energy. Additionally, relating to the United States” energy
security, landfill gas is usable as a replacement or extender of natural gas in distributed power
generation systems and other applications, with a total LFG electric power generation potential
of about 5 gigawatts of energy (GWe). This is almost 1 percent of current United States’
generation capacity, potentially abating over 40 million tons of CO: annually from coal, or from
burning 200,000 barrels of oil per day. An even greater amount of greenhouse gas is abated by
the reduction of LFG methane emissions, estimated equivalent to about 200 million tons CO:
(based on the EIA 1998 value of 9.8 Tg LFG methane emissions, 21-fold CH4/CO: potency, and
as detailed in Augenstein 2000 for the U.S. Department of Energy [DOE]). Landfill gas is also
the fastest growing renewable source of energy in the United States, approaching 1,000
megawatts of energy (MWe). To the extent that the electricity can be sold during periods of
peak demand, the CHa is most valuable.

Although landfill gas utilization increased ten-fold in the past 15 years, at present only about 20
percent of LFG potential is actually used for electricity generation or otherwise, with about an
equal amount of the captured LFG being flared. Among reasons there is not greater beneficial
use of already collected and available LFG, which is presently flared, are the unpredictability,
variability, low rates, and long-term nature of landfill gas recovery (see for example Vogt and
Augenstein 1997). All of these tend to worsen the economics and increase the risk of landfill gas
recovery and utilization. As examples the unpredictable gas recovery makes projecting of
landfill gas energy equipment more risky, generally resulting in under-sizing, leading to
reduced landfill gas methane gas utilization, or over-sizing, and cost of idle equipment.

Landfill gas converted to electricity is collected at constant rates, fueling baseload power
generation, the lowest value electricity. By comparison, pipeline gas-fired power plants can
frequently serve as peaking power plants, due to the much higher value of peaking electricity,
(even if the plant is idle for part of the time). Another constraint is the availability of grid
transmission at peaking power times, and the transmission losses during power wheeling (up
to 40 percent in sending power from Utah to California), making distributed peaking power
generation highly advantageous. LFG is generated from landfills near the major population
centers, significantly offsetting grid congestion. Finally, landfill gas is a renewable, green power
source, desired by many consumers even at a premium. Few renewable energy sources can
provide peaking power. Converting LFG systems from baseload to peaking power would
improve economics, and allow LFG energy systems to be profitable with less need for
government subsidy (i.e. IRS section 29 Tax Credits) or new regulatory drivers. This could
greatly increase LFG use and result in a major decrease in greenhouse gases emitted in the
United States, far in excess of just its renewable energy generation, approaching 5 percent of
total United States” fossil CO2 emissions. These economic drivers would also allow for rapid
implementation of this technology, even within the next decade.
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This technology would be applicable to both existing and new landfills, and appears useful in
conjunction with the so-called “Controlled Bioreactor Landfill” technology developed by Yolo
County and other investigators over the past decade (Augenstein et al. 2000; Augenstein et al.
2003). The Controlled Bioreactor Landfill technology, with funding from the California Energy
Commission, California Integrated Waste Management Board, and the U.S. DOE National
Energy Technology Laboratory, is described in more detail in Energy Commission PEIR Project
2.1 Accelerated Anaerobic Composting for Energy Generation at Yolo County Central Landfill. Landfill
design modifications may also increase feasibility of peaking power and offer other advantages
as well.

One promising idea for improving landfill gas to electricity is to selectively remove methane gas
at times of peak energy demand, with methane being “stored” within a permeable zone in the
landfill at other times. This project is to demonstrate that variable diurnal gas extraction is
feasible in practice without undue air intrusion or increased air emissions, allowing widespread
application of this technology.

1.1 Background and Overview

The usual approach to LFG recovery has been to use deep wells attached to a network of pipes
with a blower that provides vacuum. To illustrate performance of conventional systems, gas
flow dynamics with “conventional” well (or trench) extraction are shown qualitatively in Figure
1-1. Arrows in Figure 1-1 denote directions of gas fluxes, through (in and out of) a waste landfill
surface, and within the waste. Gas flow velocity is denoted qualitatively by lengths of the
arrows. Note the gas escaping to the atmosphere far from the wells. It is principally because of
this LFG emission and loss far from the wells that gas capture is typically only 60 to 85 percent
(SWANA 1994 on Landfill Gas Modeling and Recovery, 1994). Although this inefficiency exists,
and is acknowledged by the U.S. Environmental Protection Agency (EPA) (Peer et al. 1991; ICF
2002) and California Air Resources Board, it has been in most cases accepted. The profile of
surface flux is well recognized to lead to LFG emissions away from the wells under most
circumstances. Note also that there is normally entrainment of gas, whether LFG or atmospheric
air, through the surface area most proximate to, or over, deep collection. Both LFG emission far
from wells, and air entrainment proximate to subsurface collection, are well recognized as
deleterious to collection efficiency. A “tradeoft” exists between extracting or “pulling” at too

high a flow rate and entraining excessive atmospheric air, and pulling too little and recovering
less LFG.

19



FUGITIVE EMJSSION HERE AIR[ENTRAINVMENTHERE |
OAVAS, 0 ay e OVE ay €
&
[—
More
WASTE landfill-—
extends on
WASTE
—_— L —
U well
/ “—

To base layers

= = -

Figure 1-1. Conventional landfill gas (LFG) extraction and gas flows
Photo Credit: Yolo County Planning & Public Works Department

This investigation demonstrates substantial improvements over conventional extraction can be
gained by combining a low permeability surface over an upper near-surface highly conductive
layer with extraction by the deep well(s). A schematic is shown in Figure 1-2 below. Conductive
or permeable layer (shred tires, rubble, gravel, etc.) that can be incorporated in landfills will
normally be from three to five orders of magnitude more permeable than typical landfilled
waste. This enables essentially uniform pressure across the entirety of the conductive or
permeable layer “footprint”, and can enable a uniform vertical pressure gradient through the
surface layers of the landfill. This will in turn greatly reduce irregularities in vertical gas flow at
the landfill surface. In other words, it will greatly reduce the air entrainment near vertical wells,
and fugitive emission far from vertical wells, shown in Figure 1-1, that substantially impede
efficiency of “conventional” extraction. Close control of extraction is possible through
monitoring of LFG composition in the conductive layer over the well.

By placing deep wells beneath the permeable layer, a further advantage is obtained in terms of
reducing variations in LFG composition. The extraction from the large deep void LFG volume
in the landfill, in combination with re-entrainment of LFG emitted far from the wellhead of the
vertical well, gives constant gas composition and high LFG quality (methane content) from the
large deep reservoir comprised of the voluminous total of deep voids. The composition of this
deep void gas will be constant or very slowly changing. The improved stability of extracted
LFG composition is due to two factors:
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LFG mixing in passage through the waste to reach the deep well(s). Even if composition of gas
entering the entrainment area may vary somewhat over hours or days, the multiple flow paths
and associated dispersive and diffusional mixing as the gas moves toward the deep extraction
zone will “time average” the concentration and minimize variations.

Given the long transit time of gas from the entrainment area over the extraction zone to the
deep extraction zone, diffusion will tend to further even out the composition variations. A near-
constant composition of gas from the deep well extraction ideally suits the gas for all of the
common LFG energy uses.
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Figure 1-2. Landfill gas extraction and gas flow using permeable layers
Photo Credit: Yolo County Planning & Public Works Department

Electric power in the United States is used much more (a factor of 2 or more) during the day
compared to late night. By extracting LFG to fuel electric power predominantly during the time
of highest electric power need, the peaking landfill addresses this problem. An example profile
of gas extraction generally appears as shown in Figure 1-3. In Figure 1-3, the ratio of “high” to
“low” power need and “overpull, i.e. the excess of Qext over Qgen, will be choices that are
specific to given sites and regions.
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Figure 1-3. Typical LFG extraction profile vs. time for “peaking”
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1.2 Project Objectives

The objective of this study was to demonstrate the ability to operate landfill gas extraction and
utilization systems on a diurnal basis for peaking power production. As described in the
following section, this included design, construction, operation, field tests of fugitive methane
emissions, characterization of cover properties and mathematical modeling to simulate gas
movement as a function of the imposed gas collection system vacuum field. The key issues were
how to carry out such a variable rate extraction without increasing landfill gas fugitive
emissions while also avoiding air intrusion into the landfill, which could affect overall gas
production and recovery.

The project team explored different ways to optimize the utilization of CHa generated during
waste decomposition by capturing CHsduring times of peak power demand and storing the
LFG in the landfill during the off peak periods. Gas recovery was controlled by adjusting the
vacuum on the LFG collection system. To evaluate this peak power recovery concept, it was
important to demonstrate that emissions to the atmosphere did not increase when the LFG
collection system vacuum was reduced, thereby increasing the pressure gradient between the
landfill and atmosphere.

22



1.3 Report Organization

This report is organized into the main sections of project design and construction, outcome, and
conclusions and recommendations. The design and construction sections cover project
approach. The outcome section discusses monitoring and data analysis. The conclusion and
recommendation section discusses project conclusions and commercialization potential and
benefits to California.

Section 2 discusses the project design, preliminary modeling, and assessment of biocover
material. Section 2.1 of this report discusses design of the peaking well and peaking power
operation. Section 2.2 describes the initial work to develop a computer model to evaluate the
feasibility of operating landfills in a peaking-power mode and was used to guide the design and
construction of the peaking power test cell. In Section 2.3, tests were conducted to understand
the movement of water and landfill gases in biocover materials by measurement of pneumatic
and hydraulic parameters of the biocover under laboratory conditions.

Section 4 discusses the laboratory and field results as well as computer modeling validation.
Section 4.1 describes field measurements of methane emissions from a series of different covers.
Parallel laboratory work to evaluate methane oxidation under several flow regimes designed to
represent field conditions for the peak power gas collection plan is also presented in this
section. Sections 4.2 and 4.3 discuss the operation and monitoring of the peaking power cell,
and uses the collected data to validate and compare to the computer model.
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Chapter 2:
Project Approach

2.1 Overview

In this section key design parameters for the peaking well and methods for monitoring gas
composition within the gas extraction zones are discussed.

2.2 Design of Peaking Well

The preliminary modeling of “landfill peaking power” performance was carried out by
Professor Paul Imhoff (Section 2.2) and his graduate students at the University of Delaware in
order to assist in the design of this project. Parameters were chosen that were as close as
possible to expectations for conventional landfills. For a peaking landfill with gas extraction
profile as shown in Figure 1-3, the recovery of methane remained over 95 percent and the
methane content of recovered gas varied by less than 1 percent over the 24 cycle of recovery. A
parallel analysis (not shown) was carried out by HGC Corporation of Tucson, Arizona, using a
U.S. DOE (Los Alamos National Laboratory) reservoir fluid flow model adapted to gas flow in a
landfill. The HGC analysis results were close-to-identical to those of the University of Delaware,
i.e. collection of about 95 percent of generated gas with close to constant composition over a 24-
hour extraction profile as shown in Figure 1-3. These results suggested that the peaking landfill
design approach can perform well.

A schematic of the design for the peaking landfill is shown in Figure 2-1. The key elements of
the peaking landfill will generally include:

e A low-permeability but porous surface cover of relatively constant thickness and gas
flow resistance.

¢ Below and parallel to this top surface, a layer highly conductive of gas.

e Beneath the surface, a gas extraction zone or zones. Gas extraction occurs from a locus
that would normally be the perforated area of a gas well which gas is extracted.

Sampling sensors or tubes, that allow detection of gas composition as desired within the cover
and highly conductive layer.

Combining conductive layers, surface permeable layers, and peaking can allow the transient
LFG storage in the landfill to increase or decrease with highest efficiency. Here, efficiency is
defined as capture of the highest fraction of generated gas during the full peaking cycle while
keeping both fugitive emission and air entrainment into the landfill to the minimum necessary.
As gas is extracted at lesser or greater amounts than the underlying generation (See Figure 1-3)
an interface between LFG and entrained air or resultant nitrogen moves up and down under the
cover as shown in Figure 2-1.

In designing the peaking landfill to deliver gas at variable rates in response to energy needs,
constraints on the “peaking landfill” are: (a) the gas composition must remain suitable, i.e. high
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enough methane content for energy uses; (b) the gas composition should vary as little as
possible to facilitate energy uses; (c) losses of “fugitive methane” and atmospheric emissions
must be kept as low as possible.

Key design features and constraints are summarized below:

e Composition of gas flowing to use will be monitored and adjusted to achieve a desired
gas methane content suitable for energy. The gas compositions in the highly conductive
layer and the cover will also be monitored by the tubes or sensors, examples shown in
Figure 2-1, to give quick feedback

e For energy uses, the extracted gas composition should remain as close to constant as
possible. The concentration of methane in the top cover and highly conductive layer
may vary. However, considerable averaging out of the gas composition in the
entrainment occurs due to: (a) the mixing due to gas flow along differing paths or flow
streamlines in the entrainment zone on the way to the extraction; (b) diffusional mixing
in the entrainment zone; (c) dispersive mixing due to gas passage through pockets of
greater or lesser permeability in the entrainment zone; and (d) in typical landfills there is
a large volume of gas stored deep within the landfill. The consequence of factors of (a)
through (d) is that a gas stream of near-constant composition can be withdrawn at
extraction rates which vary in accordance with fuel energy (or “peaking fuel”) needs.

e The losses, (i.e. emissions of LFG to the atmosphere), should be kept as low as possible.
To this end, there is “overpull” or recovery of gas at a rate in excess of its generation.
The degree of overpull needed will be determined by testing and modeling.
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Figure 2-1: Schematic of peaking landfill with components and LFG flows

Photo Credit: Yolo County Planning & Public Works Department
2.3 Design of Peaking Power System

Detailed drawings of construction, instrumentations, and piping placement were prepared at
the beginning of the project. They are presented in Appendix A. The peaking landfill field test
has made use of a 340 x 195 x 40 foot deep section in the landfill’s module D-Phase II. A top
view of this module is shown in Figure 2-2. Within the section is a flat, circular well (called a
“pancake” well) with a diameter of 25 feet. The cross-section is shown at different scales in
Figure 2-3 and Figure 2-4.

A valving arrangement was designed as shown in Figure 2-5. It is assumed that constant or
close to constant extraction vacuum V can be applied at the outlet to the left of Figure 2-5. If
necessary, a pressure/vacuum regulator can be placed to control the extraction vacuum.

With this outlet valving arrangement of Figure 2-5, LFG flows can be straightforwardly pre-set
so that: (a) with solenoid Valve 1 open, LFG flow is 1.5 x the time averaged extraction flow
Qext; (b) With the solenoid Valve 1 closed, outlet gas flow is 0.5 x the time averaged extraction
flow.

This particular valve setting described above will give the specific extraction flows shown in
Figure 1-3. As noted earlier, adjustment of valves can enable other desired ratios of day/night
flow.
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The extraction is however subject to constraints that time average extraction Qext will exceed

Qgen and meet other constraints including those on emissions.

Top view of cell footprint, showing (at lower left) peaking area (permeable layer

textured pa) footprint and well.

Wz

SHALLOW*“ PANCAKE”
WELL —shred tire layer

extraction zoneabove well .
4'ﬁ¢|ﬂ\'|fpdé:% I\ Appr ximate
opiper-i-— . — permeable layer
X X existing & footprint (inside
X \ deeper brown boundary)
wells ot
X W Bl v T 7 340 ft x 195 ft
Vacuum draws gas to ‘ iz j J J J |
extraction system—see 0
deltall th adfollow?.of J .r ;I
valves and operation . i i
\\?\—\\—:—_————______ —_—

Figure 2-2. Top view of well design and permeable layer components

Photo Credit: Yolo County Planning & Public Works Department
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Schematic (not to scale) of gas well, permeable layer and some notes on design. Dimension
arrows in blue.

LANDFILL CELL SURFACE 3t deep highly

conductive layer

Soil and waste layers

to side slope T T e O b kL o e T R
and extraction b >|
Cell extends on
- at least 60 feet
....................................... - Lo to any side
slope

4
2-inch PYC pipe for extraction

“Pancake” well is 3 ft deep
and about 25 feet wide and
filled with shredded tires. . 22 feet approx. from

permeable to base layers

Note. This new flat “pancake” profile well is different from standard design, but meets needs
of controllability for capture and peaking. See the blown-up detail and notes in the next sketch.

Figure 2-3: Well design and permeable layer components

Photo Credit: Yolo County Planning & Public Works Department

Design detail of “peaking landfill” section with gas well cross-section.

Landfill surface

SOIL 1 to 3 feet depth
Cover of soil (1 foot or more depth) with balance of waste.
_______WASTE to make cover total of 6 feet
:;r;'&i-. ;ﬁ;;* GHEYICONE £ A

3 feet tire
shreds

Pancake w¢ll with enough diameter (25 feet) to
minimize pressure gradient of gas flowing to it. at
acceptable extraction vacuum LANDFILL

EXTENDS ON
—

T y -
LFG flow in 4-inch HDPE N
extrac?i\;n pipe Pipe perforated only within tire shred extraction | 49 ft to pask
zone. Total area of well pipe perforations
recommended at 60 square inches

\4

--Note 1: The well requires an adequate extraction area interface between tire shreds and waste, 300 or
more ft? tire shred to waste interface (important to have enough area). The interface is > 1000 ft2 here.
--Note 2: As long as air infiltration of the LCRS is largely prevented differing well shapes (vertical pipe or
horizontal) should give acceptable performance, defined as either (a) constant high (>50%) methane
content and low ppm scans at constant or even variable (peaking) extraction rates. The preexisting vertical
wells could be used in flat well-vertical well comparisons.

--Note 3: Extraction should only occur from the well below the permeable layer, not the permeable layer.
So the well pipe perforations should be only within tire shreds within the well extraction

—Note 4 Extraction pipe needs to accommodate extraction pipe flexing and settlement. The well pipe is
standard HDPE pipe.

Well features shown, and reasons:

Figure 2-4. Cross-section of the peaking power well and horizontal tire layer

Photo Credit: Yolo County Planning & Public Works Department

28



Gas valving and operation for Peaking (on and off-peak)

Flow control valve (valve
3) set for 0.5 Ex at
differential vacuum V

<

Gas at Vacuum =V
to energy use

® X From
Flow control valve Solenoid on- well(s)
(valve 2) set for Ex at off valve
differential vacuum VvV (Valve 1)

Gas well operational strategy.
Long-term time average extraction = Ex. (= Actual generation rate Qgen with overpull)
At vacuum V,

--Adjust control valve 3 to give a flow of 0.5 Qgen. Control valve 3 left always open.
--Then adjust control valve 2 to give an additional flow of Qgen. In other words, with
control valve 3 open ,set control valve 2 so that total flow is 1.5 Qgen.

If (as hoped), the Vacuum V stays nearly constant, the operational sequence becomes

Off — peak (12 hours) only control valve 1 is open and extraction rate = 0.5 Ex
On - peak: (12 hours) control valves 1 and 2 open and extraction rate = 1.5 Ex

ADVANTAGE OF THIS IF: ONCE VALVES ARE PRESET, PEAKING CAN BE TURNED
ON AND OFF BY TURNING ONE VALVE ON AND OFF.

Figure 2-5. Schematic of peaking landfill valve and operational strategy
Photo Credit: Yolo County Planning & Public Works Department

2.4 Preliminary Modeling

Preliminary modeling was performed to help with the design of the project and to evaluate the
feasibility of operating landfills in a peaking power mode.

2.4.1 Objectives

The overall objective of Part 1 of the modeling study was to evaluate the feasibility of operating
landfills in a peaking-power mode. More specifically, the modeling will help to guide the
design of the peaking power landfill test cell constructed at the Yolo County Central Landfill.
To achieve these objectives, five different cases were simulated:

Case 1: evaluate the influence of anisotropy in gas permeability of the refuse on methane
emissions.

Case 2: evaluate the effect of the horizontal tire layer beneath the landfill cover on the methane
emissions and oxygen intrusion into the landfill.

Case 3: evaluate the effect of the depth of tire layer on methane emissions and peaking power
operation.

Case 4: evaluate the effect of the depth of the pancake well on methane emissions and peaking
power operation.
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Case 5: evaluate the effect of biocover thickness on methane emissions and peaking power
operations.

2.4.2 Methodology
2.4.2.1 Numerical Simulator

To simulate landfill gas migration, a multiphase and multi-component simulator was used,
T2VOC. T2VOC is an extended version of the TOUGH2 (Transport of Unsaturated
Groundwater and Heat) computer code that has been broadly used to simulate geothermal
reservoirs, contamination of nuclear waste disposal sites, environmental pollution assessment
and remediation, and hydrology of unsaturated and saturated zones. TOUGH2 and T2VOC
belong to the MULKOM family of codes, developed in the Earth Sciences Division of Lawrence
Berkeley National Laboratory. The main distinguishing feature of T2VOC is the capability to
simulate multiphase contamination and remediation processes involving non-aqueous phase
liquids. T2VOC uses a general integral finite difference formulation, and it consists of
multiphase, multi-component mass and energy balance equations. A brief description of
governing equations used in T2VOC is presented in this section.

The mass balance equations for component K for an arbitrary flow region Va with surface area '

is given by

d

—[M*av, = [(F~ en)dT, + [¢~aV,

dt I//Y Fﬂ V/?
where M« is the mass of component K per unit porous medium volume, F¥ is the mass flux of
component K into Vx, n is inward unit normal vector, and g is the rate of mass generation of

component K per unit volume. The left-hand side represents the change of mass in the volume

Vn per unit time, and the right-hand side terms describe the fluxes through the boundaries of
the region and the sink or source in the volume.

The phase fluxes follow a multiphase extension of Darcy’s law and are given by
. b kP . *
F; =—ky(1 +?)&Xg (VP,—p,8)+J,
4 g

where ko is the absolute permeability at large gas pressures and is equal to the single-phase
liquid permeability, b is the Klinkenberg b-factor, which describes gas slippage that effectively

increases gas permeability at low pressures, and J:* is the diffusive mass flux of component K in

the gas phase. In T2VOC the diffusion of each component occurs only in the gas phase. The
diffusive mass fluxes of water vapor and organic chemical vapor are calculated by

Ko _ K K
Jg N ﬁs‘grngngXg
where D¢ is the multicomponent molecular diffusion coefficient of component K in the gas

. . T, . .
phase when no porous medium is present, and ¢ is the gas phase tortuosity computed from
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1/3 a7/3
the Millington and Quirk (1961) model, =5, . The multicomponent diffusivities for

water and chemical vapor in the gas phase are calculated from the binary diffusivities by the
Wilke method (API 1977), and the binary air-water and air-chemical diffusivities are functions
of temperature and pressure (Vargaftik 1975; Walker et al. 1981)

ij ij. ‘9if
D! =D (P, / P,)XTITy)"

where DR is the experimentally determined i-j binary diffusivity at reference temperature of Tr

and pressure Pr, and 6y is an experimentally determined constant.

The multiphase extension of Darcy’s law also includes the effects of relative permeabilities and
capillary pressure between phases. Several multiphase relative permeability and capillary
pressure models are available in T2VOC. In this study the van Genuchten-Mualem model
(Mualem 1976; van Genuchten 1980) was used, and it is given by

=S - (=[S
{ if S, =0
(1-5)° (1 §*) i S, >0
P, =-P(S' 7" -1
with
S =(S, =SS, =S,), S=(S,-8,)/(1-8,-S,)
F=p.gla

where Srr is the irreducible water saturation, Sis is the satiated water saturation, and Srg is the
irreducible gas saturation. The parameter A is a pore-size distribution index that determines the

shape of the functions, and « is a capillary strength parameter. The second equation of gas
relative permeabilities is due to Corey (1954).

Description of Model Domain and Initial and Boundary Conditions

In this study the project team simplified and idealized a complicated three-dimensional landfill
system in order to evaluate peaking power operations for a hypothetical landfill. In these
simulations, the authors focused on a region where a pumping well is centrally positioned.
Considering the characteristics of gas flows, a two-dimensional axisymmetric, radial domain
was selected. On March 27, 2006, Figure 2-6, which shows a schematic of the model domain,
was presentation to SMUD. The general properties of each layer utilized in the base case
simulations are given in Figure 5.2-1. For capillary pressure and relative permeability
relationships, the van Genuchten-Mualem model (Mualem 1976; van Genuchten 1980) is used,
and the parameters are also presented in Figure 2-6. The discretization used in the simulations
is shown in Figure 2-7.
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The pumping rate, Q, in the system was varied in the simulations to reflect peaking power
operations. For base-case simulations, the pumping rate was set equal to 1.5 times the landfill
gas generation rate to represent “overpull” conditions during peak energy demand periods, and
set to 0.5 times the landfill gas generation rate to represent “underpull” when energy demands
are less. During the daytime the pump is operated for 12 hours in the overpull condition, and
during the night it is operated for 12 hours in the underpull condition. All simulations in this
study were based on this pumping sequence.

To describe fluid flows across the boundaries of the domain, two conditions were applied. The
first is for the top grid blocks, which were designated as the atmosphere. The top surface was a
Dirichlet boundary condition, and for this condition the top grid cells were specified as
“inactive” in the code, which is a specific device supported in T2VOC. For the inactive elements
no mass and energy balance equations are set up, and temperature and atmospheric conditions
are kept constant. However, inactive elements appear in flow connections and initial condition
specifications like all other elements. Thus, mass flux between adjacent cells can be calculated.
The second boundary condition was a no flux boundary condition for the lateral and bottom
borders of the simulation domain.

Various cases were simulated to explore different setup conditions and the sensitivity of
important model parameters. Each case required changes in the grid size, gas generation rate, or
formation properties; however, most of the initial and boundary conditions were fixed as
shown in Table 2-1. In addition, several assumptions were made to complement the lack of field
data and to simplify the simulations. First, the project team assumed isothermal conditions
within the landfill. Second, the generation rate of landfill gas was steady since the simulation
period was too short to account for the decrease in the rate of landfill gas generation associated
with waste stabilization. Third, the thermodynamic properties of all solid materials and the gas
generation rate were uniform throughout the domain. Fourth, no chemical and biological
degradation processes were explicitly considered: instead, a constant landfill gas generation
rate was specified for each grid block in the domain. In future simulations, the authors plan to
include the influence of methane oxidation within the top biocover.
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Table 2-1. General properties of model domain for all simulations

Trash Tire Soil

Density (kg/ m°) 714 476 1,700
Porosity 0.40 0.50 0.35
Aqueous phase saturation 0.21 0.21 0.15
Intrinsic  Horizontal Permeability | 3.0e-12 2.96e-8 1.0e-12
(m?)
Intrinsic Vertical Permeability (m?) | 3.0e-12 2.96e-9 1.0e-13
van Genuchten — A 0.11 0.11 0.457
Mualem parameters Si 0.21 0.21 0.15
(for relative permeability Sis 1.00 1.00 1.00
function) Sor 0.005 0.005 0.10
van Genuchten parameters | A 0.11 0.11 0.457
(for capillary pressure Sir 0.20 0.20 0.14
Function) 1/Py | 5.097e-4 5.097e-4 5.105e-4

Pmax | 1.0e5 1.0e5 1.0e7

Sis 1.00 1.00 1.00

Data collected by Yolo County project team
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Figure 2-6. Schematic profile of model domain presented to SMUD March 7, 2006. A radially
symmetric domain was used for all simulations.

Photo Credit: Yolo County Planning & Public Works Department
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Figure 2-7. Domain discretization

Photo Credit: Yolo County Planning & Public Works Department

34



Table 2-2. Initial and boundary conditions used in base-case simulations

Landfill depth (m) 12.4

Landfill diameter (m) 46

Tire layer depth (m) 3.1

Pancake depth (m) 5.5

Biocover thickness (m) 1.0

Atmosphere temperature (°C) 25
Atmosphere pressure (Pa) 101300

Landfill gas generation (m’/ton/year) 25

(55 % of methane and 45 % of carbon dioxide)

Parameters for Dgin (m’/s) 1.6e-5

binary air-methane diffusivity Tx (K) 293.2
Pr(Pa) 1.013e5

6; 1.6

The modeling process was divided into three parts. It began with generating a grid that was
pre-determined to effectively describe the system. Next, a natural state that corresponds to the
condition prior to peaking power operation was calculated. In this natural state the system is in
steady-state, which means thermodynamic conditions and the mass fraction of each component
are time-independent in the whole domain. The pumping rate under these conditions is set
equal to the landfill gas generation rate. Using these steady-state conditions as the initial
conditions of the subsequent simulation, one important parameter was changed: time-
dependent pumping rates in the pancake well were specified. New time-dependent sink terms
in the pancake layer were introduced to act as a peaking power pumping well. After this
change, the simulation was run for until steady diurnal changes in the system were achieved.

2.4.3 Results

2.4.3.1 Preliminary Computational Experiments

Figure 2-8 shows the methane emission rate from the landfill versus simulation time once time-
dependent pumping within the pancake well was initiated at the end of Day 1. Based on the
output of this simulation, the system satisfies the steady-state condition at the end of Day 9.

Thus, all simulation results were calculated and presented for the 24-hour period beginning on
Day 10.

Case 1: Effect of Anisotropy of Waste Permeability
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Because landfills are very complicated, heterogeneous, and anisotropic systems, the way the gas
permeabilities are specified for the waste can result in significant differences between
simulations. Because the domain was assumed to be uniform, the effect of anisotropy was
evaluated, changing the ratio of horizontal gas permeability to vertical gas permeability. In
general, it has been typically assumed that the horizontal gas permeability is between 3 and 10
times larger than the vertical gas permeability for solid waste.

In Figure 2-9 the effect of the horizontal to vertical gas permeability on methane emissions from
the landfill surface is shown. Methane emissions are plotted for the 24 hour period beginning on
Day 10 (see Figure 2-8). It is clear that for peaking power operations with the tire layer installed
at the top of the landfill, the influence of anisotropy in the gas permeability on methane
emissions is relatively minor. For this reason and to simulate the worse state conditions for
methane emissions from landfills, in all future simulations the gas permeability was assumed to
be the same in the horizontal and vertical directions.
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0.004

0.003

0.002

0.001

CH4 emission rate (kg/sec)

1 3 5 7 9
Time (Day)

Figure 2-8. Variation of methane emission with elapsed simulation time for base case simulation

Photo Credit: Yolo County Planning & Public Works Department
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Figure 2-9. Methane fluxes from landfill at different anisotropy ratios (Horizontal [H] to Vertical [V]
gas permeability) during peaking power operation

Photo Credit: Yolo County Planning & Public Works Department
Case 2: Effect of Tire Layer on Methane Emissions

One of the most important objectives was to evaluate the influence of the horizontal tire layer
beneath the biocover on methane emissions. Figure 2-10 illustrates two points: (1) the effect of
tire layer at constant pumping rate (without peaking power operations), and (2) the influence of
tire layer on methane emissions during peaking power operation. Without peaking power
operations, the installation of the horizontal tire layer at the top of the landfill reduced methane
emissions by approximately 50 percent, from 17.4 to 7.9 kg/hr. Thus, the tire layer significantly
improves the collection efficiency of the methane gas, which should result in increased income
for landfill operators. The collection efficiency of the landfill gas would be improved even
further by increasing the pumping rate to between 5 to 15 percent larger than the landfill gas
generation rate. The landfill gas generation rate was assumed to be 25 cubic meter per ton per.
The gas composition was assumed to be 55 percent methane and 45 percent carbon dioxide.
The gas generation rate will change based on the waste composition, age, etc. The actual gas
generation rate used in the simulations does not affect the results of the simulation.
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Figure 2-10. Comparison of methane fluxes with or without the tire layer at constant pumping rate
and peaking power operation. Results are shown for Day 10 of the simulation.

Photo Credit: Yolo County Planning & Public Works Department

Second, it is important to note that operating the pumping well in peaking power mode (with
the tire layer at the top of the landfill) does NOT result in significant increases in methane
emissions from the landfill. When the landfill was operated at a constant pumping rate equal to
the landfill gas generation rate, 13.7 percent of the methane generated escaped from the landfill.
During peaking power operations, when the pumping well was operated for 12 hours in
overpull (pumping rate = 1.5 x landfill gas generation rate) followed by 12 hours in underpull
(pumping rate = 0.5 x landfill gas generation rate), only 14.5 percent of the methane generated
escaped from the landfill. Thus, the tire layer significantly mitigated the effect of changes in
pumping rates on methane emissions. If the effect of methane oxidation in the biocover was
included in the analysis, significantly smaller amounts of methane would be predicted to escape
into the atmosphere.

Figure 2-11 shows the result of methane fluxes under peaking power operation with and
without the tire layer shown at the top of the landfill in Figure 2-6. The emission rates with and
without the tire layer are both affected by changes in the pumping rate. During the overpull
period the methane fluxes are decreased, and with the start of the underpull period the fluxes
increased. Even at a “strong” point that represents the state of the smallest pressure inside the
landfill domain and the greatest extraction from the pumping well (see Figure 2-11), the net
methane flux into the atmosphere is positive. In this case molecular diffusion is the dominant
mechanism driving methane out of the landfill cover. If the tire layer is installed the methane
emission is half the rate that occurs during peaking power operation without the tire layer. The
percentages of methane emitted through the top biocover, which is based on the total amount of
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methane generated in the domain, were 14.5 and 28.8 percent with and without tire layers,
respectively, during peaking power operations. Again, the influence of the top tire layer on
methane collection efficiency is dramatic.
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Figure 2-11. Methane fluxes from landfill as a function of time for Day 10 of the simulation during
peaking power operation. Also shown is the pumping rate during this period.

Photo Credit: Yolo County Planning & Public Works Department

It is important to note that in these simulations no oxidation of the methane was assumed to
occur within the top soil cover, i.e., the biocover. In reality, significant amounts of methane may
be oxidized in this layer, which may appreciably reduce landfill gas emissions. The influence of
methane oxidation within the biocover will be included in future simulations using data from
tield tests of biocover performance at the Yolo County Central Landfill.

To understand gas flow inside the landfill, pressure profiles at the “strong point” (see Figure 2-
11) are presented in Figures 2-12 and 2-13. Here, the “strong point” corresponds to the time
when the largest gas extraction rate is exerted at the pumping well, which is 150 percent of the
landfill gas generation rate. Figure 2-12 shows the case with the horizontal tire layer installed at
the top of the landfill: level contour lines are observed at the upper part of the domain. This
confirms that an even vertical gas flow through the biocover was attained when the permeable
tire layer was installed. At distances greater than 20 meters (m) from the well, all pressure
contours are horizontal. This implies that the pumping well cannot capture distant landfill
gases and it allows them to be transferred to the atmosphere. Pumping at rates greater than the
landfill gas generation rate would improve capture of these gases.
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Figure 2-12. Pressure (Pa) contours through one half of the problem domain at the “strong point,”
with the pumping well operating at 150% of the landfill gas generation rate. Results shown with
upper horizontal tire layer installed.

Photo Credit: Yolo County Planning & Public Works Department

When the tire layer was not included in the simulation domain, the constant pressure contours
exhibit different features (see Figure 2-13). Up to 25 m away from the pumping well the
pressure lines are distributed vertically across almost the entire depth. In other words, the
lateral influence of the pumping well is extended when a tire layer is not installed at the top of
the landfill. On the other hand, the vertical pressure gradients near the top of the landfill are
larger than those in Figure 2-12. This indicates that the advective forces driving landfill gases
out of the landfill are more significant without the tire layer, which result in greater fugitive
methane fluxes.
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Figure 2-13. Pressure (Pa) contours through one half of the problem domain at the “strong point,”
with the pumping well operating at 150% of the landfill gas generation rate. Results shown
without upper horizontal tire layer installed.

Photo Credit: Yolo County Planning & Public Works Department

Another important factor to examine is the extent of oxygen intrusion in the landfill. Figures 2-
14 and 2-15 show the concentration of oxygen inside the landfill depending on whether the tire
layer is installed or not. These profiles are at the “strong point”, maximum pumping rate during
peaking power, where the highest oxygen concentration is expected. When the tire layer is
included, the concentration of oxygen does not vary with radial distance from the well. But with
removal of the tire layer from the system high concentrations of oxygen occur at greater depths
throughout the system. As discussed above, these simulations do not account for utilization of
the oxygen by methane-degrading bacteria. Nevertheless, it is clear that the tire layer functions
as a screen to prevent severe intrusion of oxygen through the refuse and distributes oxygen
evenly above the tire layer.
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“oxygen level at strong poirt”, volume fraction(26)

Figure 2-14. Oxygen profiles (percent by mass) throughout the problem domain at the “strong
point,” with the pumping well operating at 150% of the landfill gas generation rate. Results shown
with upper horizontal tire layer installed.

Photo Credit: Yolo County Planning & Public Works Department

"oxygen level at strong poirt”, volume fraction(36)

Figure 2-15. Oxygen profiles (percent by mass) throughout the problem domain at the “strong
point,” with the pumping well operating at 150% of the landfill gas generation rate. Results shown
without upper horizontal tire layer installed.

Photo Credit: Yolo County Planning & Public Works Department

42



Case 3: Effect of Depth of Tire Layer

The depth of the horizontal tire layer was varied between 2.5 to 3.7 m from the top surface to
evaluate the influence of “depth” on methane emissions. The results are presented in Figure 2-
16 for a 24-hour period beginning on Day 10. Also shown in this figure is the maximum depth
of penetration of the 4 percent oxygen concentration profile during the 24-hour simulation
period. As the depth of the tire layer increases, the methane emissions decrease. The reason can
be found by examining the pressure contour diagrams in Figures 2-17 and 2-18. When the tire
layer is positioned at a depth of 3.7 m (Figure 2-17) the constant pressure lines around the
pumping well are more densely contoured than those at 2.5-m depth (Figure 2-18). This implies
two things: with an increase in depth of the tire layer, the generated landfill gas is more
efficiently collected at the pumping well and the advective driving force for emitting methane
gas through the biocover is decreased. On the other hand, the deeper the tire layer the greater
the intrusion of oxygen into the refuse. The depth where 4 percent of oxygen concentration was
detected differs by 1 m between minimum (2.5 m) and maximum (3.7 m) depths of tire layer
(see Figure 2-16). Thus, the optimal depth of the horizontal tire layer is dependent upon the rate
of oxygen consumption in the biocover. If the oxygen consumption rate is significant, then
increasing the depth of the tire layer will allow for more efficient collection of methane while
not resulting in problematic oxygen concentrations within the waste.
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Figure 2-16. Variations of methane emissions and depth of oxygen intrusions as a function of
depth of tire layer during peaking power operation. All depths are in meters.

Photo Credit: Yolo County Planning & Public Works Department
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Figure 2-17. Pressure (Pa) contours through one half of the problem domain at “strong point”,
with the pumping well operating at 150 % of the landfill gas generation rate. Results are for
conditions when upper tire layer is installed at 3.7 m depth.

Photo Credit: Yolo County Planning & Public Works Department
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Figure 2-18. Pressure (Pa) contours through one half of the problem domain at “strong point”,
with the pumping well operating at 150 % of the landfill gas generation rate. Results are for
conditions when upper tire layer is installed at 2.5 m depth.

Photo Credit: Yolo County Planning & Public Works Department
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Case 4: Effect of Depth of Pancake Well

Pumping wells are usually placed at about 50 percent to 90 percent of the landfill depth
(O’Leary and Walsh 1991). Well depth has been recognized as an important factor affecting gas
flow rates at pumping wells (Chen et al. 2003). Well placement is also closely related to landfill
gas emissions through the top cover. In this section the influence of the depth of pancake layer
(i.e., the pumping well) on methane emissions was evaluated. Figure 2-19 examines variations
of the total methane emissions during the 24-hour period beginning on Day 10 with depth of
the pancake layer. Pancake layer depths were varied from 5.5 to 9.5 m, which corresponds to 46
percent and 79 percent of the simulated landfill depth, respectively. When the tire layer is not
installed, methane emissions decrease with an increase in depth of the pancake well. But when
the tire layer is included, methane emissions do not change with well depth. These results can be
explained in connection with the pressure profiles. As was discussed in Section 2.3, the highly
permeable tire layer functions to spread out the gas flow. The pressure alterations that result
from different depths of the pancake well are lessened and result in no measurable changes in
the rate of methane emission with corresponding changes in well depth (see Figure 2-19). In
addition, it should be noted that the oxygen intrusion would be much more serious as the
pancake well is placed deeper if the system did not contain the upper tire layer. As drawn in
Figure 2-19, the depth of oxygen intrusion is significantly increased with increases in the depth
of pancake layer when the tire layer is not included.
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—a— Depth of 4% O2 with tire layer =~ —x— Depth of 4% O2 w ithout tire layer

Figure 2-19: Percent change in methane emissions and depth of 4% oxygen contour as a function
of depth of pancake well, shown as percent of total landfill depth.

Photo Credit: Yolo County Planning & Public Works Department
Case 5: Effect of Biocover Thickness

The biocover is the uppermost layer covering landfills; it separates landfills from the
atmosphere and reduces methane emissions. The physical features of the biocover, e.g.,
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tortuosity, gas permeability, and water saturation, can significantly affect the gas flow. The
influence of biocover thickness on methane emissions was evaluated here, which can be
controlled when the layer is constructed. The thickness was varied between 0.6 and 1.8 m, and
the results are presented in Figure 2-20. Regardless of the presence or absence of the tire layer,
the thicker the biocover the greater the reduction in methane emissions. But the two simulation
results, with and without the tire layer, differ in the level of decrease of methane emissions.
When the tire layer is not installed, methane emissions percent are reduced by about 40 percent
when the biocover thickness increases from 0.6 to 1.8 m. For simulations with the tire layer,
there is only a 26 percent decrease in methane emissions. These reductions result from smaller
rates of gas advection and diffusion through the biocover as the thickness increases. The vertical
gas permeability that mainly governs the gas flow through the top biocover is over one order of
magnitude smaller than the vertical gas permeability through the refuse. Thus, the increase in
the final biocover thickness enhances resistance to the vertical gas flow. The benefit of a thicker
biocover is enhanced when the tire layer is not installed because without the tire layer here is
uneven flow distribution. In this case, the thicker biocover tends to even out the vertical flow in
the system more. On the other hand, the use of the tire layer minimizes the influence of the
biocover thickness and allows one to use a thinner biocover to achieve a similar efficiency of
methane capture.

The depth of oxygen intrusion is also affected by the thickness of the biocover. The maximum
depth of the 4 percent oxygen contour is shown in Figure 2-20. As the biocover thickness
increases, the penetration of oxygen into the waste decreases. The influence of biocover
thickness on oxygen penetration is reduced when the tire layer is installed.

It is important to note that this analysis did not take into account methane oxidation within the
biocover. Future simulations will include this process, using data generated from laboratory
and field measurements.

46



40 6
c L
_g 35 {5 _
5 30| S
: S 2| 145
88 3
IS a- 20 — 3 &
7 o A& L 20000 kS
2L o 15 ¢ — 5 <
§s e 128
« & 10 3
I 1, °
o 5

0 0

0.5 1 15 2
Thickness of soil cover (m)

—&— With tire layer —m— Without tire layer
—aA— Depth of 4% O2 wi ith tire layer —>¢— Depth of 4% O2 w ithout tire layer
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function of thickness of biocover (soil cover).
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Conclusions

This simulation study examined the peaking power operation of a hypothetical landfill. This
analysis concludes the following:

If a horizontal tire layer is installed at the top of the landfill, the variation of horizontal
to vertical gas permeability in the waste has a minimal effect on methane collection
efficiency.

The construction of a horizontal tire layer can increase the methane collection efficiency
by 50 percent for standard (constant) pumping conditions.

If the landfill is operated in peaking power mode, the increase in methane emissions is
minor (from 13.7 to 14.5 percent of the methane generated) if a horizontal tire layer is
installed.

A horizontal tire layer also significantly decreases the intrusion of oxygen into the landfill
(see Figures 2-14 and 2-15).

Methane collection and peaking power performance is improved if the horizontal tire
layer is placed deeper in the landfill. However, greater oxygen is drawn into the landfill
as the tire layer is placed deeper.

The depth of the pancake well has a minor influence on peaking power operations, as
long as a horizontal tire layer is installed.

The thicker the biocover layer the better the efficiency of methane collection.
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From this analysis it is clear that peaking power operation with a horizontal tire layer should
result in both increased methane collection efficiencies and reduced methane emissions, when
compared to cases with standard vertical gas collection wells without horizontal tire layers.
While these results must be supported by field tests, they do suggest that the operation of a
landfill in peaking power mode (with a horizontal tire layer) could be both environmentally
and economically beneficial. Future simulations will examine the potential increase in income
associated with improved methane capture under peaking power operations.

2.5.1 Preliminary Assessment of Biocover Materials
2.5.1.2 Objectives

Biocover materials can support the growth of microbial populations and enhance the oxidation
of fugitive methane from landfills. The purpose of this study was to evaluate the addition of
biocover materials to the top of traditionally clay-covered landfills. Providing the appropriate
conditions, the growth of methane-consuming bacteria can be accelerated, which in turn can
reduce the release of fugitive methane to the atmosphere. In order to understand the movement
of water and landfill gases in biocover materials, pneumatic and hydraulic parameters of these
materials must be measured in the laboratory under controlled conditions.

In this work three different types of tests were conducted: (a) compaction tests, (b) air
permeability tests, and (c) moisture content measurements. Compaction tests were conducted to
determine the effect of an applied external load on the bulk density of biocover materials,
particularly mixtures of compost and woodchips. The applied load was selected to mimic
typical compaction practices for the construction of landfill covers. Knowing the bulk density of
various mixtures of woodchips and compost, the required mass of these materials to cover
particular landfill areas with a specified thickness can be computed. In addition to the
compaction tests, air permeability measurements were performed in a volume-adjustable cell
designed specifically for these tests. Air permeabilities were measured for three different
mixtures that will be tested as biocover materials at Yolo County: compost, greenwaste, and a
mixture of 70 percent compost and 30 percent woodchips. Moisture content analyses were
conducted on representative samples of these three biocover materials. The results of these
laboratory tests are presented below.

2.5.2 Materials and Methods
2.5.2.1 Materials

Any medium that can support the growth of microbial population can potentially be used as a
biocover material. However economic considerations usually decrease the range of appropriate
materials. Three types of biocover materials were evaluated in these tests: compost, mixtures of
compost and woodchips, and greenwaste. These materials were supplied by Yolo County
Central Landfill and were intended for use as the biocover installed on a new anaerobic landfill
cell for peaking power operation.

Due to lack of knowledge about the effect of addition of woodchips to pure compost, a
compaction test was conducted to evaluate the compressibility of different mixtures. Four
compositions of woodchips and compost material were prepared for this test. The unpacked,
loose materials were used to prepare specific volume percentage mixtures, and then these
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mixtures were compacted in test cells to determine the change in bulk density of the sample
with compaction. The characteristics of the four samples tested are presented in Table 5.3-1.
Knowing the bulk density of these mixtures can determine the required amount of the mixtures
to cover particular landfill areas with prescribed thicknesses of biocover materials.

Table 2-3. Properties of sample mixtures

Sample | Volume % | Volume % of | Weight of Weight of
No. of compost woodchips compost (g) | woodchips (g)
1 100 0 8862.4 0
2 90 10 7922.7 372.6
3 70 30 6171.6 801.8
4 50 50 4281.1 1353.6

For the air permeability and moisture content tests, three different types of biocover materials
were studied: pure compost, a mixture of 70 percent compost and 30 percent woodchips
(volume percentage) and greenwaste, which is composed of plant residues. These materials
were used as biocover materials on the top cover of the new anaerobic test cell constructed at
Yolo County Central Landfill. The biocover materials were shipped from this Yolo County to
the University of Delaware for the laboratory tests.

2.5.2.2 Compaction Tests

Compaction tests were performed in order to understand the effect of woodchips addition on
the bulk density of compost/woodchip mixtures. This information was needed to help select the
composition of compost/woodchips to use in the construction of the biocover for the new test
cell at Yolo County Central Landfill. These measurements would also help in purchasing
appropriate amounts of compost and woodchips to construct biocovers of specified thickness.

Due to the relatively large size of woodchips, Proctor Tests (falling hammer), which are usually
used for soil, could not be used to determine the compaction of these mixtures. The cylindrical
compaction chamber used in the experiments has an inside diameter of 20.3 centimeters (cm)
and a height of 39.0 cm. The woodchips and compost materials were mixed manually in large
trash bags in order to reach homogenous mixtures. The Tinius Olsen, Super “L” Universal
Testing Machine 200K, was used to compress the mixtures. The samples were compressed to
48.263 kP and the height reduction was read from the compaction device. After an initial
compaction step, the load was removed from the chamber and then the height of mixture was
re-measured. The load was then applied three more times in order to study the effect of further
compaction on mixture compressibility. The pictures of a prepared samples and the compaction
machine are presented in Figures 2-21 and 2-22, respectively.
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Figure 2-21. View of compaction chamber filled with mixture

Photo Credit: University of Delaware

Figure 2-22. View of Tinius Olsen, Super “L” Universal Testing Machine 200K

Photo Credit: University of Delaware
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2.5.2.3 Air Permeability Tests

A volume adjustable, cylindrical cell was built at the University of Delaware for measuring the
gas permeability and bulk density of biocover materials. The different sections of the cell are
illustrated in Figures 2-23 and 2-24. The main body is made of PVC pipe. Twenty metallic ports
were positioned on sides of the main body for pressure measurements. A rubber inner tube was
used on the movable upper plate to provide a gas-tight seal at the top of the chamber. Two
circular aluminum plates served as upper and lower caps to the cell. The gas-tight seal at the
bottom of the chamber was maintained by a bolted flange compressing a rubber gasket.

Samples of each biocover material were compacted in the chamber using an aluminum rod.
Each sample was packed in several batches. Each batch was approximately 2-inch thick of loose
porous material and was rodded throughout until no recognizable height reduction occurred.
The pressure gauges (Ashcroft, c-68930-02, +0.05 in H20) were used to measure the pressure at
the bottom of the chamber and immediately after the rotameter (Cole-Parmer, c-32457-44, + 0.5
liter per minute), which was used to record the air flow rates for the tests. By measuring these
pressures, the volumetric air flows could be corrected to standard temperature and pressure
(STP). The tests were performed at air flow rates of 0.4, 1, 2, 3, 4, and 5 liter/min (STP). The air
pressures at five ports spaced 10.2 cm along the chamber were measured for each flow rate.
Using these data the air permeability can be measured for each material [1].

The three porous media that were used as biocover materials in the new anaerobic test cell at
the Yolo County Central Landfill were chosen in this study. They were compost, greenwaste,
and a mixture of 70 percent compost and 30 percent woodchips (volume percent). The dry
weight percent of the compost/woodchip mixture was 82 percent compost and 18 percent
woodchips.
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Figure 2-23. Side view of experimental unit used for air permeability tests of biocover materials

Photo Credit: University of Delaware ; Photo Credit: Yolo County Planning & Public Works Department

Figure 2-24. Photograph of experimental cell used for air permeability tests of biocover materials

Photo Credit: University of Delaware
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2.5.2.4 Moisture Content Measurements

In order to determine the moisture content of the biocover materials used in the air permeability
tests, three large representative samples for each biocover type were analyzed. The masses of
these samples were 35.6 + 36.8SD g (Mean + 2 SD; SD = Standard Deviation), 282.8 + 95.2SD g
and 505 + 335D g for pure compost, 70 percent compost and 30 percent woodchips mixture, and
greenwaste. The samples were weighed, placed in an oven at 104° Celsius (C), and weighed
daily to ensure complete drying for three days. No additional mass reduction was observed
after three days for all samples.

2.6 Results

2.6.1 Compressibility Tests

The initial heights of samples for the compaction test were different. This was due to
uncertainty in the required amount of each mixture for the compaction tests. The initial heights
of samples () were 35.2 cm, 39.1 cm, 36.8 cm, and 39.1cm for sample Nos.1 to 4, respectively.
Because of this variation, the dimensionless degree of compaction was used to compare
between samples. The results from the compaction tests of these four samples are presented in
Tables 2-4, 2-5, 2-6, and 2-7. Bulk densities were corrected to represent mass of dry solid per
sample volume.
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Table 2-4. Compaction results for sample No. 1-100% compost

Compaction relc_llsfih;n, Culrlr:ilfl;lllttl - Height of sample, chrgzﬁézilelgss D]:,rlllsliliy,
step cm reduction, cm cm, (H) height, (H/Ho) gr/ cm’
Ist 9.6 9.6 25.7 0.728 0.63
2nd 0.4 10.0 253 0.717 0.63
3rd 0.3 10.3 25.0 0.708 0.63
4th 0.3 10.6 24.7 0.700 0.66
Source: University of Delaware
Table 2-5. Compaction results for sample No. 2-90% compost 10% woodchips
Compaction relc_llsfih;n, Culrlr:ilfl;lllttl - Height of sample, chrgzﬁézilelgss D]:,rlllsliliy,
step cm reduction, cm cm, (H) height, (H/Ho) gr/ cm’
Ist 6.8 6.8 323 0.827 0.55
2nd 0.7 7.5 31.6 0.810 0.55
3rd 0.5 8.0 31.1 0.795 0.55
4th 0.5 8.5 30.6 0.784 0.58
Source: University of Delaware
Table 2-6. Compaction results for sample No. 3-70% compost 30% woodchips
Corapaston)[redoekony || height || eErobsamale, | RO Lo || Deasisy
step cm reduction, cm cm, (H) height, (H/Hy) gr/ cm’
Ist 7.3 7.3 29.6 0.803 0.55
2nd 0.5 7.8 29.0 0.787 0.55
3rd 0.5 8.3 28.6 0.776 0.58
4th 0.4 8.7 28.2 0.765 0.58

Source: University of Delaware
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Table 2-7. Compaction results for sample No. 4-50% compost 50% woodchips

Compaction refilsfih;n, Culrlr:ilglllttl - Height of sample, chrz)lfl?psallz?elgss D]e?)lllsliliy,
step cm reduction, cm cm, (H) height, (H/Ho) | gt/ cm’
Ist 5.0 5.0 34.1 0.873 0.42
2nd 0.5 55 335 0.858 0.42
3rd 0.5 6.0 33.1 0.847 0.42
4th 0.5 6.5 32.6 0.835 0.42

Source: University of Delaware

The bulk density changes considerably due to different amounts of woodchips. Generally it can
be concluded that the higher the percentage of woodchips the less the bulk density. Also, the
most significant compaction occurs in the first compaction step. No appreciable height
reduction was observed after subsequent compaction steps (less than 2 percent of height
reduction after each step).

2.6.2 Air Permeability Tests

The air permeability tests were performed on three types of biocover material, all described in
the Materials and Methods section. For each material, a constant air flow rate was established
through the experimental column. The air pressures at different ports along the sample
chamber were measured. Knowing the flow rate and cross sectional area of the chamber, the
Darcy’s velocity was computed. A new flow rate was established in the column and the
measurements repeated. Each pressure gradient measured along the chamber was divided by
air viscosity and distance between sample ports and plotted versus the superficial (Darcy’s)
velocity. Examples of these plots are shown in Figures 2-25 and 2-26 for the mixture containing
70 percent compost and 30 percent woodchips for one set of pressure ports. Because the data
support a linear model (R-squared values are near 1), Darcy’s law applies for gas flow to these
media and the slope of the fitted line is the air permeability in m2.

In order ensure that the air permeability was homogeneous throughout the chamber, air
permeabilities were measured for four separate sections of each column, each section 10.2 cm in
length. There was no systematic variation in the measured air permeability with location, which
indicated that each of the biocover materials was packed homogeneously in the column.
Because of this finding, the data were averaged to determine a best estimate of the air
permeability for each biocover material. The mean and the 95 percent confidence interval of the
mean are reported in Table 2-8 for the materials tested.
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Figure 2-25. Plot of air permeability calculation for one set of pressure ports
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Figure 2-26. Plot of air permeability calculation for one set of pressure ports
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Table 2-8: Air permeability of various biocover materials

Mean Air Standard 95% Bulk
Biocover Type Permeability . Confidence | Density
b Deviation 3
(m”) Interval (gr/cm”)
Compost 9.95E-12 | 2.45E-12 | 6.21E-13 0.71

Compost (70%) - Woodchips (30%) 7.86E-12 1.55E-12 | 3.91E-13 0.61

Greenwaste 8.66E-11 9.69E-11 2.45E-11 0.69

Source: University of Delaware

The greenwaste shows the highest gas permeability of the materials tested, probably because
the particle sizes appeared larger for this medium. Comparing the compost to the mixture of 70
percent compost and 30 percent woodchips, it is apparent that the addition of woodchips had a
negligible effect on the gas permeability.

2.6.3 Moisture Content Measurements

The results of the moisture content measurements for the materials tested in the air
permeability experiments are presented in Table 2-9, following the procedures outlined above.
The weight of samples was measured daily for three days, after which no significant mass loss
(less than 1 percent change in mass during a 24-hour period) was observed.

Table 2-9. Measured moisture content of various biocover materials

Biosvier Ty Mean Moisture Star}dqrd 95% Confidence
Content (%) Deviation Interval
Compost 30.64 1.95 4.85
Compost 70%- Woodchips 30% 30.95 0.64 1.60
Greenwaste 6.22 0.11 0.28

Source: University of Delaware

These data suggest that the addition of woodchips had little effect on the initial moisture
content of the mixture. The greenwaste had low water content and may not support significant
microbial growth without the addition of water to this material in the field.

2.6.4 Conclusions

After performing the compaction, air permeability, and moisture content analyses, the
following conclusions can be drawn from the data.
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Samples with higher amount of woodchips are compacted to smaller densities than those with
lower amount of woodchips. The bulk density was 0.64 gr/cm?®and 0.42 gr/cm?for pure compost
and 50 percent compost-50 percent woodchips, respectively. This shows more than a 35 percent
decrease.

The most significant degree of compaction is achieved after the first compaction step. Only
minor amounts of additional compaction occur with subsequent compaction steps. Almost 90
percent of compaction happened during the first compaction step for all samples.

To reach a final biocover thickness of either 1 foot (ft) or 3 ft, the approximate amount of each
mixture needed is presented in Table 2-10, based on the compaction densities reported in Tables
4 through 7. The information in this table can be used to help estimate the required amount of
biocover materials needed in the field.

Table 2-10. Approximate initial thickness of material required for achieving the final desired height

Sample | Dimensionless compacted Initial height, ft Initial height, ft
No. height, (H/Ho) (Final height = 30.5 cm) | (Final height =91.4 cm)
1 0.700 43.6 130.7
2 0.784 38.9 116.6
3 0.765 39.9 119.6
4 0.835 36.5 109.5

Source: University of Delaware

The greenwaste showed the highest air permeability, which may result in higher gas flows
through greenwaste biocovers as compared to biocovers constructed of pure compost or the
compost-woodchips mixture. This must be considered when interpreting the methane flux-
chamber tests conducted in the field.

The optimum condition for microbial growth is highly dependent on water availability inside
the medium. The low moisture content of greenwaste may not support microbial growth,
without the addition of water. By measuring the water retention curve for these materials, the
air permeability at different moisture contents can be predicted. Consequently, a better
understanding of water flows inside the biocover material will be achieved with these
additional measurements.

The addition of woodchips to compost has a minor effect on the air permeability and moisture
content. However, it probably significantly affects porosity, which was not part of this study.
The woodchips may enhance the structure of the biocover and delay the collapse of biocover
material.

Based on the results of the tests reported above, a single step compaction test to estimate
compaction of biocover materials seems reasonable. A tight biocover layer, one with low gas
permeability, may be achieved using only pure compost. However, addition of woodchips
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increases the physical strength and as a result may delay the replacement time of biocover
materials, without reduction in gas permeability.

To determine the best medium for biocover operations, additional tests are needed. These tests
include ongoing experiments by Dr. Mort Barlaz at North Carolina State University to assess
methane oxidation in greenwaste, and measurements of methane flux through various
thicknesses of different biocover materials installed on top of the peaking power test cell at the
Yolo County Central Landfill, as discussed in Section 4.1.

In addition to these laboratory experiments and field tests, though, it is important to understand
the flow of methane gas and water through the biocover materials. Other research indicates that
the porous medium properties affecting gas and liquid flow will dramatically influence the
utility of the biocover material for methane oxidation, particularly under different climatic
conditions. In this work the authors have measured some of these properties. Additional tests
are needed to determine the water retention curve and total porosity of these biocover
materials. With these data coupled with the laboratory and field results, it should be possible to
predict the efficiency of the biocover materials under a wide range of rainfall and temperature
conditions.
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Chapter 3:
Project Construction

3.1 Overview

Construction of a Peaking Power cell was carried out between January 2003 and August 2005.
schematic cross sectional view of the Peaking Power Project area is illustrated in Figure 3-1.
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Figure 3-1. Cross-section of peaking power area

Source: Yolo County Planning & Public Works Department

3.1.1. Construction of Waste Filling and Operations Layer

Construction of waste filling consisted of placement of waste over the impermeable
geomembrane protected by 12 inches of pea gravel and three feet of operations tire layer. The
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tire operations layer was spread across the impermeable geomembrane lining the floor of the
peaking power area between January and February of 2003.

Waste placement in the Peaking Power area was in four separate layers, where the first three
were of an approximate thickness of 10 feet, and the fourth of approximately 7 feet (Figure 3-1).
Between the third and fourth lifts was an un-compacted, permeable layer 3 feet thick,
comprised of shredded tires. This layer was extended on the side slopes, ending near the top of
Layer 2. Waste placement in Layer 1 was carried out between March and April of 2004, while
the second lift was placed between November and December of 2004; finally, the third lift was
placed in August 2005. The permeable tire layer was also placed in August of 2005. The fourth
and final waste layer was placed in September 2005, and covered with one foot of cover soil,
followed by the biocover, as described later in Section 0.

3.1.2 Construction of Pressure Sensing Tubes and Other Instrumentation

Instrumentation was included in the cell to allow for monitoring of the waste after the
completion of construction. This instrumentation included PVC moisture sensors, thermisters,
and High Density Polyethylene (HDPE) tubes to remotely measure gas composition and
pressure. The tubes and wires for the sensors were run from the point of insertion out of the cell
through 1 Ys-inch HDPE SDR 11 conduit. Layer 1 sensors were laid in a bedding of green waste
and covered with another layer of greenwaste, and the conduit covered with shredded tires. In
Layer 2, sensors were covered with shredded tires and the conduits covered with contaminated
soil. In Layer 3, the conduits were run in trenches approximately 2 feet deep dug into waste.
These trenches were later back-filled with waste and then covered with shredded tires. Layer 4
sensor lines were installed in trenches through the cover layer so they lay on top of the Layer 4
waste. In Layers 3 and 4, the tubes were connected via a barbed fitting to a %-inch galvanized
pipe that was then inserted 3 feet deep into a vertical hole made in the waste. As-built drawings
showing the location of sensors and tubes are provided in Appendix A.

3.1.3 Construction of Vertical and Horizontal Gas Collection System

Two vertical wells were constructed in the Peaking Power area, a well to the north (2-G8-P2W)
of the pancake collection well, and a well to the south (2-G10-P2W) of the pancake well (see
Figure 3-1). Gas collection is through a 15-foot length, 4-inch diameter, schedule 40 PVC pipe,
perforated and installed in wire cages filled around with shredded tire. These wells began at the
top surface of the first layer of waste, and terminated at the top of the second layer (see Figure
3-1).These wells both connect to separate 4-inch HDPE lines that exit the west face of the cell.

3.1.4 Construction of Pancake Well and Permeable Layer
3.1.4.1 Construction of the Pancake Well

The pancake well was constructed at the top of Layer 2, over a 4 foot bedding of greenwaste.
The well is 4 feet deep, with a diameter of approximately 25 feet, and is comprised of single
pass shredded tires. Gas collection occurs through a 25 foot long, four foot diameter HDPE SDR
11 pipe perforated with three 1-inch holes every 12 inches that runs east to west under the ring
of shredded tires. The capped end of the collection pipe terminates at the far eastern periphery
of the well.
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3.1.5 Construction of the Permeable Layer

The permeable tire layer was constructed directly on top of Layer 3. This layer is comprised of 4
feet of uncompressed shredded tires. A trench of 4 feet deep by 4 feet wide was constructed
around the perimeter of Layer 3 and back-filled with shredded tires to serve as a trench drain
and divert possible leachate seeps.

3.1.6 Construction of Automatic Gas Sampling System
3.1.6.1 Physical Description

An automatic gas sampling system was constructed to automatically sample and log gas
composition from various tubes throughout the cell. This system is installed in the
instrumentation shed remotely located to the south-west of the peaking power area. The system
consists of a KNF Neuberger single head vacuum pump, a Valco Instruments Co., Inc. (VICI)
multiposition electronic actuator and rotary valve, a LandTec Landfill Gas Extraction Monitor
2000 (GEM 2000), a ChronTrol programmable timer, and a series of filters to remove moisture
from the landfill gas prior to contact with the instrumentation.

Tubes from the Peaking Power cell enter the instrumentation shed and are organized in an
array similar to that seen in Figure 3-2. From this array, the selected tubes are connected to the
multiposition valve by removable tubes (not shown); output from this valve continues to the
vacuum pump. Output from the pump runs to an external vent, and has a sampling port for the
GEM 2000. In order to protect instrumentation, moisture is removed by cartridge filters located
outside the shed.

The rotary valve and actuator are shown in Figure 3-3, with tube input and output streams also
labeled.
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Figure 3-2. Automatic gas samplmg system set-up

Source: Yolo County Planning & Public Works Department
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Rotary Valve

1.1.!"'"

Figure 3-3. Rotary valve and valve actuator

Source: Yolo County Planning & Public Works Department

3.1.7 Operation

During operation, the pump is left on continually, the valve actuator switches through tubes,
and the GEM 2000 turns on at specified intervals. The valve will remain at a particular setting
for 15 minutes, ensuring the sampling tube between the shed and the Peaking Power area has
purged sufficiently. After 13.5 minutes, the GEM 2000 turns on and begins sampling (30 second
warm-up time, one minute sampling time). As the GEM 2000 finishes sampling and logs the
data, the ChronTrol timer signals the actuator which switches the rotary valve to a new stream,
and the process repeats (15 minutes total elapsed time per reading).

Gas enters the shed through a bank of filters located outside and through an array of quick-
connect tubes. Up to 15 tubes can be sampled at a given time (with one designated for
atmospheric), for a total of 16 tube readings. The selected tubes are connected to the automatic
valve actuator by extension tubing which runs from the array in the instrumentation shed to the
valve control box.
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3.1.8 Construction of Landfill Gas Removal System
3.1.8.1 Gas Collection Summary

The Peaking Power LFG removal system was made continuous with the existing collection
system, connecting at the north-west corner of the peaking power area. From here, gas is
conveyed a short distance to the power generating facility. Gas is collected through the
horizontal and vertical gas collection system and through the north well (2-G8-P2W), the
pancake well (2-G9-P2W), and the south well (2-G10-P2W) through the 4-inch HDPE pipes
exiting the cell on the west face, and along into a 8-inch HDPE header that runs around the
perimeter of the peaking power cell; this pipe can be seen in Figure 3-4.

North Well (2-G8-P2W) South Well (Z-GlO-PZW)

Figure 3-4. Horizontal main header on west aspect of peaking power cell

Source: Yolo County Planning & Public Works Department

3.1.9 Construction of Pancake Well Flow Measurement and Control System

Peaking flow rate was controlled from the pancake well (2-G9-P2W) by four valves connected in
a combination of serial and parallel configuration; this setup is depicted in Figure 3-5. The most
southern pipeline consists of two valves in series; the first valve, an electronically actuated
on/off valve, controlled by a timer in the blue instrumentation shed, switches between “on-
peak” flow rate (valve open), and “off-peak” flow rate (valve closed). The two northern-most
extensions comprise the “off-peak” flow, and the two valves allow for coarse and fine
adjustment of LFG flow-rate.
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Because the two vertical wells were used to collect gas under peaking conditions for a transient
period of time, a single valve was used to adjust flow manually and switch between on- and off-
peak conditions.

Electronically Adjustable Flow
Actuated On/Off : “On Peak” Valve
Adjustable Flow “Off Peak”
Valve (Coarse Ad Justment)

Adjustable Flow “Off-Peak”
Valve (Fine Adjustment)

Figure 3-5. Peaking power valve setup

Source: Yolo County Planning & Public Works Department

3.1.10 Construction of Final Cover and Biocover

3.1.10.1 General Construction

After placement of the final layer (Layer 4, see Figure 4-1), 1 foot of cover soil was placed and
compacted on the top and side slopes of the cell. Directly on top of the soil cover layer, a
biocover layer was constructed; the side slopes were covered with one foot of compacted
greenwaste.

In order to test the performance of various types of biocover material, the top of the Peaking
Power area was subdivided into nine areas, described in Table 3-1. A drawing of these areas,
along with more detailed descriptions, can be found in Section 4.1, as well as Appendix A.
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Table 3-1. Biocover area description

Area # Thickness (Feet) Biocover Material
1 3 Compost/Wood Chip Mixture
2 1 Compost/Wood Chip Mixture
3 3 Compost
4 3 Greenwaste
5 1 Compost
6 1 Greenwaste
7 1 Greenwaste
8 2 Greenwaste
9 No biocover placed, 1’ of soil only (Control Area)

3.1.11 Method of Construction of Compost and Wood Chip Mixture

The compost to wood mixture was four parts compost to one part wood, by volume. A loader
bucket was used to measure the volume of compost as well as wood chips. An appropriate
layer of woodchips was placed on a measured layer of compost; these layers were then picked
up and mixed using a paddle scraper, and then dumped on top of the Peaking Power cell with
the scraper. The material was subsequently spread and further mixed and compacted using a

track loader until the appropriate depths were achieved.
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Chapter 4.
Project Outcomes

4.1 Biocover and Flux Chamber Measurements

4.1.1 Experimental Design and Methods

4.1.1.1 Field and Laboratory Experimental Design

CHas emissions were measured in the field in January and November 2006 using 1 m? static
chambers. These two sampling events correspond to the rainy and dry seasons, respectively.
Each sampling campaign lasted about two weeks during which time four to five emissions
measurements were made with the LFG collection system at high vacuum, followed by a
similar number of measurements with the system at low vacuum. No tests were conducted for
at least 24 hours after adjustment of the LFG system to allow for equilibration of pressure. Tests
were conducted on eight cover types including a soil control as described in Table 4-1. The
variation in CHa concentration with depth was measured for most of the cover types with the
LFG system at high and low vacuum. A layout of the test area is presented in Figures 4-1 and 4-
2.

Table 4-1. Description of covers tested for CH4 emissions

Cover Types Thicknesses (m)
Compost +
Wood Chips 091,031
Compost 0.91,0.31
Green waste 0.91, 0.61, 0.31
Soil 0.31
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Figure 4-1. Landfill plan showing different landfill covers in place

Photo Credit: Yolo County Planning & Public Works Department

0.31 m of Greenwaste Control, 0.31 m of Clay
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Figure 4-2. Schematic diagram showing different landfill covers

Photo Credit: Yolo County Planning & Public Works Department
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Laboratory tests were conducted in columns to evaluate several factors thought to influence
CHas oxidation at the landfill. Eight columns were used to assess the effects of moisture addition
and pulsed vs. continuous flow. For each phase of the experiment, four columns were operated
with a continuous flow of CHs, and four columns were operated in a pulsed mode, receiving
CHs for eight days followed by eight days with no CHa flow. Within each set of four columns,
two were operated with moisture addition and two were operated without moisture addition to
simulate the rainy and dry seasons, respectively. The assessment of the pulsed flow was
intended to simulate the high and low vacuum of the LFG collection system. While a time
interval of 24 to 48 hrs would have been a more appropriate simulation of field operation, this
time interval was too short to allow for the column to reach steady state for purposes of
measuring CHs oxidation. Rainfall and evaporation data for Yolo County, California, were
obtained from the California Irrigation Management Information System (CIMIS), California
Department of Water Resources (DWR) to simulate the net infiltration and were used to
determine  the  amount of water to be added to the  columns
(http://wwwcimis.water.ca.gov/cimis/data.jsp). Water addition was calculated as rainfall minus
evaporation and surface run-off was assumed to be negligible; 59 mililiters (mL)/week of water
was added to the moisture addition columns. All treatments were conducted in duplicate.
Columns were operated for 31 to 55 days at a series of increasing pressure gradients that were
designed to represent the pressure gradients expected in the landfill. The pressure gradient in
the field was estimated in work that was conducted at the University of Delaware. The
maximum expected pressure gradient for the 0.61 m cover comprised of one year old shredded
green waste was estimated and converted to a superficial velocity (Darcy velocity) that ranged
from 10 to 10° m/s. A velocity of 10° m/s translated to a LFG flow rate of 5 mL/min (294.3
gm/m?2-day of CHa) for the 10.2 cm diameter column used in this study. The LFG feed rate of 5
mL/min was increased to 10 mL/min and 15 mL/min in phases two and three of the experiment.
As explained in the results, limited testing was also conducted at 2.5 mL/min.

4.1.2 Static Design

The static chamber consisted of a 1m?stainless steel collar and a lid (Figure 4-3). The lid
included a battery powered fan to mix the chamber headspace and an outlet fitted with a luer
connection (Cole-Parmer EW-34507-34) so that a syringe could be used to collect samples for
gas analysis. The luer adapter was held in place with a nut and washer. A three-way male lock
stopcock (Cole-Parmer EW-30600-25) was placed in the luer adapter to contain gas in the static
chamber except during sampling. A 0.4 cm hole was drilled at the top of the chamber for the
luer adapter. Weather stripping was used to form a gasket between the chamber and the top
and the top and collar were connected with binder clips. The capacity of the fan to mix the
chamber contents completely in less than 30 seconds was verified in preliminary work. This was
appropriate given the five minute sampling frequency.
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Figure 4-3. Static chamber used for emissions measurements

Photo Credit: Yolo County Planning & Public Works Department

4.1.3 Chamber Tests

Chamber collars were left in place over the entire test program and the lids were moved
between collars for each test. Prior to each field test program, vegetation inside each collar was
trimmed to eliminate interference with the fan. In addition, the exact collar depth was measured
on four sides and the average depth was used to calculate the chamber volume that is required
to calculate the methane flux. To begin a test, the lid was placed over the collar with the valve
open to preclude a pressure increase. Once ready, the valve was closed which represents time
zero. The first sample was collected after approximately two minutes to allow for complete
mixing in the chamber. Samples were collected with a 60 mL plastic syringe inserted into the
locking stopcock. The syringe was flushed with sample by withdrawing gas and injecting it
back into the chamber, after which a 60 mL sample was collected and injected into evacuated 20
mL serum bottles sealed with butyl rubber stoppers and aluminum crimps. Samples were
collected at approximately five minute intervals for 25 minutes.

4.1.3.1 Soil Column Construction and Assembly

Laboratory-scale column experiments were conducted with aged green waste that is being used
as a daily cover at the Yolo County Landfill. The green waste was about two years old at the
time that it was used to fill the columns. Each PVC column was 10.2 cm in diameter and 0.91 m
long. The bottom 0.15 m was filled with gravel, followed by 0.61 m of aged green waste and a
0.15 m headspace (Figure 4-4). Columns were sealed at both ends with PVC caps. The
(CH4+COz) gas inlet was in the middle of the gravel layer, 0.075 m from the bottom of the
column. Sample ports in the green waste were made from a compression fitting that was used
to penetrate the column and a male hose barb that was used to connect tubing on the inside of
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the column. The tygon tube was terminated in the center of the column to facilitate even gas
distribution. Gas sampling ports were located 0.05, 0.2, 0.36, and 0.51 m below the top of the
compost. The air inlet was located 0.13 m below the top of column, about 0.025 m above the
compost. Here too, a compression fitting and male hose barb were used to connect Tygon tube
inside the column. The inlet had a 0.05 m extension inside the column for proper distribution of
air. The objective was to provide atmospheric conditions above the green waste surface. Water
was added using a compression fitting and male hose barb from the top of the PVC cap. A
perforated tygon tube was connected to the fitting for distribution of water at the top of
compost.

The synthetic LFG flow to the columns was supplied from a premixed gas cylinder containing
50 percent CHs and 50 percent COz. The gas flow was regulated at 5, 10, and 15 mL/min in
Phases 1, 2 and 3, respectively, using AALBORG gas mass flow controllers (Model GFC17, NY,
USA). Air was supplied a rate of 50 mL/min in Phase 1 and 85 mL/min in Phases 2 and 3 to
provide oxygen in excess of the stoichiometric requirement. The air flow rate was controlled by
Cole-Parmer flow meters (Model C-32003-04).
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4.1.3.2 Column Filling

The target dry density of 0.7 gm/cm® was determined at the University of Delaware based on
dry bulk density values of the samples obtained from Yolo County. This translates to a wet
density of 1.01 gm/cm?® based on the compost moisture content. Gravel was used to fill the lower
0.15 m of the columns. After covering the gravel with a layer of cheese cloth, compost was
added in 0.08 m thick layers. Each layer was compacted with a rod (1.22 m long by 1.4 cm
diameter) to ensure uniform packing and gas flow. A uniform load was applied by dropping
the rod 30 to 40 times from approximately 7.6 cm above of the compost.

4.1.3.3 Column Operation and Monitoring

All columns trials were conducted at 22° +/- 2°C. The first phase was conducted for 55 days to
determine the effect of pulsed flow. The following two phases were shorter (36 days and 31
days) as explained in the results.

The extent of CH4 oxidation was calculated from measurement of the CHs volume entering and
leaving a column. CHs entering a column was recorded on the mass flow controllers that were
calibrated for the LFG mixture. All of the gas exiting the column could not be collected so it was
necessary to sample the exit gas and analyze composite samples. The exit gas flow rate was
measured three times a day using a bubble meter. At each measurement time, the flow was
measured twice and the measurements were repeated if the readings deviated by more than 2
percent. A gas sample was collected each time that the gas flow was measured and stored in a
Tedlar® gas bag. In all cases, gas samples were collected at least two hours apart. To collect a
gas sample, the column effluent line was connected to a gas bag for 10 minutes. Gas samples
from two days were combined in one bag for composition analysis. Gas samples were
transferred from the Tedlar® bags to 20 mL evacuated serum bottles using a 60 mL syringe. The
gas composition and average flow rate over this two day period were used to calculate the
volume of CHs in the effluent. For the columns receiving water, 59 mL water was added weekly
and samples were always collected at least 24 hours after a water addition. For the pulsed flow
columns, samples were not collected in the first 40 hours after the introduction of CHs to allow
for flushing of the column with at least six pore volumes of gas. Periodically, samples were also
collected from the samples ports to determine the depth of Oz diffusion in the compost. Gas
profile samples were always collected at least 18 hours before collection of an effluent gas
sample.

4.1.4 Analytical Methods

Gas concentrations were determined on an SRI gas chromatograph (GC) equipped with a CTR1
column, a thermal conductivity detector (TCD) and a flame ionization detector (FID). The
temperature of the column oven, TCD, and FID were 75, 102, and 144°C, respectively. Helium
(He) was used a carrier gas together with Hz and air. The pressures were 0.207 N/mm? for the
carrier gas, 0.131 N/mm? for Hz, and 0.048 N/mm? for air during the analysis. The carrier gas
flow rate (He) was 100 mL/min. Each gas sample was routed through the TCD followed by the
FID. Thus, if a sample was too dilute to be detected by TCD, then it was detected by FID.
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4.1.4.1 Moisture and Solids Analysis

The moisture content of the compost was measured based on the moisture loss at 75°C.
Cellulose and hemicellulose were measured as described by Davis (1998). Briefly, a ground
sample was subjected to a 72 percent (w/v) H2SO4 hydrolysis, followed by a secondary
hydrolysis in 3 percent (w/v) H2SOs. The hydrolyses converted cellulose and hemicellulose to
their respective monomeric sugars, glucose, xylose, mannose, arabinose, and galactose, that
were quantified by HPLC-equipped with a pulsed electrochemical detector. The glucose
originated from cellulose and the other sugars from hemicellulose. The solids that remain after
the hydrolyses contained acid-insoluble lignin, other organics and inorganics. The lignin
concentration is calculated based on the loss on ignition at 550°C.

4.1.4.2 Stable Carbon Isotope Analysis

The technique for the in-situ determination of CHas oxidation is based upon measuring the
difference in 5*C between produced or anoxic zone CHs, which is not affected by oxidation,
and that emitted from the landfill cover soil that has been subjected to oxidation (Chanton et al.
1999). Combined with estimates of the preference of the bacteria for >CHas relative to *CHs, o,
the fraction of CHs oxidized as it passes through a landfill cover soil can be estimated.

For chamber incubations in which the CHa concentration increased over time, the fraction
oxidized was determined by equation 1 (Chanton et al. 1999), which describes isotopic
fractionation in an open system:

fo = [(SE-3A)/(aox-atrans)]*1000¥100 1)

where, fo is the percent of CH4 oxidized in transit through the cover, 3E = §°C value of emitted
CHy, 8A = 8"3C value of anoxic zone CHs, owx is the isotopic fractionation factor for bacterial
oxidation and o wans is the isotopic fractionation factor associated with gas transport. Some have
argued that gas transport across the cover is dominated by advection (Liptay et al. 1998;
Bergamaschi et al. 1998). Therefore, ourans was assumed to be 1. If diffusion is important in CHa
transport, then owans will be >1, and equation 1 defines the lower limit of CH4 oxidation. The
term o is defined as ki/kn where ki and knrefer to the rate constants of the light and heavy
isotope, respectively. The bacterial fractionation factor associated with methanotrophic
metabolism was determined from incubations of landfill cover samples at different
temperatures (Chanton and Liptay 2000).

Anoxic zone CHas (5A) was collected from the gas collection header. Gas collected from a header
is representative of anoxic zone CHas as there is very little spatial and almost no temporal
variability in the isotopic composition of landfill CHs (Chanton and Liptay 2000; Chanton et al.
1999). Emitted CHa4 was collected from the headspace of the static chambers. The measured CH4
313C at the end of a chamber test was corrected for the presence of initial CHs through a mass
balance to obtain the 8°C of accumulated CH4 ([CHa]xs). This term defines the 8°C of CHs added
to (or removed from) the CHa in the chamber at the start of the flux measurement (eqn. 2):

[6CH:]xs = (ICHs](meas) *[ 3CH4](meas))-([CH:]i)*[CH4]1))/([CH4](meas)- [CHai)
)
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where [CH4] (meas) and [SCHa Jameas) represent the concentration and 6"°C value of CHs in the
chamber at the final time, [CHs]i and [6CHa]i represent the concentration and 8*C value of
chamber CHxs at the initiation of the experiment, and [CHa]xs and [8CHa]xs represent the “excess”
CHas or CH4 added (or removed) from the chamber over the incubation time and its isotopic
value.

4.1.4.3 Data Analysis

The percent CH4 oxidized in the laboratory columns were calculated as:
percent CHs4 oxidized = (CHs4 in - CHsout)/ (CHa in) 3)

The CHs flux from a soil cover, as measured by the static chamber test, was calculated using the
flowing equation:

Flux = V/A*Ac/At (4)

where V is the static chamber volume (m?), A is the surface area enclosed by the chamber (m?)
and Ac/At is the slope of a plot of CH4 concentration (ppmv) versus time (min). Flux data were
then converted to a mass emission rate by using the ideal gas law. A non-zero CHs flux was
only reported if the slope (Ac/At) was statistically different from zero (p < 0.05). Otherwise, a
flux of zero was reported. The Regression Analysis add-in of MS Excel was used to calculate the
probabilities. The correlation coefficients (r?) for static chamber tests were generally above 0.95.

415 Results

The laboratory columns were operated for about 140 days to evaluate the CH4 oxidation
potential of the two year old green waste. The results of these tests are presented first, followed
by results of the landfill cover emissions testing program.

The CH: oxidation rates for each column are presented in Tables 4-2 to 4-5 for each LFG feed
rate. The data are plotted in Figures 4-5 and 4-6 for the continuous and pulsed flow columns,
respectively. Average CH4 uptake for each phase of the experiment is presented in Table 4-6, as
the percentage of the inlet CH4 that was oxidized, and in Table 4-7 as the gm CH4 oxidized/m?-
day. Data for Column 4 have been excluded due to evidence of leakage. In some cases, negative
values are reported which implies CHs production. The negative values are in general low and
random and likely reflect a combination of experimental errors in measuring zero oxidation. In
general, there was high variability between columns and limited reproducibility. As such, more
general observations are presented with the use of statistical tests only where judged
appropriate. All columns were operated in continuous flow mode after 55 days because pulsed
mode did not appear to have any effect on CH4 oxidation at the 5 mL/min flow rate. The final
phase of testing, at a feed rate of 2.5 mL/min was added at the end of the experiment based on
the results.

4.1.5.1 Effect of Gradient

The effects of pressure gradient on CH4 oxidation were assessed by measuring CHs oxidation at
flow rates of 5, 10, and 15 mL LFG/min. These flow rates correspond to CHafluxes of 294.3,
588.7 and 883.01 gm/m?2-day. As presented in Table 4-6 and Figures 4-5 and 4-6, the fraction of
the feed CHa that was oxidized decreased in each column as the CHas flow rate increased. While
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the average percentage CHs oxidation ranged from 27 to 69 percent at the lowest flow rate, this
decreased substantially at the highest flow rate when only column 2 exhibited CHs oxidation
above 67 percent. Although Columns 1 and 2 were replicates, almost no CH4 oxidation was
measured in Column 1 at 10 or 15 mL/min.

CHas uptake was also expressed as the gm of CHs uptake per m?-day which is consistent with
the manner in which CH4 emissions data are typically expressed. With the possible exception of
Columns 2 and 6, average CHsuptake also decreased as the pressure gradient increased. The
decrease in percent CHa4 oxidation suggests that the amount of CHs fed exceeded the oxidation
capacity of the system, presumably because there was insufficient retention time in regions
where CHs and Oz mixed. Column 2 exhibited the most CHs uptake and uptake actually
increased with gas feed rate while it was more variable in Column 6. Unfortunately, Columns 1
and 5, which were replicates of 2 and 6, exhibited decreased CHsuptake with increasing gas
tlow rate.

Based on the results of the 5, 10, and 15 mL/min flow rates, limited work was also conducted at
2.5 mL/min. After decreasing the flow rate from 15 mL/min to 2.5 mL/min, the fraction of CHa
oxidized increased in the no water addition columns (1, 2, 5, 6), suggesting: (1) that the lower
pressure gradient increased oxidation, and (2) some inhibition due to moisture addition. The
effect of moisture addition is discussed below. The behavior of Column 2 is surprising as the
mass of CHs oxidized decreased substantially at the lowest gas feed rate. One explanation for
this would be preferential flow of some fraction of the gas.

The effect of the pressure gradient on the gas profile is each column is presented in Figure 4-7
and the complete data set is presented in Appendix B. The profile data do not suggest an effect
attributable to pressure gradient, suggesting that oxygen penetration was controlled by
diffusion.

Table 4-2. Methane oxidation (%) for 5 mL/min of (CH4+CO,) and 50 mL/min air in laboratory

columns
Pulsed CH: Flow Continuous CHas Flow
A(;/g?tﬁ?)rn ;dvc\i/iatlitg:\ - Water Addition | + Water Addition
Column 1 2 3 5 6 7 8

Day
4.11 33.8 95.8 22.6 154 ND* -3.5 87.7
6.26 23.9 98.9 53.8 35.6 ND 15.4 94.5
8.53 47.2 91.1 43.4 90.2 ND 13.2 90.5
10.5 36.1 ND 9.3 96.0
12.11 33.0 ND 34.3 66.5
14.5 74.5 60.0 77.8 91.9
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Pulsed CHa Flow Continuous CHas Flow
qyaser. oyt | water Addition | +Water Addition
Column 1 2 3 5 6 7 8

Day
16.5 24.6 73.1 13.9 79.0
18.2 71.8 96.5 49.7 20.6 81.8 54 93.5
20.2 324 94.9 51.4 62.4 51.2 52.7 100.0
22.5 29.5 91.1 135 23.1 63.3 61.5 81.9
24.3 33.9 92.0 11.5 34.1 72.5 51.9 79.5
26.3 23.0 55.0 45.8 52.9
28.4 17.5 44.8 25.7 66.6
304 26.6 57.0 61.5 73.8
32.2 18.9 50.6 53.5 38.5
34.24 100.0 30.5 100.0 71.1
36.06 32.3 434 57.1 66.7
38.27 56.4 93.9 -13.0 15.2 43.4 57.1 66.7
40.18 26.5 90.3 -0.1 -10.9 43.7 55.2 68.3
42.31 9.3 40.3 56.7 62.7
44.27 16.9 38.3 54.7 61.9
46.27 17.3 37.2 54.4 61.5
48.32 13.9 47.6 49.3 76.4
50.26 63.8 90.9 35.1 20.9 50.1 25.0 175
52.29 34.6 87.3 22.3 25.6 62.9 40.2 29.6
54.29 14.5 83.5 31.2 14.1 54.4 34.6 -7.1

*ND = No column 6 data due to problems with mass flow controller

Data collected by Yolo County project team
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Table 4-3. Methane oxidation (%) for 20mL/min of (CH4 + CO,) as well as 50 mL/min and 85 mL/min
air in laboratory columns

Continuous CH, Flow
-Water Addition | YGGel | adition Addition
Column 1 2 3 5 6 7 8
Day
4.35 8.3 74.2 18.6 -1.5 47.4 10.3 -6.0
6.34 15.8 75.7 0.2 8.8 50.8 12.8 -4.1
8.61 -3.4 70.6 55 -0.4 41.1 7.6 -8.4
12.61 21.2 76.5 24.6 24 32.0 12.2 18.3
14.64 17.7 72.2 24 1.3 37.3 6.6 0.5
16.7 4.0 71.3 21.6 19.8 311 114 0.6
18.6 11.4 75.4 19.7 18.6 34.5 14.6 11.6
22.6 -2.6 67.7 -2.7 23.7 20.5 5.2 -6.8
24.6 -2.2 71.8 25.9 16.2 24.2 204 19.3
26.7* -13.8 70.1 -1.0 -11.6 25.2 35 -16.7
28.6 -8.3 72.0 22.3 -10.0 33.9 -1.5 -6.5
30.7 -15.0 67.1 -8.7 -9.2 19.1 -4.9 -8.0
32.6 0.2 70.0 11.9 7.2 20.5 5.1 -18.4
34.6 0.6 74.4 4.0 -2.8 26.0 14.7 -6.8
36.4 -7.9 71.7 -3.2 -6.9 27.1 -2.0 -8.2

* Air flow rate was changed from 50 mL/min to 85 mL/min on this day

Data collected by Yolo County project team
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Table 4-4. Methane oxidation (%) for 15 mL/min of (CH4+CO,) and 85 mL/min air in laboratory

columns
Continuous CH, Flow
-Water Addition | { a8 | addition Addition
Column 1 2 3 5 6 7 8
Day

3.42 5.59 69.34 17.26 4.0 21.1 10.0 63.8
5.33 -7.59 68.1 4.6 -4.7 14.5 0.6 58.0
7.4 0.8 75.2 1.2 15.0 25.1 -4.9 23.8
9.35 2.4 66.5 -2.8 -6.0 22.3 -4.5 -9.2
11.37 2.8 65.4 12.0 9.1 14.2 -1.8 -17.0
13.3 -11.3 63.4 -5.7 -13.8 6.9 -11.1 -17.1
15.3 6.3 68.6 -2.1 0.9 29.2 -8.6 -13.9
17.3 4.0 64.4 3.1 -1.9 8.4 -3.7 -13.0
194 -8.5 65.2 -8.4 -11.4 7.7 -9.7 -17.1
21.38 -5.8 67.3 4.6 -7.4 10.5 -6.7 -2.8
25.34 18.9 64.7 22.3 -7.5 6.0 24 0.5
27.36 -18.4 62.9 -16.6 -17.5 6.3 -14.9 -21.3
29.3 -1.4 70.5 15.3 -13.6 | 11.9 3.0 8.8
31.3 1.6 65.7 13.3 -6.2 19.6 11.8 6.2

Data collected by Yolo County project team
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Table 4-5. Methane odixation (%) for 2.5 mL/min of (CH, + CO,) and 50 mL/min air in laboratory

columns
Continuous CH, Flow
- Water Addition ;dvgﬁitg:] - Water Addition ;dv(;/ﬁitg:]
Column 1 2 3 5 6 7 8

Day

4.5 17.2 74.8 13.4 224 63.6 2.7 -22.7
6.4 46.2 834 37.7 47.6 77.8 35.8 7.6
8.2 27.3 80.0 16.3 32.5 66.8 134 -13.2
104 26.5 78.1 10.4 28.9 68.6 20.7 3.2
12.4 40.6 75.2 28.9 37.3 52.6 -12.8 -17.3
16.4 33.7 77.4 ND* ND ND -6.6 -21.2
18.4 33.1 76.4 ND ND ND 2.9 -13.7

*Columns were taken apart for moisture analysis

Data collected by Yolo County project team
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Figure 4-5. Methane oxidation in continuous flow laboratory columns; (A) expressed as percent
oxidation and (B) expressed as methane uptake rate. Columns 5 and 6-No Water Addition;

Columns 7 and 8-Water Addition

Photo Credit: Yolo County Planning & Public Works Department
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Table 4-6. Average CH, oxidation at each feed gas flow rate (%)

% CH, Oxidized
Gas *Pulsed Methane Flow Continuous Methane Flow
nLimin wate agaon | 2| e ]
1 2 3 5 6 7 8
Average 39.0 92.2 26.8 304 52.3 40.9 68.6
° s.d. 17.2 4.2 21.3 25.0 131 21.3 25.5
Average 1.7 72.0 9.4 3.7 314 7.1 -2.7
10 S.d. 11.2 2.8 11.8 11.5 9.7 7.8 11.2
Average -0.6 67.4 2.1 -1.0 16.6 -3.8 6.5
o S.d. 6.7 3.6 8.3 9.3 8.2 6.4 334
Average 321 77.9 21.3 33.7 65.9 8.0 -11.1
= S.d. 9.6 3.0 11.6 94 | 91 | 167 | 118

*Columns were operated in pulsed mode at 5 mL/min. At other phases columns 1, 2, and 3 were operated in continuous mode.

Data collected by Yolo County project team

Table 4-7. Average CH, oxidized at each feed gas flow rate [gm-CH./(m?d)]

gm CH4/(m*-d) Oxidized
Gas *Pulsed Methane Flow Continuous Methane Flow
mtimin water aaion | Z e [ e [ o
1 2 3 5 6 7 8
Average | 114.9 271.4 78.8 89.5 124.3 | 120.3 | 202.0
> S.d. 50.6 12.4 62.6 73.6 70.9 62.8 75.1
Average 10.3 424.1 55.4 21.8 184.8 41.6 -15.6
10 S.d. 65.9 16.4 69.3 68.0 56.9 45.7 65.8
Average -6.7 591.2 36.6 -38.4 128.4 | -24.0 314
o S.d. 80.6 28.9 96.4 80.6 67.6 67.9 2415
Average 47.2 114.6 31.39 49.65 96.9 11.8 -16.3
2 S.d. 14.14 33.2 4.42 13.9 134 24.5 174

*Columns were operated in pulsed mode at 5 mL/min. At other phases columns 1, 2, and 3 were operated in continuous
mode.

Data collected by Yolo County project team
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4.1.5.2 Effect of Infiltration

Columns 3, 7, and 8 received weekly moisture additions while the remaining columns did not.
As CHs oxidation was observed in many columns, the initial compost moisture content was
clearly sufficient to support CH4 oxidation.

The profile data are presented in Figure 4-7 and are divided by columns that did and did not
receive a moisture addition in Table 4-8. These data show that the O: concentration in all
columns was comparable after four days. Thereafter, the O: concentration at each level was
lower in the columns that received moisture addition. Similarly the methane concentration was
higher at each level. Apparently, the addition of moisture filled some of the compost pore space,
thus decreasing the potential for gaseous diffusion. The added moisture may also have
stimulated decomposition of the compost which would increase Oz uptake by the compost. The
decrease in Oz concentration would suggest inhibition of CH4 oxidation based on limited O2
availability although for the 5, 10, and 15 mL/min tests, there is too much variability in the CHa
uptake data to make a definitive statement. The effect appears more clearly at the 2.5 mL/min
test where methane oxidation was consistently lower in the columns that received moisture.

Table 4-8. Average O” and CH, concentration profiles in moisture addition and no moisture
addition columns

0O, CH,
Depth Avg. in
Below Avg. in No Avg. in No
Topofthe | \gisture | Moisture . Avg. in Moisture .
Compost | agdition | Addition P Moisture Addition P
(cm) Columns | Columns Addition Columns
(SD) (SD) Columns (SD) (SD)
Day 4: 50 ml/min Air + 5 ml/min LFG
5.1 9.8(32) | 11.5(L.0) | 046 18.8 (9.6) 136 (7.0) | 0.49
20.3 25(1.4) | 2207 | o074 39.1(9.5) 389(65) | 097
356 15(03) | 1.6(05) | 067 459 (2.6) 464(02) | 077
50.8 12(03) | 1201 | 087 48.4 (2.0) 488(08) | 0.77
Day 55: 50 ml/min Air + 5 ml/min LFG
5.1 07(0.1) | 82(24) | 0.009 50.3 (0.1) 118 (46) | 0.00
203 06(003) | 3729 | 021 50.2(0.3) 33.7(13.3) | 0.16
35.6 0702 | 1714 | 027 49.8 (0.3) 441(61) | 015
50.8 0.6 (0.1) 1.9 (2.3) 0.33 50.1 (0.3) 45.5 (6.9) 0.28
Day 90: 85 ml/min Air + 10 ml/min LFG
5.1 0.8(0.1) | 7.9(23) | 0.009 48.4 (0.2) 22.8(35) | 0.001
20.3 07(0.02) | 35(05) | 001 48.7 (0.2) 415(1.4) | 001
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0O, CH,
Depth Avg.in
Below Avg. in No Avg. in No
Topofthe | viisture | Moisture . Avg. in Moisture .
Compost | addition | Addition P Moisture Addition P
(cm) Columns | Columns Addition Columns
(SD) (SD) Columns (SD) (SD)
356 07002 | 1211 | 042 48.1 (0.04) 46.5(2.6) 0.31
50.8 07(01) | 0.7(0.03) | 0.73 483 (0.4) 481(02) | 041
ay 121: 85 ml/min Air + 15 ml/min LFG
5.1 0602 | 6921 | 001 49.2 (0.3) 26.1(4.5) | 0.002
203 06(002) | 5037 | 033 49.1(0.2) 206 (47) | 024
356 06(01) | 197 | 022 488 (0.2) 45641 | 022
50.8 0602 | 3354 | 039 483 (0.4) 416(13.2) | 038

* The probability that the mean O, or CH, concentration is statistically similar between columns that did and did not receive a

water addition.

Data collected by Yolo County project team
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(g)
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Figure 4-7. O, and CH, profiles. Profiles were collected on Days 55, 90, and 121 for 5, 10, and 15
ml/min flow rates, respectively. Note that the X-axis scale varies between plots.

Photo Credit: Yolo County Planning & Public Works Department

The moisture contents of the columns at the end of the experiment are summarized in Tables 4-
9 and 4-10 and profiles with depth are presented in Figure 4-8. The total volume of water added
to Columns 3, 7, and 8 over the experimental period was 1.18 L per column. Assuming initial
compost moisture content of 31.2 percent, this volume of water would have increased the
compost moisture content to 44.35 percent if the moisture was spread evenly throughout the
column, or to 64.6 percent if the moisture wetted the top 25 percent of the compost only. These
values do not include evaporative losses or the production of water as an end product of CHa
oxidation. The volume of water produced from the cumulative methane oxidized in each
column ranged from 172 mL to 960 mL (Table 4-9). As evidenced by the moisture content at the
end of the experiments, moisture addition resulted in increased compost moisture content. In
addition, standing water was measured above the compost in the water addition columns at
takedown (Table 4-9). This pattern is also illustrated by the profile data. In the columns that did
not receive moisture addition, an increase in the moisture content was measured at the mid-
depths (20 to 40 cm). The likely explanation for this is that the mid-depths are where there was
maximum overlap of CHs and Oz and subsequent methane oxidation. The higher moisture is
consistent with water as an end product of methane oxidation. This same observation was
reported by Hilger et al. (2000).
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Table 4-9. Moisture contents, water produced and water added in columns

Water
Depth Below Moisture Accumulated | Water Produced Water
Column Top of the Contents Above from Oxidation Added
Compost (cm) (%) Compost (mL) (mL)
(mL)
51 35.2
20.3 40.5
1 210
35.6 39.3
50.8 38.2
51 34.7
20.3 39.1
2 960
35.6 40.1
50.8 395
51 445
20.3 40.0
3 100 170 1180
35.6 40.8
50.8 31.8
51 29.8
20.3 31.3
5 140
35.6 32.3
50.8 29.5
51 31.0
20.3 32.6
6 340
35.6 32.0
50.8 30.7
51 51.6
20.3 43.3
7 350 172 1180
35.6 39.2
50.8 38.3
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Water

Depth Below Moisture Accumulated | Water Produced Water
Column Top of the Contents Above from Oxidation Added
Compost (cm) (%) Compost (mL) (mL)
(mL)
51 53.9
20.3 45.8
8 270 240 1180
35.6 40.8
50.8 39.7

Data collected by Yolo County project team
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Table 4-10. Average moisture contents in moisture addition and no moisture addition columns

Depth Avg. Moisture Avg. Moisture
Below . .
Top of the Content in I_\lo Content in p*
Compost Water Addition Water Addition
b Columns (SD) Columns (SD)
(cm)

5.1 32.7 (2.7) 50.0 (4.9) 0.013
20.3 35.8 (4.6) 43.1(2.9) 0.054
35.6 35.9 (4.4) 40.3 (0.9) 0.137
50.8 34.5(5.1) 36.6 (4.2) 0.574

*The probability that the mean moisture content is statistically similar between columns that did and did not
receive a water addition

Data collected by Yolo County project team
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Figure 4-8. Moisture content profiles in the columns at the end of the experiment. Columns 3, 7,
and 8 received moisture addition.

Photo Credit: Yolo County Planning & Public Works Department
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4.1.5.3 Effect of Pulsed Flow

Pulsed flow was evaluated to simulate the field operation in which the cover would be exposed
to little or no CHs while the gas collection system was operated at full vacuum and increased
CHs when the system was operated at low vacuum. The effect of pulsed flow was discontinued
after the first phase of the experiment at a gas flow rate of 5 mL/min. Thereafter, Columns 3, 7,
and 8 were all replicates as were Columns 1, 2, 5, and 6.

The average CH: uptake data do not suggest any effect associated with pulsed flow (Table 4-2,
Figures 4-5, 4-6). Even when the methanotrophic bacteria are deprived of CHas for eight days,
their overall CHa uptake was comparable to that in the columns with a continuous feed of CHa.
Interestingly, pulsed flow Column 2 had the highest CHs uptake of any column.

4.1.5.4 Compost Quality

The covers were characterized to evaluate whether there was evidence of decomposition over
about a year. Covers were sampled about two weeks apart in late January and February 2006
and again in April 2007. Solids composition data as well as biological indicators of cover
stability are presented in Tables 4-11 and 4-12. For the initial sampling in 2006, samples
collected from covers of the same type but varying thickness should be replicates.

Based on the initial sampling, there was considerable variability in several parameters, which
serves to emphasize the heterogeneity of the cover materials. For example, the organic content
and C:N ratio varied between the 0.31 and 0.91 m green waste covers. According to the Woods
End Laboratory, materials with percent C losses per day of 0.2 to 0.8 and 0.8 to 1.5 are classified
as “medium to high stable” and “medium stable,” respectively. The higher CO: production in
the green waste was expected as it is a fresher material. However, the Woods End Laboratory
also suggests that finished compost has a C:N of <17, suggesting that the 0.31 m green waste
sample was more decomposed than both the compost and 0.91 m green waste samples (Table 4-
11).

The solids composition should not differ as function of cover thickness as is the case for the
compost + wood chips cover. However, results are more variable for both the compost only and
green waste materials. For example, the organic solids varied between 20.5 and 38.1 percent in
the two compost samples and between 31 and 45 percent for three green waste samples in 2006.
In both cases, the samples from the shallowest cover (0.31m) had the lowest organic content
suggesting that dilution with soil may be have an effect on the measured organic content. If this
explanation were correct, then the cellulose + hemicellulose to lignin ratio (CH:L) would be
consistent among all samples. While the CH:L is not perfectly consistent, it does exhibit less
variability which suggests that soil may have resulted in some dilution in the 0.31 m covers.
However, in the 2007 samples, the organic solids content was lowest in the thickest covers.
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Table 4-11. Characterization of biocovers?®

0.31 m 091 m 0.31m 091 m

Compost Compost Green waste Green waste
Solids (%) 69.1 60 53.5 35.4
Moisture (%) 30.9 40 46.5 64.6
Organic Content (% 20.3 323 214 64.0
dry wt)
C:N 13.5 11.9 9.6 23
Carbon Loss/day (% 0.33 0.3 0.81 1.11
of total C per day)
mg CO,-C/(g VS-day) 1.8 1.60 4.4 6.0
Total N 0.815 1.47 1.21 1.51
Total C 11.0 17.4 11.6 34.6

Tests were conducted by Woods End Research Laboratory in Mount Vernon, Maine. Samples were collected in early February,
2006.

Source: Woods End Research Laboratory

The composition of the solids in the various covers is summarized in Table 4-12. There was a
consistent decrease in the moisture content of each cover between January 2006 and April 2007.
This is consistent with the higher rainfall (2.37 in) and low evapotranspiration (1.4 in) in January
2006 relative to low rainfall (1.61) and high evapotranspiration (5.14 in) in April 2007 in Yolo
County, California, (http://wwwcimis.water.ca.gov/cimis/monthlyReport.do).

Cellulose, hemicelluloses, and lignin represent the major biodegradable organics in vegetative
matter. Over time, the cellulose and hemicellulose are expected to biodegrade more rapidly
than the lignin. Thus, the cellulose plus hemicellulose to lignin ratio (CH:L) can be used as an
indicator of biodegradation. The advantage of this ratio is that it eliminates any dilution with
soil that would decrease the absolute concentrations of each compound.

The CH:L consistently decreased with time in the green waste but not in compost and compost
+ wood chips covers (Figure 4-9). The most dramatic decrease occurred in the thinnest cover
(0.31 m) which may be due to the increased availability of oxygen in this cover. There was
essentially no change in the CH:L of the compost covers which is consistent with the fact that
the compost was the most decomposed material (lowest CH:L) initially. There was also a larger
decrease in the CH:L in the 0.31 m compost + wood chips cover relative to the 0.91 m cover of
the same materials. This too is consistent with the possibility that the additional availability of
oxygen in the shallower cover enhanced biodegradation.

The organic solids content would also be expected to decrease over time but there is not a
consistent trend (Figure 4-9). The organic solids measure is less sensitive that the CH:L and
would be affected by dilution with soil. The last column in Table 4-12, the fraction of the total
organic solids that can be accounted for as cellulose, hemicellulose, and lignin, is an internal
check on the analyses. The range of values, 69.5 to 81.9 percent in 2006 and 61.4 to 82.4 percent
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in 2007 are typical of this type of analysis. The remaining organic matter includes small
quantities of other compounds present in vegetative material.

It is also interesting that no cover material had an organic solids content above 44.6 percent in
2006 and 45.2 percent in 2007. This suggests that all materials, as applied to the landfill,
contained significant quantities of soil. For purposes of comparison, the composition of fresh
leaves, grass and branches, as measured in previous research, are also reported in Table 4-13. In
all cases, the cellulose, hemicellulose, and organic solids are considerably higher than the
samples collected from the biocovers. This suggests that biodegradation has occurred in the
biocover materials used, and that they have been diluted with soil.

In summary, there was measurable biodegradation of the green waste during a 15-month
period. In practice, a thicker cover will mitigate this issue to some extent. It may be necessary to
supplement green waste covers with fresh material at some interval. However, the field
emissions data discussed next suggest that the 0.61 and 0.91 m green waste covers performed
quite well. Additional monitoring of these covers would be desirable.
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Table 4-12. Composition of solids in the test covers in January-February 2006 and April 2007

. (Cell + Organic S
(I;Z)O Cel(l;l)ose Hemicellulose ng/n)m Hemi) solids (OS) (Cell+}{g$l+ng)
° ° (%) ° /Lignin (%)
Sample ID Avg. | RPD’ | Avg. | RPD" | Avg. | RPD" | Fromavg. | Avg. | RPD’ %
0.91 m Compost (80%) + 2006 42.0 44 | 153 2.0 144 | 20.0 | 4.8 0.30 34.0 3.5 77.4
Wood Chips (20%) 2007 | 224 | 44 | 01 | 20 | 00 | 191 ] 0.0 033 318 | 0.0 80.1
031 m Compost (80%) + | 2006 | 434 [ 48 [ 10 [ 21 [ 27 [ 190 ] 04 0.40 320 | 5.1 81.4
Wood Chips (20%) 2007 | 203 | 44 | 00 | 1.8 | 00 | 203 ] 0.0 0.30 357 | 0.0 742
2006 30.7 1.4 9.0 0.8 11.2 12.1 4.0 0.20 20.5 1.4 69.5
0.31 m Compost
2007 20.6 3.5 0.1 1.8 0.1 21.7 0.0 0.24 37.0 0.0 73.2
2006 447 4.1 16.4 1.8 10.3 25.0 6.2 0.20 38.1 0.6 81.3
0.91 m Compost
2007 22.9 2.5 0.0 1.4 0.0 19.2 0.0 0.20 32.5 0.0 70.8
2006 553 5.9 6.4 39 49 24.4 8.8 0.40 44.6 3.7 76.7
0.91 m Green waste
2007 37.5 5.5 0.0 34 0.0 28.3 0.0 0.32 452 0.0 82.4
2006 54.8 3.6 2.0 2.8 23 223 9.9 0.30 35.1 0.6 81.9
0.61 m Green waste
2007 22.9 34 0.0 2.6 0.0 23.2 0.0 0.26 43.4 0.0 67.3
2006 49.7 4.1 22.7 3.3 12.5 17.6 14.3 0.40 314 2.9 80.0
2007 16.4 2.6 0.0 2.0 0.0 19.8 0.0 0.23 31.0 0.0 78.5
0.31 m Green waste (a) ’ ) ) ’ ’ ’ ’ ’ ’ ) ’
2(0b(;7 23.5 34 0.0 2.6 0.1 24.5 0.1 0.25 37.6 0.0 81.2
0.31 m Soil 2006 22.9 na na na na 7.0 1.0
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. (Cell + Organic . Ly
(1;2)0 Cel({;l)ose Hemicellulose ng/n)m Hemi) solids (OS) (Cell /HSISI? Lig)
° ° (%) ° /Lignin (%)
Sample ID Avg. | RPD’ | Avg. | RPD" | Avg. | RPD" | Fromavg. | Avg. | RPD’ %

2007 133 [ 01 | 01 | o1 00 | 31 | 01 0.07 6.1 | 0.0 54.4

0.31'm Green waste 2007 | 184 | 34 | 00 | 25 | 00 | 231 00 0.25 369 | 0.0 78.4
on side slopes

0.31'm Green waste 2007 | 119 | 04 | 00 | 04 | 00 | 50 | 00 0.17 9.6 | 0.1 61.4
on side slopes

a. The fraction of the cellulose, hemicellulose and lignin that is accounted for in the organic solids analysis.

b. The relative percent deviation. This is the standard deviation of duplicate analyses divided by the mean.

Data collected by Yolo County project team
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Table 4-13. Typical solid composition for leaves and grass published in literature

Cellulose c?lle nll(;e Lignin  (Cell + Hemi) Organic (CilHH)E;mi
(%) ((‘,2 ) (%) /Lignin Solids (%) O§
Leaves
(Unpublished) 13.1 9 36.8 0.6
Leaves
15.3 10.5 43.8 0.6 90.2 77
(Eleazer et al., 1997)
Branches
35.4 18.4 32.6 1.7 96.3 89
(Eleazer et al., 1997)
Grass 26.5 & 102& 284 & 13& 1.9 85.0 & 77 & 71
(Eleazer et al., 1997) 25.6 14.8 21.6 ) ) 87.8

Data collected by Yolo County project team
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Figure 4-9. CH:L ratio and organic solids of different types of covers in 2006 and 2007

Photo Credit: Yolo County Planning & Public Works Department
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4.1.5.5 Methane Emissions Tests

CH. emissions from the alternate covers during both the rainy season and dry season field tests
are summarized in Table 4-14. Emissions were measured with the gas collection system at both
a high setting, to simulate gas collection during peak power demand, and a low setting to
simulate a time period when the objective was to store gas in the landfill.

In the rainy season tests, there was a statistically significant decrease in CHsemissions when the
gas system vacuum was increased for the covers with the highest emissions (0.91 m compost +
wood chips, 0.31 m compost, soil). The elevated emissions in the 0.91 m compost + wood chips,
and in the 0.31 m compost are surprising as the compost was expected to promote the most CHa
oxidation. All covers were noticeably wet, which could result in two factors that would promote
CHas emissions. First, the moisture would fill up pore space that would otherwise be occupied
by air. As the oxidation of CHas is dependent on the presence of Oz, pore space filled with water
would hinder CH4 oxidation. In addition, the saturated nature of the cover materials could also
promote anaerobic biodegradation and CHa production within the compost. To evaluate this
possibility, a sample of each cover was put in a serum bottle on arrival at NC State University as
a qualitative measure as to whether the samples were producing CHa. The only sample that did
not produce CHs was the 0.91 m green waste. In fact, even the soil produced CHas. These results
suggest that the wet nature of the biocovers precluded optimum CHas oxidation with the gas
system in the low vacuum position.

In no case was there an increase in CHs emissions associated with reduced gas collection system
vacuum during the dry season tests (Table 4-14). The seemingly high average flux for the soil
cover is heavily influenced by one outlier (22.97 gm CHs/m?-day). This is also the case for the
0.31 m green waste cover which had the second highest average CH4 emission. While limited,
the data in Table 4-14 do not indicate increased emissions associated with the side slope.
Individual flux measurements are presented in Tables A6 and A7 in Appendix A.

CH. emissions during the rainy and dry seasons are also compared in Table 4-14. While the gas
collection system was not operating at exactly the same level during the two different seasons
(normally landfill gas generation declines as the organic fraction of waste is decomposed), the
comparison can provide some indication of the extent to which climate influences CHa
oxidation at both high and low vacuum. At low vacuum, CH: emissions were statistically
higher during the rainy season in the 0.91 m compost + wood chips cover but not in the 0.31 m
compost + wood chips cover. Similarly, CHs emissions were statistically higher in the 0.91 m
compost cover but not in the 0.31 m compost cover. In the case of green waste, emissions were
statistically higher during the rainy season at all thicknesses. Comparing CH4 emissions
between the rainy and dry seasons at high gas collection system vacuum, rainy season
emissions were higher in the 0.31 m compost and 0.91 m green waste covers but lower in the
0.31 m green waste cover. While there are many confounding issues, the data suggest that
emissions at low vacuum during the rainy season are the highest.
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4.1.5.6 Quantification of Methane Oxidation by Stable Isotope Analysisl

Selected samples were analyzed to quantity the percent oxidation in the covers by using the
stable isotope method. Rainy season CH4 oxidation results are summarized in Table 4-15. It is
important to note that a percent CHs oxidation can only be calculated in static chambers for
which there was a positive emission. Thus, the absence of CH4 oxidation in the 0.31 m compost
+ wood chips cover should not be considered as a poorly performing cover as the average CHa
flux was zero (Table 4-14). With the exception of the 0.91 m and 0.61 m green waste cover, CHa
oxidation was relatively low. The most likely explanation for this is that the covers were so wet
as to limit CH4 oxidation. The high CH4 oxidation in the 0.91 m green waste cover is interesting
as this cover also had the highest emission level during the rainy season. This suggests that
relatively high amounts of CHa passed through this cover and that some was oxidized. As
noted above, despite the wet nature of the cover, there was no indication that the cover was
producing CHa.

Dry season CHa oxidation data are presented in Table 4-16. When observed, CH4 oxidation
varied from 5 to more than 99 percent. The large number of measurements exhibiting negative
values is quite unusual. In every case, these anomalous values were associated with the one foot
soil cover. It may be that the gas extraction system was particularly effective during this test in
this particular area and caused air flow downward into the soil. In systems where CHs diffuses
upwards against a flow of downward air, negative isotopic values of emitted CH4 have been
observed. However, there were an equal number of observations of negative values at both low
and high vacuum which is somewhat surprising. More negative values under high flow would
have been expected if this explanation is correct.

1. This section was written by Dr. Jeff Chanton at Florida State University.
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Table 4-14. CH, emissions for alternate covers during the rainy and dry seasons (gm CHs/m?day)

031 m 0.31 mside | 0.31 mside

091m compost 0.91m 031 m 091m 061m | 0.31m 031m slope green | slope close

Area compost + green green green . waste and to bottom,

. + wood compost compost soil

wood chips chips waste waste waste shredded | green waste

P tires only
Gas System at Low Vacuum (47-63 cfm)
20.41 13.37
Average | 20.85(a, b) 0.00 0.20 (b) 537() | 0.89(b) | 0.17 (b) @ NM* NM
(a,b)
Rainy g4 Dev. 5.7 0.0 0.1 37 24 1.0 0.2 8.7 NM NM
Season
Gas System at High Vacuum (117 cfm)
Average 3.28 (a) 0.00 0.14 2.28 (a,d) 3.34 (d) 0.21 0 (d) 1.68 (a) NM NM
Std. Dev. 3.20 0.00 0.12 1.43 2.06 0.35 0.00 0.55 NM NM
Gas System at Low Vacuum (30 cfm)
Average 0 (b) 0.005 0.0002 (b) | -0.003 (b) | 0.015 (b) 0.((1))())2 1'(238 5.255 NM NM
Dry Std. Dev. 0 0.007 0.009 0.008 0.021 0.009 1.257 9.918 NM NM
Season
Gas System at High Vacuum (60 cfm)

Average 0.002 -0.0004 0.000 -0.002(d) | 0.021 (d) 0.002 | 1.65(d) | 1.123 -0.049 1.280
Std. Dev. 0.004 0.001 0.000 0.004 0.018 0.004 1.027 1.426 0.149 1.036

*NM = Not Measured

a. Averages denoted with an “a” indicate a significant difference between the high and low vacuum tests during the rainy season (p<0.05).

b. Averages denoted with a “b” indicate a significant difference between the rainy and dry season tests at low vacuum (p<0.05).

c. Averages denoted with a “d” indicate a significant difference between the rainy and dry season tests at high vacuum (p<0.05).

Data collected by Dr. Jeff Chanton
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Table 4-15. CH, oxidation in selected samples during rainy season tests (%)?

0.91m 0.31m
Area | COmPOSLE | compost | 091m | 031m | Coren’ | green | gresn | O34
chips chips waste waste waste
Gas System at Low Vacuum (47-63 cfm)
1/23/2006 0 14.8 5.1 62.6 12.7
1/24/2006 13.2
1/25/2006 6.7 74.5
1/25/2006 0.5 16.9
1/25/2006 10.1 79.6 0.4
Gas System at High Vacuum (117 cfm)

1/30/2006 16 85.7 25.5
1/30/2006 8.8 98.1 23.5
1/31/2006 0 20.8
1/31/2006 10.9 83.3

a. For selected samples, the fraction of CH, passing through the cover that was oxidized was estimated from changes in the **C/**C
ratio between landfill gas and emitted CH,. Data are presented as a % of CH, biologically oxidized while passing through a cover.
Data collected by Dr. Jeff Chanton
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Table 4-16. CH, oxidation in selected samples during dry season tests (%)?

. Side Slope
0.91 m 0.31 m 091m | 061m | 0.31m Side Slope close to
compost | compost + 0.91m 0.31m 0.31 m| green waste
Area green green green . bottom,
+ wood wood compost | compost soil |and shredded
. . waste waste waste . green waste
chips chips tires
only
Gas System at Low Vacuum (30 cfm)
11/15/2006 16.3 -4.2
11/16/2006 16.5 -25.9
11/16/2006 26 -20.9
11/16/2006 12.6 -32.5
11/16/2006 14.1 -15.3
Gas System at High Vacuum (60 cfm)
11/29/2006 493 22.9 -14.7 64.9
11/30/2006 12.1 24.2 -17.4 86.5
11/30/2006 25.6 -12 25.6
11/30/2006 15.9 -6 99.8

Data collected by Dr. Jeff Chanton
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4.1.5.7 Gas Profiles During Field Testing

Gas profile data of the alternate covers are summarized in Tables 4-17 and 4-18 for the rainy and
dry season, respectively. Selected data are also presented in Figure 4-10. Similar to the emission
tests, the profiles were measured with the gas collection system at both high and low vacuum.
The clearest measure of the effect of climate is that CHs concentrations for the dry season were
in the ppmv range while the corresponding concentrations were in the percent range for the
rainy season tests.

To evaluate the effect of the vacuum level, the CHa concentration closest to the surface was
compared for each cover. During the rainy season, the elevated vacuum resulted in a decrease
in the CHa concentration in the following covers: (1) 0.91 m compost + wood chips, (2) 0.31 m
compost, (3) 0.61 m green waste and (4) 0.31 m soil. However, there was no effect in the 0.31 m
compost + wood chips, and the 0.91 m compost, and the opposite trend was measured in the
0.91 and 0.61 m green waste. Thus, general statements on cover performance based on the CHa
profile data are not possible. It seems likely that the high moisture levels in the covers
dominated their performance. During the dry season tests, the CHa concentration closest to the
surface was consistently lower during high vacuum. CHa concentrations were all below 150
ppmv, which is well below the 500 ppmv regulatory requirement at 15 cm above the cover.

In the 0.91 m compost + wood chips cover, the CHi concentration exhibited a maximum and the
Oz concentration a minimum at the middle depth during both the high and low vacuum
samplings during the rainy season. The most logical explanation for this is that there was
methane generation in microniches in this cover. However, there are not sufficient data to be
conclusive.

The O: profile data for selected covers are illustrated in Figure 4-10 although there are only
limited data available. In the 0.91 m compost + wood chips, the 0.91 m compost and 0.91 m
green waste, there appears to be a slight increase in O: at the deepest depth at high vacuum
relative to low vacuum during the rainy season. This is consistent with the fact that there was
less methane in the cover at high vacuum and also an increased gradient for O infiltration. In
addition, there was greater O: penetration in these covers during the dry season relative to the
rainy season (Figure 4-10) though there are insufficient data to assess the effect of vacuum
during the dry season.
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Table 4-17. Gas composition versus cover depth during the rainy season

Rainy Season

Gas
Depth o o o o Collection
Cover Type (cm) Date CH4 (%) CO; (%) 0, (%) N, (%) System
Vacuum?®
152 1/23/06 21.0 19.6 11.7 478
35.6 1/23/06 43.6 435 1.6 113 Low
533 1/23/06 364 38.1 5.1 204
152 1/26/06 3.6 6.1 21.6 68.8
0.91 m compost + 35.6 1/26/06 37.7 446 23 154 High
wood chips
533 1/26/06 26.9 28.8 9.9 34.4
152 1/31/2006 23 5.1 23 70.2
35.6 1/31/2006 288 414 2.0 27.8 High
533 1/31/2006 26.4 338 6.6 336
152 1/23/06 0.0 1.7 214 76.9 Low
0.31 m compost + 15.2 1/26/06 03 92 159 745 High
wood chips
152 1/31/06 0.0 9.5 132 775 High
152 1/23/06 0.43 0.30 24.5° 74.8
343 1/23/06 28.5 25 25 46.4 Low
59.7 1/23/06 36.0 195 3.1 414
152 1/26/06 0.0 03 247" 75.0
0.91 m compost 343 1/26/06 32.0 24.4 3.5 40.1 High
59.7 1/26/06 40.8 235 22 335
152 1/31/2006 03 03 265" 73.0
343 1/31/2006 276 265 2.9 43.0 High
59.7 1/31/2006 265 20.7 75 451
152 1/23/06 0.4 145 12.0 73.0
Low
0.91 m green 30.5 1/23/06 5.6 28.7 2.9 62.7
waste
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Rainy Season

Gas
Depth o o o o Collection
Cover Type cm) Date CH, (%) CO; (%) 02(%) | N2(%) System
Vacuum?®
15.2 1/26/06 0.7 6.3 19.8 73.2
High
30.5 1/26/06 12.2 29.7 5.0 53.1
15.2 1/31/2006 12.2 27.5 4.2 56.1
High
30.5 1/31/2006 1.3 12.3 14.8 71.5

®Low vacuum: 47-63 cfm and high vacuum: 117 cfm

Data collected by Yolo County project team

Table 4-17. Gas composition versus cover depth during the rainy season (Continued)

Rainy Season

Gas
Depth o o o o Collection
Cover Type (cm) Date CH, (%0) CO; (%) | O,(%) | N2 (%) System
Vacuum?
15.2 1/23/06 234 24.6 12.2 39.7 Low
0.31 m compost 15.2 1/26/06 5.6 5.6 21.6 67.2 High
15.2 1/31/2006 4.2 6.0 226" 67.1 High
15.2 1/23/06 0.2 1.4 22.7° 75.8 Low
0'31Wr259t’gee” 15.2 1/26/06 0.0 16 251° | 733 High
15.2 1/31/2006 0.0 2.2 23.8° 74.2 High
15.2 1/26/06 0.4 0.7 25.8° 72.9 High
0.31 m green
waste
15.2 1/31/2006 14.0 12.5 13.6 57.7 High
15.2 1/23/06 17.5 16.1 7.5 58.9 Low
0.61 m green
waste 15.2 1/26/06 3.6 7.0 18.2 712 High
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Rainy Season

Gas

Depth o o o o Collection
Cover Type (cm) Date CH, (%0) CO; (%) | O,(%) | N2 (%) System

Vacuum?

15.2 1/31/2006 5.7 15.3 10.8 68.1 High

15.2 1/23/06 6.6 3.4 21.9° 68.0 Low

0.31 m soil 15.2 1/26/06 0.3 0.0 26.7° 73.0 High

15.2 1/31/2006 0.2 0.0 26.7° 73.1 High

®Low vacuum: 47-63 cfm and high vacuum: 117 cfm

0, concentrations greater than 21% reflect analytical error.

Data collected by Yolo County project team

Table 4-18. Gas composition versus cover depth during the dry season

Dry Season
Gas
Depth CH, CO, o o Collection
Cover Type (cm) Date (ppm) (%) 0O, (%) N, (%) System
Vacuum?
17.8 11/15/2006 19 4.5 17.0 78.5
33.0 11/15/2006 12 4.2 17.2 78.6 Low
50.8 11/15/2006 14 7.8 13.3 78.9
0.91 m compost
+ wood chips
17.8 11/30/2006 11 2.5 18.6 78.9
33.0 11/30/2006 8 2.8 18.2 79.0 High
50.8 11/30/2006 73 44 16.4 79.2
0.31 m compost | 165 | 11/15/2006 34 4.6 17.0 78.3 Low
+wood chips ™ 302006 13 18 19.8 78.4 High
17.8 11/15/2006 22 7.0 14.6 78.4
31.8 11/15/2006 26 93 11.3 79.4 Low
0.91m 57.2 11/15/2006 138 13.2 6.6 80.2
compost
17.8 11/30/2006 8 4.0 17.2 78.8 High
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Dry Season

Gas
Depth CH, CO, o o Collection
Cover Type (cm) Date (ppm) (%) 0O, (%) N, (%) System
Vacuum?
31.8 | 11/30/2006 11 6.9 13.7 79.4
572 | 11/30/2006 73 12.0 7.8 80.1
254 | 11/15/2006 55 47 163 79.0
Low
30.5 | 11/15/2006 40 4.6 16.8 78.6
0.91 m green 0.0
waste
17.8 | 11/30/2006 31 47 163 79.0
High
254 | 11/30/2006 11 47 15.9 79.3
03l m 203 | 11/15/2006 8 1.8 20.2 78.0 Low
compost 203 11/30/2006 18 0.0 21.0 79.0 High
0.31 m green 17.8 | 11/15/2006 90 3.0 18.4 78.6 Low
waste 17.8 | 11/30/2006 54 2.0 19.3 78.6 High

4Low vacuum: 30 cfm and high vacuum: 60 cfm

Data collected by Yolo County project team
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Figure 4-10. O, profiles in (a) 0.91 m compost + wood chips; (b) 0.91 m compost; and (c) 0.91 m

green waste

Photo Credit: Yolo County Planning & Public Works Department

4.1.5.8 Discussion of Field Methane Emissions Data

The measured methane fluxes, selected profile data and methane oxidation data are
summarized in Tables 4-19 and 4-20. In general, there is consistency between these three
measures. During the rainy season at low vacuum, the covers with the highest measured fluxes
were the 0.91 m compost + wood chips, the 0.31 m compost and the soil. These three covers had
the most CHs at the top of the cover and among the lowest methane oxidation fractions. This
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later measure must be used with some caution for several reasons. First, methane oxidation was
not measured on every sample. Second, methane oxidation is only measured in samples with a
positive flux. Third, 20 percent oxidation in a cover with a flux of 100 CH4/(m?-day) is more
significant than 50 percent oxidation in a cover with a flux of 10 gm CHs/(m?-day). Fluxes at
high vacuum were sufficiently low that a relationship between methane flux, profile and
methane oxidation is less clear. However, even here two of the three covers with the highest
fluxes (0.91 m compost + wood chips, 0.31 m compost) have the highest methane at the top of
the cover and the lowest percent methane oxidation. During the dry season, fluxes were so low
and profile data sufficiently sparse that no discussion of relationships between flux, profiles,
and methane oxidation is warranted.
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Table 4-19. CH, Flux, CH,4, and O, cover concentration and CH, oxidation during the rainy season

Low Vacuum (47-63 cfm)

Cover Type D(Trl?;h égjfi?}g) CH, Concentration® (%) 0, Con(c(;)r;trationa Oxidation” (%)
compost + wood chips 0.91 20.85+5.7 21,43.6,36.4 11.7, 1.6, 5.1 0,10.1
compost + wood chips 0.31 0.0 0.0 21.4

compost 0.91 02+0.1 0.12,28.5, 36 23.1,2.5,3.1 14.8,13.2
compost 0.31 20.41 +3.7 23.4 12.2 5.1,6.7

green waste 0.91 537+2.4 04,5.6 12.0,2.9 62.6, 79.6

green waste 0.61 0.89+1.0 17.5 7.5 74.5

green waste 0.31 0.17+0.2 0.2 22.7 0.5,04

soil 0.31 13.37 £ 8.7 6.6 21.9 12.7,16.9
High vacuum (117 cfm)
compost +wood chips | o, | 328232 | SRS | 503006 | 160
compost + wood chips 0.31 0.0 i. 0.3 1. 0.0 1. 15.9,13.2
compos 091 | omx0iz | OROIeO%s | esasas | 208
compost 0.31 228+1.43 i.5.61i.4.2 1. 21.6 1. 22.6 8.8,10.9
1. 19.8,5.0
green waste 0.91 3.34+£2.06 1.0.7,12.21i. 12.2,1.3 98.1, 83.3
ii. 4.2, 14.8
green waste 0.61 0.21+0.35 i.3.61i. 5.7 i. 18.21i. 10.8 85.70
green waste 0.31 0.0 001 04 140 | * 24'4512' 25'8’ i
soil 0.31 1.68 £0.55 1.0.31.0.2 1.26.7 1. 26.7 25.5,23.5

a.CHy, Oz, CO2, and N2 concentrations at specific depths are documented in Table 4-12. The CHsand Oz concentrations measured in
shallow (15.2 cm), medium (30.5-35.6 cm) and deep (53.3-59.7 cm) depth of each cover are entered in order in each cell. A single
entry represents the shallowest depth and a double entry represents shallow and medium depth where applicable. The notation (i),
(ii) and (iii) in single cell represents multiple samplings.
b. For selected samples, the fraction of CHa passing through the cover that was oxidized was estimated from changes in the 13C/2C
ratio between landfill gas and emitted CHs. Data are presented as a % of methane biologically oxidized while passing through a
cover. Percent CH4 oxidation was only calculated in static chambers for which there was a positive emission.

Data collected by Yolo County project team
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Table 4-20. CH, Flux, CH,4, and O, cover concentration and CH, oxidation during the dry season

Low Vacuum (30 cfm)

CH,4Flux (gm/m*- | CH,4 Concentration® 0O, Concentration® Oxidation®
Cover Type Depth (m
w pth (m) Q) (ppm) %) %)
compost + wood
chips 0.91 0.0 19,12, 14 17,17.2,13.3
compost + wood
chips 031 0.005 £ 0.007 34 17
compost 0.91 0.0002 £ 0.009 22,26, 138 14.6,11.3,6.6
compost 0.31 -0.003 £+ 0.008 8 20.2
16.3, 16.5,
green waste 0.91 0.015+£0.021 NR, 55, 30.5 NR, 16.3,16.8 26,
12.6, 14.1
green waste 0.61 0.002 £+ 0.009
green waste 0.31 1.998 + 1.257 90 18.4
soil 0.31 5.255+90918
High Vacuum(60 cfm)
compost + wood 0.002 + 11,8.73 18.6, 18.2, 16.4
chips 0.91
compost + wood )
chips 031 0.0004 £ 0.001 13 19.8
compost 0.91 0 8,11,73 17.2,13.7,7.8
compost 0.31 -0.002 + 0.004 18.0 21.0
green waste 0.91 0.021 £0.018 31, 11 16.3,15.9 4.93,12.1
green waste 0.61 0.002 = 0.004
229,242,
green waste 0.31 1.65+1.027 54 19.3 25.6.15.9
. -14.7,-17.4,
soil 0.31 1.123 £1.426 12, 6
green waste + )
shredded tires 0.049 % 0.149
64.9, 86.5,
green waste 1.28 +£1.036 25.6.99.8

a. CH,, Oy, CO,, and N, concentrations at specific depths are documented in Table 4-13. The CH,and O, concentrations measured
in shallow (15.2 cm), medium (30.5-35.6 cm) and deep (53.3-59.7 cm) depth of each cover are entered in order in each cell. A
single entry represents the shallowest depth and a double entry represents shallow and medium depth where applicable. The
notation (i), (i) and (iii) in single cell represents multiple samplings.
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b. For selected samples, the fraction of CH, passing through the cover that was oxidized was estimated from changes in the e
ratio between landfill gas and emitted CH,. Data are presented as a % of methane biologically oxidized while passing through a
cover. Percent CH, oxidation was only calculated in static chambers for which there was a positive emission.

Data collected by Yolo County project team

4.1.6 Conclusions

The column experiments were conducted to evaluate the performance of a biologically active
cover material and the effects of pressure gradient, moisture infiltration, and CHs flow regime
on CHsoxidation. The initial flux of 5 mL/min or 294.4 gm CHs/m?-d is in the midrange of
reported landfill CHa fluxes (Kunz and Lu 1980; Jones and Nedwell 1990; Jones and Nedwell
1993; Bogner and Spokas 1993). The higher flux rates of 588.6 and 883.01 gm CHa4/m?-d later
were at the upper range of reported values although fluxes above 1000 have been reported
(Abichou et al. 2006a). As summarized in Figures 4-5 and 4-6 and Table 4-6, methane oxidation
decreased as the flux or pressure gradient increased. The CHs flux exceeded the oxidation
capacity of the system, presumably because there was insufficient retention time in regions
where CHs and O: mixed. This observation is reinforced in the columns that did not receive a
water addition by the considerable increase in CHs oxidation when the CHs feeding rate was
decreased from 883.01 to 147.2 gm/m?-day. This result is consistent with the decrease in CHs
oxidation with increasing flow in the range of 160 to 319 gm CHai/m?-d reported previously
(Stein and Hettiaratchi 2000).

The addition of moisture was inhibitory for Oz diffusion in the compost as evidenced by the
reduced Oz concentrations at depth in the water addition columns (Tables 4-8 and 4-9 and
Figure 4-7). This is consistent with the observation of standing water in the columns when they
were destructively sampled. The excess moisture hindered oxygen diffusion which is required
for CHa oxidation. The inhibitory effect of water addition on methane oxidation was most
apparent at the end of the experiment at the 147.2 gm/m?-day flux. The inhibitory effect would
be expected to increase over time as moisture was added weekly. Thus, it is logical that the
effect was clearest near the end of the experimental work.

The highest oxidation rate reported previously, 410.1 gm CHas/m?-d, represents 100 percent
oxidation in columns filled with municipal solid waste compost (Humer and Lechner 1999).
Other laboratory-scale CHs oxidation rates include 166g CHs m d! (Kightley et al. 1995), 100 g
CHs m2 d! (Visvanathan et al. 1999), and 144g CHs m2 d-* (Stein and Hettiaratchi 2000). The
maximum oxidation rate measured in this study was 664.2 gm CHs/m?-d observed in Column 2.
The average CH: oxidation rates observed in this study are comparable with reported oxidation
rates for biocovers and higher than oxidation rates reported for soil covers (Humer and Lechner
1999; Berger et al. 2005; Hilger et al 2000; Kightley et al. 1995; Visvanathan et al. 1999; Stein and
Hettiaratchi 2000).

Field-scale experiments were conducted to assess the performance of several different cover
materials under varying climatic conditions and LFG collection vacuum. The effect of climate
was significant. In the rainy season tests, there was a statistically significant decrease in CHa
emissions when the gas system vacuum was increased for the covers with the highest emissions
(0.91 m compost + wood chips, 0.31 m compost, soil). In contrast, there was not an increase in
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CHas emissions associated with reduced gas collection system vacuum during the dry season
tests (Table 4-14). While there were many confounding issues, the data suggest that emissions at
low vacuum during the rainy season are the highest (Table 4-14) but that overall, the covers
were effective in controlling gas release. The emissions data are consistent with the gas profile
data where CHa concentrations for the dry season were in the ppm range while the
corresponding concentrations were in the percent range for the rainy season tests.

In the field, the highest CHsemission was 20.85 gm CHs/m?-d in 0.91 m compost + wood chips
and 5.255 gm CHs/m?-d in 0.31 m soil during the rainy and dry season, respectively. When CHa
oxidation was measured, it varied from 5 to more than 99 percent in the field. These values are
consistent with the previously reported field scale studies though some extreme values are also
available (Abichou et al. 2006a; Abichou et al. 2006b; Borjesson et al. 2001; Barlaz et al. 2004;
Schuetz et al. 2003; Humer and Lechner 2001; Borjesson et al. 2001; Jones and Nedwell 1993).
Emissions of 9 to 130 g CHs m2d! have been reported at landfill sites in the northeastern United
States (Chanton et al. 1999). The highest reported field-scale CHs oxidation rates are 214.4 g CHa
m? d! (Humer and Lechner 2001) and 149.8 g CHs m?2 d* (Borjesson et al. 1997) although these
values may be an underestimate since methane oxidation could only be measured when it was
positive.

Both the field and lab results indicate that high moisture can inhibit methane oxidation. As the
overall objective of this project was to assess the efficacy of the peak power concept, it is
encouraging to note that during the dry season, there was no increase in emissions during
periods when the gas collection system vacuum was reduced.

There was an increase in CHs emissions at low vacuum during the rainy season. However, this
may not be critical as the hottest temperatures and associated highest demand for electricity are
likely to occur during the dry season. The results suggest that it would be prudent to operate
the gas system to maximize methane collection during periods when then cover soils are
saturated with moisture as during this state, CHs oxidation will likely be reduced. Further field
tests would be required to more precisely determine the extent to which slight reductions in gas
collection vacuum may be possible when the cover is saturated. Except the soil and 0.31 m
green waste, all covers of different thicknesses performed well. So the cover type to be used in
the field should be based on availability of the material and cost.

4.1.7 Modeling and Comparison with Spring 2007 Data
4.1.7.1 Objectives

The overall objective of peaking power project is to evaluate the feasibility of operating landfills
in a peaking-power mode. In the earlier preliminary modeling, the results showed that (1)
peaking power operations should result in minor increases in methane emissions (not
accounting for biocover methane oxidation) if a horizontal tire layer is installed, and that (2) the
construction of a horizontal tire layer can increase the methane collection efficiency by 50 percent
over conventional (constant) pumping conditions without a tire layer. A horizontal tire layer
also significantly decreases the intrusion of oxygen into the landfill. The modeling helped to
guide the design of the peaking power landfill test cell constructed at the Yolo County Central
Landfill by estimating the influence of different operational parameters.
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In this report the feasibility of peaking power operations is further evaluated in terms of its
influence on methane emission and oxygen intrusion. The model used is an improved version
over prior models employed in earlier work to describe LFG transport. For this reason, a few
important simulation cases are re-evaluated and analyzed using the improved model. This
report summarizes the results from six different modeling situations or cases:

Case 1: evaluate the influence of biocover permeability on methane emission and oxygen
intrusion.

Case 2: evaluate the influence of anisotropy in gas permeability of the refuse on methane
emissions.

Case 3: estimate the effect of transient atmospheric pressure changes on methane emissions and
peaking power operation.

Case 4: evaluate the effect of the pumping rate on methane emissions and oxygen intrusion into
the landfill.

Case 5: evaluate the effect of the permeable layer near the landfill surface, specifically the depth
of tire layer on methane emissions and peaking power operation, and the width of tire layer on
methane emissions and peaking power operation.

Case 6: compare simulation results with field data collected from the Yolo County peaking-
power landfill cell to validate the modeling approach.

4.1.8 Methodology

4.1.8.1 Numerical simulator

To simulate landfill gas migration, a multiphase and multi-component simulator was used,
TMVOC (Pruess and Battistelli 2002). TMVOC is an extended version of the TOUGH2 computer
code (Pruess et al. 1999) that has been widely used to simulate geothermal reservoirs,
contamination of nuclear waste disposal sites, environmental pollution assessment and
remediation, and hydrology of unsaturated and saturated zones. TOUGH2 and TMVOC belong
to the MULKOM family of codes, developed in the Earth Sciences Division of Lawrence
Berkeley National Laboratory (LBNL). The main distinguishing feature of TMVOC is its
capability to simulate multiphase contamination and remediation processes involving non-
aqueous phase liquids (NAPLs). TMVOC uses a general integral finite difference formulation,
and it consists of multiphase, multi-component mass and energy balance equations. A brief
description of the governing equations used in TMVOC is presented in this section.

The mass balance equations for component « for an arbitrary flow region V» with surface area /'
is given by

d . . *
ZI;[M v, :;[(F en)dl, +J:q dv, (1)

where M" is the mass of component x per unit porous medium volume, F* is the mass flux of

component x into Vi, n is inward unit normal vector, and 4" is the rate of mass generation of
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component x per unit volume. The left-hand side of equation (1) represents the change of mass
in the volume Vi per unit time, and the right-hand side describes the fluxes through the
boundaries of the region and the sinks or sources in the volume.

The phase fluxes follow a multiphase extension of Darcy’s law and are given by

K kr p K K
Fr=—k—2Lx5(VPy - p,g)+f) ()
Hp
where k is the absolute permeability and is equal to the single-phase liquid permeability, £, is
relative permeability to phase f, u is viscosity, and py is molar density. x; is the mole fraction

of component x in phase f. g is the vector of gravitational acceleration, and
P, =P+P, (3)

is the fluid pressure in phase f, which is the sum of the pressure P of a reference phase (usually
taken to be the gas phase), and the capillary pressure F, ;. Absolute permeability of the gas

phase increases at low pressures according to the relation given by Klinkenberg (1941)

b
k= km(1+Fj )

where k_ is the permeability at “infinite” pressure, and b is the Klinkenberg b-factor, which

describes gas slippage that effectively increases gas permeability at low pressures. f; is the

diffusive mass flux of component « in phase f. In TMVOC a diffusive flux of component k in
phase f is written as

f, =—dr,t,p,d;Vxy (5)
where ¢ is the porosity; Tt is the tortuosity which includes the medium tortuosity, 1, and the

saturation-dependent tortuosity, 74 = 74(Ss); p is molar density; and d; is the diffusion

coefficient of component x in phase f, which is calculated from the binary diffusivities by the
Wilke method (API 1977). The definition of a single effective multiphase diffusion coefficient is
as follows:

> =07,7,0,d; (6)

For general three fluid phase conditions, the total diffusive flux through all fluid phases is then
given by

fr= —Zg Vx, — ZZV}CS - Z:Vx: (7)

o _ 7 i

where the subscripts “g”, “w”, and “0” represent the gas, water, and NAPL phases,
respectively.
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The multiphase extension of Darcy’s law also includes the effects of relative permeabilities and
capillary pressures between phases. Several multiphase relative permeability and capillary
pressure models are available in TMVOC. In this study the van Genuchten -Mualem model
(Mualem 1976; van Genuchten 1980) was used, and it is given by

k, =S {1—(1-[S"]"4) P )
_ l_krl lf‘ Sgr = 0

b ‘{(1_@2(1_52) if 5, >0 )

P, =-R(ST" -n (10)

with
S =(S,-S,)/(S,-S,), S =(S,-§,)/A-5, —Sgr) (11)

F=p,8la (12)

where Sr is the irreducible water saturation, Si is the satiated water saturation, and S is the
irreducible gas saturation. The parameter 1 is a pore-size distribution index that determines the
shape of the functions, and « is a capillary strength parameter. Equation (9) for gas relative
permeabilities is taken from Corey (1954).

4.1.9 Improvements in TMVOC

The advantages of using TMVOC instead of T2VOC, which was also developed by LBNL (Falta
et al. 1995) and used in earlier work, are: (1) TMVOC is capable of modeling multiple gaseous
components, and (2) all transport equations used in TMVOC are solved using molar-based
concentrations. In T2ZVOC, only one gaseous component can be modeled other than air and
water vapor. So, air had to be substituted for COz, which is one of the major LFG components.
Using TMVOC, this unnecessary assumption was discarded, and the simultaneous transport of
CHs, CO, and air was fully simulated. Oxygen concentrations were computed from the air
concentration multiplied by 0.21, assuming a constant ratio of oxygen to nitrogen and no
consumption oxygen in landfills. Better predictions of multi-component diffusion are achieved
using the molar-based mass flux equations as well (Fen and Abriola 2004).

In this study, two important modifications were incorporated in the code. First, to incorporate
temporal atmospheric pressure changes, an optional function was added so that a time-
dependent Dirichlet condition (i.e. gas pressure) was established at the landfill surface. Second,
the mathematical model for air diffusion was modified and conforms to a criterion established
by Bird et al. (1960). These authors showed that the sum of all molecular diffusive fluxes in the
gas phase must be zero, a requirement that is now met in the modified version of TMVOC. The
diffusion of CHs and CO: are calculated from the concentration gradients of each component,
but the diffusion of air is calculated as the negative sum of diffusive fluxes of CHs and COz. The
details of the modifications were discussed at length in Jung and Imhoff (2007). Because of these
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improvements and modification in the model, the current modeling results are different and
more accurate than the results reported in the two earlier interim reports.

4.1.10 Description of Model Domain and Initial and Boundary Conditions
4.1.10.1 Description of base case simulations

At the Yolo County Central Landfill a new anaerobic test cell was constructed with a horizontal
tire layer beneath the top cover, and with a single well, referred to as a “pancake” well or
pancake layer, installed in the center (approximately) of the cell. In this study the authors
simplified and idealized this complicated three-dimensional landfill system by evaluating
peaking power operations for a hypothetical landfill. Considering the characteristics of gas
flows at Yolo County, a two-dimensional axisymmetric, radial domain was selected. Figure 4-11
shows a schematic of the model domain: 46.0 m in radius and 12.4 m in depth. The domain
includes three major material types: refuse, tire layers, and the biocover, which serves as an
intermediate landfill cover. One of the tire layers is installed between the biocover and the
pumping well and acts as a permeable layer to distribute the gas pressure evenly near the top of
the landfill. The remaining tire layer, a pancake well, serves as the pumping well to allow
uniform flow into the extraction piping. Both tire layers are 0.6 m thick, and the pancake tire
layer has a radius of 3.8 m. The permeability of tire layers was specified based on measurement
by Warith et al. (2004). The biocover has a thickness of 1.0 m. The refuse represents general
municipal solid waste (MSW) in landfills. Considering that waste dumped in landfills has been
packed over time and by the weight of overlying waste, the domain for the refuse was divided
into five layers having different permeabilities and porosities. As the depth of the layer
increases, the layer has smaller permeability and porosity. The permeability of each layer was
specified based on the recent field measurements by Jain et al. (2005), assuming that the
permeability of waste decreases exponentially decreases depth. The variation of refuse
permeability with depth was based upon the empirical relationship between vertical stress and
hydraulic conductivity in landfills (Yildiz et al. 2004). In this case, the horizontal intrinsic
permeability was calculated using the following equation.

D
k, =ae (13)

where a and b are empirical constants. The constants estimated from a nonlinear regression
analysis were 2.5 x 10" m? and 0.12 m, respectively. The vertical permeability kv was specified
as 10 times smaller than the horizontal permeability based on the same reasoning that waste
may undergo vertical stress by weight of overloaded waste. Thus, the anisotropy ratio was

specified as ky [k, =10 . The porosity of each layer was also modified using the empirical

relationship by Kozeny-Carmen Bear (1972):
¢3

k, oc
"= (14)

The general properties of each layer utilized in the base case simulations are given in Table 7.2-
1. For capillary pressure and relative permeability relationships, the van Genuchten-Mualem
model (Mualem 1976; van Genuchten 1980) was used, and the model parameters are also
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presented in Table 4-21. The discretization used in the simulations is shown in Figure 4-12. The
horizontal or vertical length of a grid decreases the closer the grid is to a layer interface.

Layer 1
0.6 m
Tire Layer 2
0.6 Mmoo 154
<—> 4m
3.8m Layer 3
Refusee —1— 7~ Layer4
Layer 5

46 m

Figure 4-11. Schematic profile of one half of the model domain. A radially symmetric domain is
used for all simulations. The thickness of layer 1to 5is 2.1, 2.4, 2.3, 2.0, and 2.0 m, respectively.

Photo Credit: Yolo County Planning & Public Works Department
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Table 4-21. General properties of model domain for base simulations

Trash Tire  Biocover

Density (kg/ m®) 710 480 1,700
Layer

Porosity 1 2 3 4 5 0.50 0.35

0.51 0.48 0.45 0.425 0.4

g‘tll‘;fa?snphase 0.21 0.21 0.15
Layer

Intrinsic Horizontal 1 ) 3 4 5 3008  1.0e-12

Permeability (m?)
1.95e-11  1.39e-11  1.05e-11  8.le-12  6.4e-12

Layer
1 2 3 4 5 3.0e-9 1.0e-13
1.95e-11  1.39e-11 1.05e-11  8.1e-12  6.4e-12

Intrinsic Vertical
Permeability (m?)

A 0.59 0.59 0.457
St 0.21 021  0.15
van Genuchten Sis 1.00 1.00 1.00
—Mualem
parameters S 0.005 0.005 0.10
1/P, 8.4e-4 8.4e-4 5.11e-4
P 1.0e5 1.0e5 1.0e7

tFor capillary pressure function, Sir was 0.20, 0.20, and 0.14 for trash, tire, and biocover, respectively.

Data collected by Yolo County project team

4.1.10.2 Initial and boundary conditions

The pumping rate, Q, in the system was varied in the simulations to reflect peaking power
operations and calculated based on the landfill gas generation rate (25 m?/ton/year), which was
assumed to consist of 55 percent methane and 45 percent carbon dioxide. The diffusion
coefficients of the landfill gases are listed in Table 4-22. For base-case simulations, the pumping
rate was set equal to 1.5 times the landfill gas generation rate to represent “overpull” conditions
during peak energy demand periods, and set to 0.5 times the landfill gas generation rate to
represent “underpull” when energy demands are less. During the daytime the pump was
operated for 12 hours in the overpull condition, and during the night it was operated for 12

121



hours in the underpull condition. All simulations in this study were based on this pumping
sequence.

Table 4-22. Parameters for diffusion coefficients

Dy (m°/5)° 2.096e-5

Dy, (m’/5)* 1.573¢-5

Dy air (M/5)° 2.130e-5
Tr(K)" 293.2
Py (Pa)* 1.013e5

g4 1.6

2 Experimentally determined binary diffusivities at a temperature of Tr and a pressure of Pr
4
P T
where Dlj = D; Rl —
P\T,

b c Standard temperature and pressure.
d Experimentally determined constant.

Data collected by Yolo County project team

Depth (m)

-
L=
T

|

| | | |
0 5 10 15 20 25 30 35 40 45
Width (m)

Figure 4-12. Domain discretization of one half of the model domain

Photo Credit: Yolo County Planning & Public Works Department

To describe fluid flow across the boundaries of the domain, two conditions were applied. The
tirst is for the top grid blocks, designated as the atmosphere. The top surface was a Dirichlet

boundary condition of constant temperature (25°C) and pressure (1.013 x 10° Pa). The second
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boundary condition was a no flux boundary condition for the lateral and bottom borders of the
simulation domain. The lateral condition represents the imaginary boundary between
neighboring extraction wells, which are equidistant from each other.

Various cases were simulated to explore different setup conditions and the sensitivity of
important model parameters. Each case required changes in the grid size, permeability, or
formation properties; however, most of the initial and boundary conditions were fixed as
shown in Table 4-23. In addition, several assumptions were made to complement the lack of
tield data and to simplify the simulations. First, the project team assumed isothermal conditions
within the landfill. Second, the generation rate of landfill gas was steady since the simulation
period was too short to account for the decrease in the rate of landfill gas generation associated
with waste stabilization. Third, the thermodynamic properties of all solid materials and the gas
generation rate were uniform throughout the domain. Fourth, no chemical and biological
degradation processes were explicitly considered: instead, a constant landfill gas generation
rate was specified for each grid block in the domain.

Table 4-23. Initial and boundary conditions used in base-case simulations

Landfill depth (m) 12.4
Landfill diameter (m) 46
Tire layer depth (m) 3.1
Pancake depth (m) 5.5
Biocover thickness (m) 1.0
Atmosphere temperature (°C) 25
Atmosphere pressure (Pa) 1.013e5
Landfill gas generation (m®/ton/year) 25

(55 % of methane and 45 % of carbon dioxide)

The modeling process was divided into three parts. It began with generating a grid that was
pre-determined to effectively describe the system. Next, a natural state that corresponds to the
condition prior to pumping well operation was calculated. In this natural state the system is in
steady-state, meaning thermodynamic conditions and the mass fraction of each component are
time-independent for the whole domain. Using these steady-state conditions as the initial
conditions of the subsequent simulation, one important parameter was changed: constant or
time-dependent pumping rates in the pancake well were specified. After this change, the
simulation was run until quasi-steady states in the system were achieved.

4.1.11 Results
4.1.11.1 Determination of steady-state conditions

Figure 4-13 shows the methane emission rate from the landfill versus simulation time once
time-dependent pumping within the pancake well was initiated at the end of Day 1. Based on
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the output of this simulation, the system satisfies steady-state conditions at the end of Day 14.
Thus, all simulation results presented below are for the 24-hour period beginning on Day 15.

9.8

9.6 ' 2days 15 days
9.4 +

. [ 1
9.2 o o [

9.0

8.8
8.6 ,

8.4

CH, flux through top biocover (kg/hr)

8.0 T T " T T T -
100 150 200 250 300 350 400

Time (hr)

Figure 4-13. Variation of methane emission with elapsed simulation time for base case simulation
Photo Credit: Yolo County Planning & Public Works Department

Figure 4-14 shows the influence of peaking-power operation on fugitive methane emissions. It is
important to note that operating the pumping well in peaking power mode (with the tire layer
at the top of the landfill) does NOT result in significant increases in methane emissions from the
landfill. When the landfill was operated at a constant pumping rate equal to the landfill gas
generation rate, 15.5 percent of the methane generated escaped from the landfill. During
peaking power operations, when the pumping well was operated for 12 hours in overpull

(pumping rate = 1.5 x landfill gas generation rate) followed by 12 hours in underpull (pumping
rate = 0.5 x landfill gas generation rate), only 16.1 percent of the methane generated escaped

from the landfill. If the effect of methane oxidation in the biocover were included in the
analysis, significantly smaller amounts of methane would be predicted to escape into the
atmosphere.
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Figure 4-14. Comparison of methane emissions at different pumping modes: (1) peaking-power
and (2) constant.

Photo Credit: Yolo County Planning & Public Works Department

Case 1: Effect of biocover permeability

Methane emissions from landfills are in part controlled by the rate of oxidation as CHa is
transported through the cover material on top of the landfill. Biocovers have been used to
minimize methane emissions by optimizing microbial oxidation in intermediate landfill covers.
Several factors, including moisture content, temperature, and soil nutrient content control
methane oxidation by aerobic methanotrophic microorganisms. Apart from the microbial
aspect, biocovers also serve as a physical barrier that mitigates methane emissions. The
structure of biocovers is easily changed by environmental conditions such as precipitation,
which decreases the air permeability, and these changes may directly affect peaking-power
operation. In this section, the influence of physical factors of the biocover, i.e. permeability and
porosity, are evaluated for their influence on methane emissions and air intrusion.

A range of gas permeabilities for biocovers were evaluated, which accounts for the effect of
rainfall events, which reduce gas permeabilities. The smallest permeability tested was 100 times
smaller than that of the base case. The porosity of biocovers, related to the permeability through
equation (14), was also modified. Table 4-24 shows the permeability and porosity used in these
simulations. Figures 4-5a and 4-5b show methane and oxygen fluxes at the landfill surface over
24 hours. The negative values in Figure 4-5b indicate the intrusion of Oz into the landfill. The
influence of peaking-power operation on the fluxes was diminished with the decrease of the
permeability and porosity of the biocover. When the permeability was reduced to 10 times
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smaller than the permeability of the base case, the ratio of the maximum to minimum CH4
fluxes over 24 hours was also reduced from 2.2 to 1.34. The ratio was further decreased to 1.09
when the permeability was 100 times smaller than the permeability of the base case.

Table 4-24. Permeability and porosity ranges of biocover evaluated in Case 1

Intrinsic horizontal Intrinsic vertical Porosi
permeability (m?)  permeability (m) v
kpe 1.0e-12 1.0e-13 0.35
0.5 k. 5.0e-13 5.0e-14 0.294
0.1 ke 1.0e-13 1.0e-14 0.188
0.05 kpe 5.0e-14 5.0e-15 0.154
0.01 kg, 1.0e-14 1.0e-15 0.094
Data collected by Yolo County project team
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Figure 4-15a. Methane fluxes at the top landfill surface as a function of the permeability of
biocover for a 24-hour period

Photo Credit: Yolo County Planning & Public Works Department
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Figure 4-15b. Oxygen fluxes at the top landfill surface as a function of the permeability of biocover
for a 24-hour period. The negative values mean the intrusion of oxygen into the landfill.

Photo Credit: Yolo County Planning & Public Works Department

The average CHi emission rate based on the total CH4 generation rate is shown in Table 4-25.
The waste volume percent having over 3 percent Oz concentration above the pancake well was
calculated at the maximum O: intrusion point over 24 hours. This value was used to
approximate the area that does not have favorable conditions for CHs generation by anaerobic
methanogenic microorganisms. Methane emissions were reduced from 16.1 to 6.0 percent, and
the volume percent having over 3 percent O: was also reduced from 61.4 to 30.6 percent when
the gas permeability in the biocover was reduced by a factor of 10 from base case simulations.
This result shows that the environmental conditions that determine the permeability and
porosity of biocovers solely affect the methane emission and oxygen intrusion independent of
biological activity in biocovers. When the permeability and porosity were reduced, methane
emissions were reduced because the escaping CHa experienced more resistance to transport.
But, at the same time, the oxidation of CHs may be decreased because the diffusion of O: to the
biocover is also reduced, which is necessary for methanotrophs. Also, when it rains and overall
gas permeability drops, preferential wetting fronts will form in biocovers and much more
preferential flow of gas will be developed in the biocover. This will limit methane oxidation.
Thus, the combined effect of these factors should be evaluated in future work.
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Table 4-25. Fugitive methane emissions and oxygen intrusions as a function of the permeability of

biocover
Biocover permeability CH, emission (%) \gjsct(e)r:;czelrllltr;etigze(ro/i)%
[ 16.1 61.4
0.5 kpe 14.7 58.3
0.1 kpe 11.2 50.2
0.05 k. 9.7 46.1
0.01 k. 6.0 30.6

§The methane emission is averaged for a 24-hour period.

* The volume percent is calculated based on the waste volume above the pancake well.
* kee represents the biocover permeability of the base case.

Data collected by Yolo County project team

Case 2: Effect of permeability and anisotropy of waste

Permeability and anisotropy of refuse are important factors that may affect the efficiency of
collecting LFG. Despite the significance, very few data are available. The difficulty of estimating
the influence and collecting data also arises from the variation of those waste properties over
time due to compaction of refuse and leachate recirculation. Thus, in this section, the effect of
permeability and anisotropy of waste on methane emissions was estimated in peaking-power
mode.

The modeling results are shown in Figure 4-16. Methane emissions varied according to the
change of pumping mode, as shown in Figure 4-14. However, no matter how big the
permeability was and how different the anisotropy ratio was, the methane emission rate was
essentially constant when the tire layer was installed. The difference among three anisotropic
ratios was within 1 percent, so the averaged data is illustrated in Figure 4-16. On the other hand,
when the tire layer beneath the biocover was not present, methane emissions increased
dramatically with the decrease of permeability. This variation was more pronounced at lower
anisotropy ratios. The methane emission rate increased from 16.6 to 30.5 percent when the ratio
of horizontal to vertical permeability was 3 versus 10. This means that the permeable tire layer
minimizes the undesirable decrease in the methane collection rate by variable waste conditions
and also reduces methane emission itself. This fact is very useful in terms of operating
bioreactor landfills because important parameters such as moisture content and porosity vary
with time and they greatly affect air permeability of waste. When liquid is added, the moisture
content is increased, which blocks pores for gas flow. And with waste stabilization and
settlement, the porosity is decreased. Both of these factors reduce the gas permeability and the
efficiency of methane collection. So at this point, it can be said that the new landfill design that
includes the permeable layer enhances methane collection efficiency. With this permeable layer
installed, the impact of peaking-power operation on methane emissions is minor, even when
significant changes in gas permeability in the waste occur.
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Figure 4-16. Variation of methane emission depending on the gas permeability and waste
anisotropy ratio (kn/k,). When the horizontal tire layer is installed, the averaged result is shown
because the variation among different cases is negligible.

Photo Credit: Yolo County Planning & Public Works Department
Case 3: Effect of atmospheric pressure change

Atmospheric pressure is one of the major environmental factors that influences methane
emissions. For this simulation, specific barometric pressure data near the project site
(Sacramento, California) were obtained from the National Climatic Data Center of the National
Oceanic and Atmospheric Administration (NOAA). The 24-hour pressure data were averaged
for a one-month period, and then input as the top boundary condition in the numerical
simulation. Atmospheric pressures increase with sunrise, decrease from noon till sunset, and
during night time remain essentially constant. Figures 4-17a and 4-17b show the barometric
pressure change and the pumping rate change used in this section, respectively.

To separate the influence of peaking-power operation and atmospheric pressure changes,
methane emissions were compared for three conditions: (1) peaking-power mode with variation
of atmospheric pressure, (2) peaking-power mode with constant atmospheric pressure, and (3)
constant pumping mode with variation of atmospheric pressure. As shown in Figure 4-17c, the
change resulting from the barometric pressure variation was minor compared to the impact of
peaking-power operation. In addition, the variation of methane emissions associated with
atmospheric pressure changes was more related to the rate of the pressure change rather than
the pressure itself. In peaking power mode, the variation of the CH4 emissions was much larger
than in constant pumping mode. In overpull, the methane emission was consistently reduced
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from 21.9 to 10.6 percent, whereas it increased again after the pumping mode was changed to
underpull. However, the averaged CHs emission over 24 hours was almost the same, and it
differed only within 1 percent from the constant pumping case. That is, peaking-power
operation had a negligible influence on methane emissions even when coupled with
atmospheric pressure changes.
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Figure 4-17. (a) Variation of atmospheric pressure, (b) variation of pumping rate, (c) variations in
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atmospheric pressure changes over a 24-hour period. The relative diffusive flux is calculated
based on the total methane flux.

Photo Credit: Yolo County Planning & Public Works Department

131



In Figure 4-17d the relative contribution of diffusive and advective fluxes on the total CHa
emission at the landfill surface is indicated. In overpull, the diffusive flux was comprised
mostly of CHs emissions. The ratio of the diffusive to total flux started to decrease after the
pumping mode was changed to underpull, and it continued to the end of the underpulling
period. The decrease of the methane emission in overpull results from dilution by air intrusion,
and the increase of the methane emission in underpull is caused by the temporal upward
advective flux, which is related to the pressure build-up during underpulling. Surprisingly, the
advective flux contributed only up to 15 percent of the total CHs emissions, implying that
molecular diffusion is the dominant transport mechanism. This result is somewhat different
from other studies where a more remarkable difference in methane emissions occurred due to
changes in barometric pressures (Czepiel et al. 2003; Poulsen et al. 2003). The project team
hypothesizes that cracks/fissures formed in the soil cover at these field sites that significantly
increased advective fluxes over diffusive fluxes and also caused more dramatic variations of
methane emissions with atmospheric pressure changes. If there is a crack in the packed soil or
biocover, most of the gas transport will occur through this opening, since the resistance of gas
flow is smaller at this weak point. But in these simulations, it is assumed that the biocover is not
cracked, so possible preferential gas flux is not considered. Future work should examine the
influence of cracks in biocovers on methane emissions during peaking power operations.

Case 4: Effect of pumping ratio

Controlled landfills include facilities to collect landfill gases. A pumping well is the most
commonly used gas-collecting system. The pumping rate for the gas collection well is typically
calculated based on the estimated gas production rate of the landfill. Typically, landfill gas
collection wells are operated at constant pumping rates. In this study the effect of peaking
power operation on methane collection efficiency was studied. With peaking power operation,
the pump is operated in the overpull condition during the day, gas extraction rate exceeds the
rate of gas generation, and at nighttime it is operated in the underpull condition, gas extraction
rate is below the rate of gas generation. For Case 4 simulations, the time-averaged gas extraction
rate was kept constant and equal to the landfill gas generation rate. The ratio of overpull to
underpull was varied, though, to determine its influence on methane collection. Figure 4-18
shows the variation of methane emissions versus pumping ratio. When the pumping ratio is
increased, greater landfill gas is extracted during the day and less at night; the variation of
methane emissions with time is also increased. The total methane emissions summed up for 24
hours show little increase as the pumping rate is increased from two to five: the increase in
methane emissions is less than one percent as shown in Figure 4-19. The ratio of oxygen to
methane flux at the pumping well is also almost the same. Thus, elevated methane emissions
and reduced methane capture in the underpull period is canceled out by improved methane
capture during the overpull period. Thus, it may be possible to significantly increase pumping
during the overpull period (and reduce the pumping during the underpull at night) to collect
more methane and generate more electricity during the daytime, while having minimal effect
on fugitive methane emissions and air intrusion into the landfill. If this result is substantiated in
future field tests, it suggests that even more LFG may be collected in the day for peak power
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needs than was assumed in the base-case simulations (50 percent higher gas extraction for
overpull, and 50 percent lower gas extraction during underpull).
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Figure 4-18. Fugitive methane emissions as a function of the pumping ratio (Q overpull/Q
underpull) for a 24-hour period. The time-averaged pumping rate is kept constant and equal to the
landfill gas generation rate.
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Case 5: Effect of permeable layer

An innovative design feature tested in this study is the tire layer installed between the biocover
and the pumping well. This permeable layer acts to distribute the gas pressure evenly near the
top of the landfill. The modeling results discussed above showed that the tire layer played an
important role in obtaining stable methane collection and LFG emissions. In this section the
influence of the relative configuration of the tire layer is discussed.

4.1.12 Effect of depth of tire layer

The influence of depth of permeable layer on methane emissions and oxygen intrusions was
estimated, and the results are shown in Figure 4-20. When the depth was varied from 0 (right
under the landfill cover) to 2.9 m, methane emissions were decreased, but oxygen intrusion
increased. The extent of oxygen intrusion is determined as before, by calculating the percent of
the waste volume having oxygen concentrations over 3 percent in the region above the
pumping well. While the decrease of the methane emission was about 6 percent in the testing
range, the increase of the oxygen intrusion rate was about 23 percent. The results emphasize the
role of a tire layer as a barrier to methane emission and air intrusion. These results also point to
the conflicting benefits of the tire layer emplacement: near-surface emplacement decreases
oxygen intrusion but increases methane emissions.
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Figure 4-20. Variations of methane emission and waste volume of over 3% of oxygen
concentration above the pancake well as a function of depth of tire layer.
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It is important to note that the installation of a permeable layer right under the landfill cover is
not the same as the venting layer of composite landfill cover systems. The latter is used to vent
gases generated from underlying wastes into the atmosphere or collect gases in connection with
another vacuum pump at the surface (Qian et al. 2002; Zison 1984). But in the present case, the
permeable layer only works as a distributor of gases so that all gas flows through the cover
layer are uniform. This feature may be useful with biocovers, since it causes even upward flow
of gas through the biocover. Because LFG is not directly collected from the permeable layer in
the design, the quality of collected LFG may be less affected by barometric pressure changes
than in situations where LFG is collected from the venting layer.

4.1.13 Effect of width of tire layer

The influence of the width of the permeable layer was also estimated. The radius of the tire
layer was varied from 50 to 100 percent of the domain radius. The lateral condition of the
domain was kept as a no-flux boundary condition for comparison with the base case
simulations. Figure 4-21 shows the methane emission rate and the oxygen intrusion rate of each
simulation. When the coverage of the tire layer was decreased from the whole domain to only
half of it, methane emissions increased by less than 2 percent, and oxygen intrusion decreased 6
percent. Compared to the above simulations where the depth of the tire layer was changed,
these differences were much smaller. This is a desirable result because the loss in the capacity of
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landfills by including permeable layers can be reduced by minimizing the area covered by tire
layers. This is an important result that should be verified in future field studies.
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Figure 4-21. Variations of methane emission and waste volume of over 3% of oxygen
concentration above the pancake well as a function of width of tire layer.
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4.1.14 Comparison of simulation results with field data

During March 2007, a field test of peaking power operations was conducted in a new anaerobic
test cell constructed at the Yolo County Central Landfill. The field data were compared with
simulation results to validate the modeling approach. This landfill was constructed with a
horizontal tire layer beneath the top cover, and with a single pancake well installed in the center
(approximately) of the cell. Landfill gas composition and landfill gas emissions were measured
at two pumping rates: 15 scfm and 65 scfm. Table 4-26 shows the coordinates of measuring
locations and Figure 4-22 shows a simplified sketch of the points in elevation and plan view.
Figure 4-23 indicates the field data measured for 4 days after reaching a stable condition during
peaking power operations. Landfill gas compositions at the pumping well were nearly the same
at both extraction rates, suggesting that air intrusion into the landfill was minimal and/or that
entering oxygen was quickly oxidized. This result is consistent with the modeling results, which
showed negligible fluctuations in LFG quality in the pumping well during peaking power
operations.
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Table 4-26. Coordinates of measuring locations

Point # Northing Easting Elevation (ft) Comments
2G-9 1979526.12 6651792 51.6 Pumping well
3-06 1979571 6651765 60.5
3-11 1979497 6651765 66
4-05 1979570.6 6651765 76 below 1' soil cover
4-06 1979570.6 6651765 73

Data collected by Yolo County project team

4-06 3-06/4-05/4-06

O
4-05 O Q/
o O
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3067 |
; 69 i 2G-9

Elevation View Plan View

Figure 4-22. Simplified sketch of measuring locations in elevation and plan views.

Photo Credit: Yolo County Planning & Public Works Department
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Figure 4-23. Variations of methane composition measured at the Yolo County Central Landfill
during March 2007.

Photo Credit: Yolo County Planning & Public Works Department

Methane compositions within the refuse did change during peaking power operations and were
correlated with elevation within the waste. At an elevation of 60.5 ft (Point 3-06), the cycle of the
methane composition was consistent with the period of the peaking-power operation; the
methane content went up while overpulling, and went down while underpulling. This trend
was dampened higher in the landfill at elevation 66 ft (Point 3-11) and at 73 ft (Point 4-06), but
the fluctuation cycle was still the same. However, the fluctuation cycle of methane composition
reversed at 76 ft (Point 4-05), so the methane concentration decreased while overpulling and
increased while underpulling. The methane content at Point 4-05 was much smaller than the
concentrations measured at deeper locations. In addition, the data suggest that little oxygen
penetrated the landfill: no oxygen was detected at any measurement point except Point 4-05,
which was the nearest measuring point to the landfill surface. Even at Point 4-05, the
concentration of oxygen was below 1 percent as shown in Figure 4-24. Slight variations in
oxygen concentration were observed at Point 4-05 resulting from the peaking-power operation,
with concentrations increasing during overpull and decreasing during underpull.
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Figure 4-24. Variations of gas composition measured at the Yolo County Central Landfill during
March 2007 for measurement location Point 4-05.

Photo Credit: Yolo County Planning & Public Works Department

Similar changes in methane composition with depth were observed in the hypothetical landfill.
The simulation results are shown in Figure 4-25. The methane content changed as follows which
was in agreement with field measurements: (1) at the pumping well, almost constant methane
composition was maintained; (2) at a deeper locations (2.7 m below the biocover), the
fluctuation cycle of methane composition followed the pumping cycle, with methane
concentrations increasing with overpull and decreasing with underpull; (3) as the measuring
location moved up to 1.2 m below the biocover, the gas composition was in an intermediate
state in which the influence by the peaking-power operation on methane concentrations
changed; and (4) the methane composition was inversely related to the peaking-power
operation right below the biocover, with methane concentrations decreasing during overpulling
and increasing during underpulling.

Two important differences were observed between the model simulations and field data. First,
in the field data there were less consistent changes in methane concentrations with elevation
than in the model simulations: methane concentrations were 20 percent at Point 4-05 (76 ft), but
varied only between 50 to 60 percent for measurement points at 73 ft (Point 4-06), 66 ft (Point 3-
11), and 60.5 ft (Point 3-06). This difference is partly due to the fact that biological mechanisms
that consume oxygen (diluting gas) were not included in the simulations. Natural variability in
gas generations rates also likely occurred in the field, while this information was unknown and
could not be used in the computer modeling. While the variation in methane concentration with
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depth was not matched with field data, the general trend of increasing methane concentrations
with depth was consistent between the field and model.
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Figure 4-25. Variations of methane composition at the hypothetical landfill
Photo Credit: Yolo County Planning & Public Works Department

A more troubling difference between field and model simulations was observed in the methane
concentrations in the pumping well (2G-9). While both model simulations and field data
showed gas composition invariant with changes in pumping rates, the field data indicated
smaller methane concentrations in the pumping well than in measurement points at higher
elevations, while in the model simulations methane concentrations were highest in the pumping
well (compare Figures 4-23 and 4-25). On the other hand, both field data and model simulations
indicate increasing methane concentrations with depth when other sampling points were
examined. The authors hypothesize that this unusual result is associated with leakage of air into
the pumping well, perhaps through a crack where the gas extraction pipe extends into the
pancake well. This particular difference points to possible cracks on the surface cover, which the
project team hopes to explore by performing surface scans. It is interesting to note that if such a
leak occurs in the system, peaking power operation does not make it any worse. That is, the
landfill gas quality in the pumping well in the field test is not affected by peaking power
operations (see Figure 4-24). Instead, peaking power operations, with or without a crack,
maintain fairly constant gas quality in the gas collection well. This result is consistent with the
model simulations.

There is not an exact match between field data and model simulations. This result is expected,
since real landfills are heterogeneous with heterogeneous gas generation rates and gas
permeabilities, properties that cause spatial variations in gas composition. Current
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measurement techniques are not sufficiently accurate to allow such precise characterization of
in-place waste properties. However, the general trend of changes in gas composition with depth
and with peaking power operation should match the computer simulations, if the model is a
valid representation of landfill processes. Fortunately, the general trends of the field data match
the computer simulations quite well, especially the changing trend of methane composition
with switches in the pumping sequence from overpulling to underpulling. This suggests that
the results obtained from the model simulations (e.g., effect of waste permeability on peaking
power operations) are likely applicable to other landfill sites.
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Figure 4-26. Variations of oxygen composition at the hypothetical landfill
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4.1.15 Conclusions

This study examined the peaking power operation of a model landfill and the influence of
various operational parameters on fugitive methane emissions and composition of the collected
landfill gas. These model results were compared with field tests conducted in the peaking
power test cell at Yolo County Central Landfill. From these analyses, the project team concludes
the following;:

If a horizontal tire layer is installed at the top of the landfill, the variation in waste conditions
has a minimal effect on methane collection efficiency, even if the landfill is operated in peaking
power mode.

Atmospheric pressure changes have a minor influence on fugitive methane emissions, likely
due to the beneficial effects of the horizontal tire layer at the top of the landfill. This result is the
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same for constant gas extraction or peaking power operation of the landfill, as long as the
permeable layer is installed at the top of the landfill.

Operating the landfill in peaking power mode results in a 1 percent increase in methane
emissions over normal (constant gas extraction) operations. This difference is likely too small to
measure in the field and is consistent with field measurements using flux chambers. These
simulations did not account for the oxidation of fugitive methane in the biocover, which may
reduce fugitive methane emissions even more. Simulations indicate that molecular diffusion is
the dominant mechanism controlling upward methane fluxes through the biocover.

When the time-averaged pumping rate is kept constant, it is possible to increase the ratio of
overpull/underpull from two to five with minimal effect on oxygen intrusion or methane
emissions. Thus, significantly greater overpull might be used to generate more electricity
during daytime hours with minimal effect on methane collection efficiency.

The permeable horizontal tire layer near the top of the landfill works as a distributor of gases so
that all the gases flowing through the layer become uniform. This feature will help to reduce
fugitive methane emissions even if the landfill is not operated in peaking-power mode.

The original landfill design called for a horizontal tire layer near the top of the landfill that
completely covers the landfill width. The simulations indicate that the tire layer can be
considerable smaller in extent while still mitigating fugitive methane emissions from peaking
power operations. Thus, loss in the capacity of landfills by including a permeable layer may be
minimized by reducing the area covered by the tire layer.

Simulation results of changing gas composition with depth in the landfill were compared with
tield measurements. Predicted variations in gas composition with depth and with pumping
operations were in good agreement with measured trends in the field, given the unknown
variations in gas generation rates and gas permeabilities at the field site. Differences between
model predictions and field measurements of methane concentration in the pumping well
suggested leakage into the well through a crack or high permeability zone, which might be
verified with future gas tracer tests. The computer model is a useful tool for evaluating the
effects of various operational conditions on peaking power operations and for suggesting
explanations to unusual field results.

From this analysis it seems possible to increase the amount of landfill gas collected during peak
energy demands above that which was assumed in the base case simulations: the ratio of
overpull to underpull pumping might be increased from two up to five with less than 1 percent
increase in methane emissions above constant pumping conditions, which would be oxidized
by the biocover construction as demonstrated in the field and laboratory experiments. In
addition, it is clear that peaking power operation with a horizontal tire layer should result in
both increased methane collection efficiencies and reduced methane emissions, when compared to
cases with standard vertical gas collection wells without horizontal tire layers. The comparison
of the computer simulations with field data collected to date suggests that the model is a
reasonable representation of conditions in the field, thus supporting the results obtained from
the modeling exercise.
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4.1.16 Modeling and Comparison with Fall 2007 Data
4.1.16.1 Objectives

The overall objective of the peaking power project is to evaluate the feasibility of operating
landfills in a peaking power mode. The goal of this subtask is to operate and monitor the
performance of the constructed permeable layer and gas extraction system in a landfill with
biocover. As part of this task the peaking power cell was operated under the on-peaking and
off-peaking mode for several months and the collected data was used to determine the
performance of the cell as compared to the predicted computer model. Landfill surface scans
were performed and gas composition within the landfill, landfill cover and biocover layers were
continuously monitored.

Under Section 2.2, computer modeling was performed to help guide the design of the peaking
power cell construction followed by field and laboratory testing to determine the performance
of the cell under various operating conditions. Further pneumatic pump tests were conducted
(Fall 2007) in the peaking power test cell and were “fitted” with the computer model in order to
obtain the actual gas permeabilities of the constructed peaking power cell. The results of the
modeling were discussed in Section 4.2 and showed that peaking power operations should
result in minor increases in methane emissions if a horizontal tire layer is installed near the
landfill surface. Model simulations indicated that the construction of a horizontal tire layer can
increase the methane collection efficiency by 50 percent for conventional (constant) pumping
conditions without a tire layer when the horizontal to vertical permeability ratio for refuse was
ki/ko=3 and kn = 102 m?, while methane emissions would decreased by 15 percent for the same
anisotropy (ki/ko= 3) but with kr = 10" m?2. A horizontal tire layer also significantly decreased the
intrusion of oxygen into the landfill. The modeling helped to guide the design of the peaking
power landfill test cell constructed at the Yolo County Central Landfill by estimating the
influence of different operational parameters.

In addition, beginning with Section 2.2, model simulations were used to help interpret field
data. The simulation results were compared with spring 2007 field tests conducted in the
peaking power test cell: model-predicted changes in gas composition due to changes in
pumping rate at several measurement points within the landfill were consistent with field
measurements. The model was also used to interpret pneumatic pump tests conducted in fall
2007. Pneumatic pump tests were conducted to determine the gas flow properties of the waste.
By matching the model to field data, insight was gained into the degree of spatial variability of
the intrinsic permeability. Model-determined permeabilities were used in all subsequent
modeling efforts reported below.

In this report the modeling effort is continued by using the model to interpret field
measurements collected in the peaking power test cell in fall 2007. During peaking power
operations, changes in gas composition were measured at various locations (see Figure 4-28A,
plan view and cross-sections Figures 4-28B and 4-28C) in the peaking power test cell in response
to changes in flow rates at the pumping well (2G-9). Methane concentrations varied
significantly depending on the measurement location, and high nitrogen (over 20 percent) was
observed at the pumping well. Figure 4-27 is a contour map that illustrates the extreme spatial
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variability of CHs concentrations in Layer 4 during these tests: high CH4 concentrations
occurred in the southeast corner of the cell, with much lower methane concentrations
elsewhere. To explain these unusual field data, three hypotheses are proposed:

Hypothesis 1: Air can easily intrude into the landfill through local cracks on the cover layer,
and these cracks are the cause of the high levels of nitrogen both in the pumping well and in
many measurement locations.

Hypothesis 2: Because of small rainfall during 2007, landfill gas (LFG) generation rates varied
widely in the landfill in fall 2007, and these spatially variable LFG generation rates caused the
observed field trends in gas composition.

Hypothesis 3: Long cracks/fissures might extend from the landfill surface to the pancake well
(2-G9) along well piping. This preferential gas flow path combined with spatially variable LFG
generation might have caused the observed field data in fall 2007.

The modeling work reported here was meant to evaluate the reasonableness of these three
hypotheses for explaining the fall 2007 field data.
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Figure 4-27. Methane concentrations in Layer 4 of the peaking power cell in November 2007.
Sampling points are shown along with contoured data. Low methane concentrations exist for
much of the cell in Layer 4.
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4.1.17 Methodology
4.1.17.1 Approach

To test whether or not any of the three hypotheses are valid, a modeling investigation was
conducted in concert with careful examination of field data. Several models of gas flow in two-
dimensional, rectangular domains were constructed to evaluate the following cases:

Case 1. Cracks were placed in the soil/biocover to determine if cracks alone in the soil/biocover
could explain the high nitrogen levels and low CHs concentrations in the pumping well and at
particular measurement locations.

Case 2. The landfill gas generation rate was varied spatially in an attempt to reproduce the
significant variability of CH4 concentrations at locations in layers 3 and 4 of the peaking power
cell and low CHas concentrations in the pumping well.

Case 3. Here, the crack introduced in the soil/biocover for Case 1 was extended to the peaking
power well. Variable gas generation rates used for Case 2 were also used in this simulation.

The authors begin by discussing the numerical simulator, the model domain and porous
medium parameters used for simulating the three Cases, the procedure for generating cracks in
the soil/biocover, and the methodology used to select variable gas generation rates to mimic
field measurements. The results of simulations for the three Cases are presented in Section 4.3.3.
The authors also note that while multiple data sets were collected in fall 2007 from the peaking
power landfill cell, the project team focused on the operating period of November 25 through
November 28, 2007. Data were only analyzed from this period, but the insights learned from
this period are applicable to other test periods in fall 2007.

4.1.17.2 Numerical Simulator

To simulate LFG transport, a multiphase and multi-component simulator was used, TMVOC
(Pruess and Battistelli 2002). TMVOC is an extended version of the TOUGH2 computer code
(Pruess et al. 1999) and is capable of modeling multiple gaseous components. A brief
description of the governing equations used in TMVOC were presented in previous reports and
more detailed information is included in the user’s manual (Pruess and Battistelli 2002). One
modification was made to TMVOC for calculating diffusive fluxes of LFG for this application.
The main purpose of this modification was to improve the estimation of diffusive fluxes at the
landfill surface. The details of this modification are discussed by Jung et al. (2007).

4.1.17.3 Description of Model Domain and Porous Medium Properties

At the Yolo County Central Landfill a new anaerobic test cell was constructed with a horizontal
tire layer beneath the top cover and with a single well, referred to as a “pancake” well or
pancake layer, installed in the center (approximately) of the cell. In the previous reports
considering the characteristics of gas flow, a two-dimensional, axisymmetric, radial domain was
used to describe gas flow in this landfill cell. In this study a rectangular model domain,
equivalent to the axisymmetric radial domain, was used. A rectangular domain was required in
order to create discrete cracks in the soil cover.
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Figure 4-29 shows a schematic of the model domain; it is 45 m in width and 12.3 m in depth.
The domain includes three major material types: refuse, tire layers (high permeability layers),
and soil/biocover. The tire layer is installed between the soil cover and the pumping well and
acts as a permeable layer to distribute the gas pressure evenly near the top of the landfill. The
tire layer is 0.6 m thick and the permeability of the tire layer is 3 x 108 m2.

/ Soil/Biocover

06 Mo - Y - =
Layer 1
Tire Layer 2

0.6 motmm

123 m

Refuse —

45.0 m

Figure 4-29. Schematic for computer simulations. A rectangular domain was used for all
simulations. The thicknesses of layers 1 to 4 are 2.1, 3.0, 3.0, and 3.0 m, respectively. Gas is
extracted from the lowest tire layer, which acts as the pumping well.

Photo Credit: Yolo County Planning & Public Works Department

The test cell at the Yolo County Central Landfill has two layers on top of the waste that act as
the cover layer: a 0.3 m thick soil layer and an additional biocover material that is usually more
permeable than the soil layer. The thickness of the biocover material varies across the landfill as
shown Figure 4-30. However, in order to simplify the analysis the authors assumed a constant
biocover thickness of 0.3 m for the entire layer in the simulations.
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Figure 4-30. Schematic for the types and thickness of the biocover material used on top of the
waste at the peaking power test cell.

Photo Credit: Yolo County Planning & Public Works Department

In summer 2007 field tests were conducted by the University of Delaware and Yolo County staff
to determine the saturated hydraulic conductivity of the biocover materials on top of the
peaking power test cell. A tension disc infiltrometer was used for these measurements. For the
100 percent green waste (ADC), which covers most of the landfill surface, the saturated
hydraulic conductivity was approximately 2 x 10-* cm sec’!. This corresponds to an intrinsic
permeability of about 2 x 102 m?. This permeability was assumed to be the same in both the
horizontal and vertical directions for the infiltrometer measurements in the field, so the
permeabilities in the simulations were also assumed to be isotropic. The soil/biocover layer was
set to be 0.6 m thick on top of the waste, and its permeability was 2 x 10-12 m2.

For the permeabilities of the refuse, the best-fit intrinsic permeabilities from the pneumatic
pump tests conducted in fall 2007 were used. Details about these measurements and the
matching exercise to determine best-fit permeabilities are described in the previous report. The
general properties of each layer used in the simulations are given in Table 4-27.

The van Genuchte-Mualem model (Mualem 1976; van Genuchten 1980) was used for capillary
pressure and relative permeability relationships for both the soil/biocover and the refuse. The
parameters selected for this model are listed in Table 4-27. The grid used in the simulations
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consists of 40 and 82 grid elements in the horizontal and vertical directions, respectively.
Discretization was finer at material interfaces where significant gradients in concentrations or
pressures were expected. The top surface and lateral boundaries for gas flow were a Dirichlet
boundary condition of constant pressure (101.3 kPa) and zero methane and carbon dioxide
concentrations to represent atmospheric conditions. No flux boundaries were assumed for the
bottom border of the simulation domain. The bottom of the model represents the bottom layer
to the landfill that is impermeable to both gas and liquid flow. Except for simulations evaluating
various LFG generation rates, the best-fit gas generation rate from the previous matching
exercise was used, which was 10 m?/ton/year of landfill gas.
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Table 4-27. General properties of model domain for initial simulations. Intrinsic permeabilities
were adjusted from values reported here to match field data.

Layer
Bulk Density (kg m™) 1 2 3 4 480 1,700
632.5 671.3 710.0  758.0

Layer
Porosity 1 2 3 4 0.50 0.35
0.51 0.48 0.45 0.43
Aqueous phase saturation 0.21 0.21 0.15
Intrinsic Horizontal Permeability (m?) Layer 3.0e-8 2.0e-12
1 2 3 4

1.95e-11 1.39e-11 7.4e-12 6.4e-12

Layer
Intrinsic Vertical Permeability (m?) 1 2 3 4 3.0e-9 2.0e-13
1.95e-11 1.39e-11 6.4e-12 6.4e-12

van Genuchten A 0.59 0.59  0.457
—Mualem parameters Y 0.21 0.21 0.15
(for relative permeability Sy 1.00 1.00 1.00
function) A 0.005 0.005 0.10

e 0.59 0.59  0.457
van Genuchten parameters S 0.20 0.20 0.14
(for capillary pressure /Py 8.4e-4 8.4e-4 5S.1le-4
Function) Pax 1.0e5 1.0e5 1.0e7

Sis 1.00 1.00  1.00

a, b, c. Irreducible water saturation, satiated water saturation, and irreducible gas saturation.
d. Pore-size distribution index that determines the shape of the functions.

e. })O 1S an air entry pressure.

Data collected by Yolo County project team
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For the three Cases reported below, the model was intended to mimic pumping conditions from
well 2-G9 during November 25 through November 28, 2007. During this period, the average on-
peaking gas flow rate was 15.3 scfm while the off-peaking flow rate was 5.2 scfm. Unless
otherwise stated, these two pumping conditions were repeated for 12-hour periods until a
quasi-steady state solution was achieved for gas composition in the landfill. The quasi-steady
state conditions for gas composition are reported below.

4.1.18 Incorporating Cracks in the Landfill Cover

To examine the influence of cracks/fissures on methane emissions and oxygen intrusion, the
equivalent permeability concept was applied. By increasing the permeability of a grid block in
the cover layer, a crack can be imaginarily generated in the grid block having a particular
aperture. Figure 4-31 shows two equivalent systems: (a) a grid block having a planar crack
(fracture) in the landfill cover (matrix) and (b) a homogeneous grid block having an equivalent
permeability kx" to the grid block described in (a).

Qm Qf QOnm Q

LLPLL

v vV

(a) (b)
Figure 4-31. Schematic comparison of two equivalent systems. (a) A grid block with a planar crack

and (b) a homogeneous grid block equivalent to system (a).

Photo Credit: Yolo County Planning & Public Works Department

The equivalent permeability can be defined in terms of the intrinsic permeability kx of the
matrix in (a) and an amplification factor ax.

kK =ak (1)

n-n

an is set to be 10* in this study, but the value can vary depending on the size of the aperture or
the density of cracks. If the total volumetric flow rate in the two systems shown in Figure 4-31 is
the same, then the following equation must be satisfied

Q,+0, =9, 2

where Qrand Qn are the volumetric flow rates through the fracture and the matrix of system (a),
and Qis the volumetric flow rate through system (b). The width of an aperture in system (a) is
calculated using the following equations
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where x» is the width of the crack, and w. and I are the width and length of the grid block #.

For the fictitious crack used in this modeling study, w» and [» were specified as 0.2 and 0.1 m,
respectively. ki is the relative permeability of gas phase, and k. is the permeability of the planar
fracture. . is the viscosity of gas phase, pg is the density of gas phase, Py is gas pressure, and g is
the vector of gravitational acceleration. Substituting equations (3), (4), and (5) into (2) and
canceling out common terms, equation (2) can be simplified to

3
anwnkn = (Wn _xn )kn + x”
12

(6)

2
where k/ = )lc—; , which is adopted from the cubic law for laminar flow between two smooth

parallel plates (Romm 1966). The first term on the right hand side of equation (6) can be
neglected because the coefficient of kx for this term is much smaller than that for the left hand
side of the equation. With this approximation the aperture of the channel was calculated as 0.36
cm, which corresponds to the crack opening size for a» = 10* in equation (1). In this way a single
crack was included at different positions of the soil cover layer during the simulations. The size
of this crack is small, but as will be shown below if such a crack is continuous through the entire
soil/biocover and extends into the refuse it can have a significant impact on gas flow.

Matching LFG Generation Rates

For most landfills, the moisture content of waste is the most critical factor in the production of
LFG; the higher the moisture content, the greater the gas generation rate (Qian et al. 2002). The
moisture content can be significantly different depending on location, even in the same landfill.

To test the validity of Hypothesis No. 1, the authors assumed that the LFG generation rate was
not constant in the entire landfill cell. Instead, the LFG generation rate was varied in the model
domain until a good match was achieved with measured methane concentrations for six
measurement locations in Layers 3 and 4 in the peaking power cell. The problem was
approached by determining what spatially uniform gas generation rate would be required to
meet the CH4 concentrations at each of the six measurement points. For instance, one model was
used to represent Section O-A shown in Figure 4-32 to estimate the LFG generation associated
with measurement location 4-03. The LFG generation rate was varied to match the field
measurement of methane at 4-03, keeping the pumping rate at the pancake well equal to the
measured flow rate at the field. As in all other simulations, data for all measurement locations
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and the pumping well were taken from the November 25 to November 28, 2007, time period.
During this period, the pumping rate in the pancake well (2-G9) varied between 5.2 scfm for off-
peaking and 15.3 scfm for on-peaking.
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Figure 4-32. Plan view of the test cell. Section O-A represents the rectangular model domain used
to estimate the gas generation rate at 4-03. Section O-B is the rectangular model domain used to
match gas generation rates at 3-08 (located on Layer 3), 4-07, and 4-09, simultaneously.

Photo Credit: Yolo County Planning & Public Works Department

It is important to note that this method of determining LFG generation rates only approximates
the spatial distribution of generation rates, since the rectangular model domain does not
capture all features of the three-dimensional landfill. Future modeling studies will likely require
the creation of a three-dimensional model to fully interpret the field data.

4.1.19 Results

Case 1. Influence of Cracks in the Cover Layer

To evaluate the influence of cracks, especially those that might have developed on the side
boundary of the landfill, cracks were generated at different positions along the side and top
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boundaries of the rectangular domain. Figure 4-33 shows the variation of 24-hour average
methane emissions as a function of the crack position. If cracks occurred only in soil/biocover
and did not extend through the waste, the position of the crack on the top or side boundary had
little impact on fugitive methane emissions. However, cracks on the top of the landfill resulted
in about three times as much fugitive methane emissions as cracks through the side slope.
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Figure 4-33. Variation of the methane emissions as a function of the position of crack on the top
or the side boundary. (a) Top: the methane emission through the top surface boundary and (b)
side: the methane emission through the side boundary.

Photo Credit: Yolo County Planning & Public Works Department

Because recent surface scans of the landfill cell suggest that cracks in the side slope might exist,
additional focus was given to these cracks. In Table 4-28 the maximum and minimum methane
emissions through the side boundary of the domain are shown for different crack positions.
These results illustrate that the position of the crack has a minor effect on emissions, and that
emissions do not change significantly from the case where no crack exists. Thus, even if a crack
occurs in the soil/biocover of the side slope, the effect on methane emissions and air intrusion
should be small. Clearly, these model results indicate that if cracking is to have an effect on
landfill operations, the cracks must be more than local fissures in the soil/biocover. Additional
simulations for Case 3 below explore the impact of a longer crack/fissure on methane emissions.
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Table 4-28. Variation of the methane emissions during a 24-hour period through the side boundary
during the peaking power operation.

Depth of crack (m)* Average Maximum Minimum Max. — Min.
No crack 2.65 293 2.36 0.57
1.7 2.66 2.98 2.34 0.64
3.0° 2.68 3.04 2.34 0.70
3.6 2.68 3.01 2.35 0.67
5.4 2.70 3.04 2.37 0.67
6.0° 2.71 3.05 2.38 0.67
9.2 2.69 2.99 2.39 0.60

a. Distance from the top surface.

b. The crack is positioned at the same depth with the permeable layer.
c. The crack is positioned at the same depth with the pancake well.

Data collected by Yolo County project team

Case 2. Influence of LFG Generation Rates

Table 4-29 shows the field measurements of CH4 concentrations and the required LFG
generation rates necessary to match these concentrations. As expected, to match the field
measurements the LFG generation rates varied greatly depending on the measurement location.
For sampling location 4-01 the LFG generation rate was only 1 m3/ton/year, whereas it was more
than 25 m3/ton/year at 4-09.

Table 4-29. Best-fit values of LFG generation rates

Measured CH, concentration (%)

Estimated LFG generation rate

Location  November 25 - 28, 2007 data) (mton/year)
308" 245385 9.0

4-01 0.1-15 1.0

4-03 11.0-17.5 8.0

4-07 05-25 20

4-09 50.0-53.0 >25.0

4-11 40-100 5.0

a This measurement point is located on Layer 3.
b These gas generation rates were constant throughout the domain and were selected to fit the measured CH4 concentration data.
Data collected by Yolo County project team
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Based on these results, a second matching exercise was conducted. Here, the intent was to
determine if spatially varying LFG generation could approximate measured methane
concentrations. As shown in Figure 4-30, 4-07, 4-09, and 3-08 are located along Section O-B.
These measurement points were assumed to be in the same rectangular domain and were used
to evaluate the effect of heterogeneous gas generation rates on the spatial distribution of gas
compositions, as observed in the field test. This particular rectangular domain was divided into
three regions having different LFG generation rates. Initial LFG generation rates were identical
to the best-fit values in Table 7.3-3: (a) Region 1 = 2.0, (b) Region 2 =9.0, and (c) Region 3 = 25.0
m?/ton/year. Each region included one measurement point: Region 1-4-07, Region 2-3-08, and
Region 3-4-09. However, the simulation with these LFG generation rates did not match field
measurements well, since the LFG in Regions 1 and 2 were influenced by the high LFG
generation in Region 3. Therefore, generation rates in Regions 1 and 2 were reduced to 1.0, and
5.0 m¥/ton/year.

The results for the steady-state simulation before peaking power operations are shown in Figure
4-34 where the oxygen profiles are drawn. Well pumping is turned off for this plot. Clearly,
there are low oxygen and high methane concentrations in Region 3, with higher oxygen and
lower methane concentrations in Regions 1 and 2. Note that the model-predicted oxygen
concentrations reflect air (i.e., nitrogen) concentrations in the field, since the model did not
account for oxygen consumption by methanotrophic bacteria.
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Figure 4-34. Steady-state oxygen profiles (percent by mass) before peaking power operation.
Different LFG generation rates were assumed for three regions of the domain and are shown
above in units of m®fton/year. The approximate locations of 3-08, 4-07, and 4-09 are indicated.

Photo Credit: Yolo County Planning & Public Works Department

After peaking power operations were initiated, the gas compositions within the landfill
eventually reached a quasi-steady state. For this situation the methane concentrations at 4-07
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and 3-08 were 21 and 41 percent, respectively, which is much higher than the measured
concentrations shown in Table 4-29. On the other hand, the methane concentration at 4-09 was
28 percent, and this value is much lower than the field measurement (~51 percent). Although
the gas generation rates near sampling locations 4-07 and 4-09 were significantly different (1.0
vs. 25.0 m?/ton/year), the effect was evened out when the pump was on. Figure 4-35(a) shows
the oxygen profile of the domain and illustrates the role of the permeable layer. The expansion
of light color (low oxygen and high methane concentrations) through the permeable layer
indicates that the LFG generated in Region 3 was collected through the permeable layer.
Because of this gas flow, the permeable layer formed a so-called “buffer zone” and prevented
the significant air intrusion observed in Regions 1 and 2 in Figure 7.3-8(a). Also, when the pump
was actively operated, the oxygen concentration profiles became much uniform above the
permeable layer, explaining the small differences in CHi concentrations at 4-07 and 4-09.
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Figure 4-35. Oxygen profiles (percent by mass) throughout the domain for peaking power
operations with the spatially variable LFG generation rates shown in Figure 6. (a) With no crack.
(b) With a single crack developed from the soil/biocover that extends horizontally through the
refuse to near the pancake well.

Photo Credit: Yolo County Planning & Public Works Department

This simulation exercise suggests that it is unlikely that spatially variable LFG generation rates
alone could result in the observed spatial distribution of CHa concentrations in the sampling
tubes. In addition, it is unlikely that spatially variable pumping rates could result in the low
CHa concentrations (high air content) in the pumping well 2-G9.
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Case 3. Combined Influence of Cracks and Spatially Variable LFG Generation.

Case 1 and 2 simulations indicate that cracks/fissures in the soil/biocover or spatially variable
gas generation rates cannot explain the observed variability in gas composition in the peaking
power landfill cell. Case 3 simulations were intended to explore whether or not a long crack that
extended from the landfill surface to the pancake well (2-G9) in combination with spatially
variable LFG generation might explain observed field data.

Surface scanning was performed using a calibrated TVA-1000B (Toxic Vapor Analyzer) Flame
Ionization Device (FID) instrument to measure volatile organic compounds (VOC)
concentration in air directly above the surface in the parts per million range. VOC surface
concentrations were automatically recorded along a path that traverses the cell at 15 meter
intervals.

Surface scans of the landfill surface on November 29, 2007, indicate methane leakage from the
side slope in the same vicinity as the horizontal piping to Well 2-G9. This is clearly seen in
Figure 4-36, which illustrates the results from this surface scan. It seems quite plausible that
cracks/fissures might have formed either around this piping or near this area resulting in a fast
gas flow path from the landfill surface to Well 2-G9. In combination with spatially variable LFG
generation, this preferential flow path might have resulted in high air content and low CHa
concentrations in 2-G9, and low CHu4 concentrations at other locations in the landfill

To evaluate this hypothesis, a horizontal crack was extended from the soil/biocover layer to
near the pancake well in the model domain. The heterogeneous LFG generation rates shown in
Figure 4-34 were used for this simulation, and the same peaking power operations were
conducted in the model domain as for Case 2.

The results for the Case 3 simulations are shown in Figure 4-35(b). With the addition of the long
crack, the LFG generated in Region 3 was partly collected through the crack. Due to this change
the upward flow of LFG in Region 3 was reduced, and the permeable layer played a less
important role as collection route for LFG. As a result, the oxygen profiles above the permeable
layer were no longer uniform, which is quite apparent in Figure 4-35(b).
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Figure 4-36. Surface scan showing VOC concentrations in ppm along the landfill surface on
November 29, 2007. The circle just to the left-of-center in the figure corresponds to well 2G-9, the
pancake well. High concentrations near the center of the left boundary suggest leakage where
piping enters the side slope.

Photo Credit: Yolo County Planning & Public Works Department

Table 4-30 shows the CHas concentrations for the three sampling points for Case 2 (without
crack) and Case 3 (with crack) simulations. Clearly, the addition of the long horizontal crack
results in lower CHa concentrations at all measurement points, with dramatic changes seen for
sampling locations 3-08 and 4-07. Here, CH4 concentrations decrease by 50 percent with the
addition of the crack from the landfill surface to pumping well 2-G9. While the CHa
concentrations in these sampling locations do not match the field data in Table 4-29 exactly, it is
apparent that the extension of this crack from the landfill surface to the pancake well will result
in dramatic reductions in CH4 concentrations everywhere. If the crack was made larger and
more conductive, the CHa concentrations could be reduced even further. The authors postulate
that by changing the size of this crack and the spatially variable LFG generation rates, close
agreement could be achieved with the field data.
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Table 4-30. Gas compositions for simulations with and without crack extending from landfill side
to pancake well. Simulations include the spatially variable gas generation rates in Figure 4-33.

Locat 24 hour average CH, concentration for 24 hour average CH,4 concentration
ion simulations without crack (%) for simulations with crack (%)

3-08" 41.0 27.8

4-07 20.5 11.5

4-09 27.6 22.0

a This measurement point is located on Layer 3.

Data collected by Yolo County project team

4.1.20 Discussion

The goal of this subtask was to operate and monitor the performance of the constructed
permeable layer and gas extraction system in a landfill with biocover. As part of this task the
peaking power cell was operated under the on-peaking and off-peaking mode for several
months and the collected data was used to determine the performance of the cell as compared
to the predicted computer model. Landfill surface scans were performed and gas composition
within the landfill, landfill cover and biocover layers were continuously monitored.

This study shows that the Surface Permeable Layer and Biocover system functioned well in
areas with permeable layers. However in areas of the slide slopes below Layer 3, where
permeable layers were not constructed landfill surface leaks were discovered where the
collected landfill gas was diluted by air through surface leaks. This problem can be mitigated by
placing additional cover in these areas or extending the surface permeable layer along the side
slopes of the cell to eliminate this problem. Future cell construction will be designed to extend
this permeable layer along all side slopes to minimize leaks.

One important limitation of two-dimensional modeling was that it did not describe the
behavior of a three-dimensional landfill well. Since a landfill is a non-homogenous mass of
refuse with variable moisture content and waste composition it would be very difficult to
predict the gas transport behavior and generation rate with any high level of certainty.
However, computer models such as the one used in this study provided valuable insight as to
what could be expected and gave guidance in the operation of the system to maximize gas
collection and reduce surface emissions. Further three-dimensional modeling could improve the
predictability of the parameters of interest and provide better modeling results. The field data
collected at this landfill site was exhaustive and unique since very few if any other landfills exist
in the United States where such detailed data has been collected.
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Chapter 5:
Conclusions and Recommendations

5.1 Conclusions

In this study, a peaking power cell was designed, constructed, monitored, and operated at
variable extractions by operating on a 12-hour on-off cycle. Computer modeling was used to aid
in the design of this project and simulated results were compared with field measurements. It
was found that computer simulation results of changing gas composition with depth in the
landfill were in excellent agreement with measured trends in the field.

During the diurnal gas extraction, gas output and gas composition were collected and tested
from the landfills. Also, gas composition was taken from landfill surface and at different layers
within the landfill and close to Surface Permeable Layer and Biocover (SPLAB). Pump tests
were conducted to better estimate parameters used for computer modeling. Field data were
compared with computer modeling results.

The predicted trends in gas composition were in excellent agreement with measured trends in
the field. This suggests that the computer model is a useful tool for evaluating the effects of
various operational conditions on peaking power operations. Differences between model
predictions and field measurements of methane concentration in the pumping well suggested
leakage into the well through side slopes where the surface permeable layer was terminated.
This can be mitigated by extending this surface permeable layer on all side slopes.

Field and laboratory experiments were set up to determine methane oxidation rates. In-field
static chambers were used to sample emission during rainy and dry seasons. The results of the
landfill gas surface emissions testing showed that a maximum oxidation rate of 664.2 gm
CHas/m?-day was achieved. This average methane oxidation rate is comparable with reported
oxidation rates for biocovers and is higher than oxidation rates reported for soil covers. In
laboratory columns, methane oxidation decreased as the flux or pressure gradient increased.
The methane flux exceeded the oxidation capacity of the system, presumably because there was
insufficient retention time in regions where methane and oxygen mixed.

The addition of moisture to the laboratory columns was inhibitory for oxygen diffusion in the
compost as evidenced by the reduced oxygen concentrations at depth in the water addition
columns. This observation was consistent with the field methane emissions tests where the
effect of climate was also significant. In the rainy season tests, there was a statistically
significant decrease in methane emissions when the gas system vacuum was increased for the
covers with the highest emissions (0.91 m compost + wood chips, 0.31 m compost, soil). In
contrast, there was not an increase in methane emissions associated with reduced gas collection
system vacuum during the dry season tests.

The results suggest that it would be prudent to operate the gas system to maximize methane
collection during periods when then cover soils are saturated with moisture as during this state,
CHas oxidation will likely be reduced. Further field tests are required to more precisely
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determine the extent to which slight reductions in gas collection vacuum may be possible when
the cover is saturated.

5.1.1 Commercialization Potential

Peaking power will almost invariably sell at a premium price over “base-load” power that is
generated at a constant rate, 24 hours/day. The commercialization and market penetration of
LFG fueled peaking power will progress when the premium over baseload power is sufficient
to make peaking power from LFG profitable.

Peaking power is defined as power that is dispatchable (capable of being sent out by the LFG to
electricity facility) for about 50 percent of each day, year round, at a time that is most
convenient for the utility grid to receive it. The premium applies to power generated on this
particular part-time schedule.

There are two cases when LFG might be extracted at variable rates to fuel peaking power:

Case 1: When there is surplus generating capacity at the landfill. In the Landfill Gas to
Electricity industry experience this is quite common (Augenstein and Pacey 1992). However,
data on the “surplus” are anecdotal and it is not clear what fraction of landfills have what is
effectively surplus generating capacity, and what fraction of this surplus generating capacity
might be realistically tapped.

Case 2: When more generating capacity must be installed specifically to enable peaking. In this
case the needed premium over base-load power is highest since it must pay for the excess cost
associated with this generation.

The two categories of costs are: (a) Operating (such as extra labor, maintenance etc) and; (b)
capital (This is principally the interest and amortization and any desired return on investment
of the equipment).

Whether Case 1 or Case 2 is considered above, the total annual operating costs will not change
when comparing peaking operation to continuous operation. It is assumed that twice the
number of engines or prime movers will operate, but these will operate for only half the 24-hour
day. In such a case, total engine operating hours will not change and operating costs per
operating hour are not assumed to change materially. In other words, oil changes, consumables,
operator costs, etc would remain unchanged (much the case as with motor vehicle engines
which starts and stop frequently). The extraction of LFG can be entirely automated as described
in earlier reports and should pose no significant additional operational costs. Therefore the
extra cost per MWh thus comes back to a very straightforward situation of financing the extra
capital costs.

5.1.2 Capital costs

The project team does not attempt to cost out in detail the capital costs of engine-generator sets,
as others have more expertise. Instead, the project team relies here on the costs reported by
Waste Management, Incorporated (WMI). WMI generates over 600 MWe of electricity from
solid waste sites including more than 200 MWe powered by internal combustion (spark-ignited)
engines on landfill gas, according to a presentation, “The Energy Value of Landfill Gas”, by
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Paul Pabor, Vice President, Renewable Energy, Waste Management, Inc. This talk was
presented at various symposia including the Recycle Minnesota Symposium in October 2002
and was taken from the website http://www.recycleminnesota.org/2002_conference.htm.

For discussion purposes, Mr. Pabor noted the following parameters for the average or “proxy”
landfill gas to energy (LFGTE) Project:

1,600 cubic feet per minute of landfill gas = 400,000 million BTU (mmBTU) per year = 4000
kilowatts of electricity = About 32,000,000 kWh per year

For this size plant: The 2002 capital cost is $3.2 to $5 million ($750 to $1250/kWe). With the cost
picture extant in Pabor’s analysis in 2002, the total cost to generate power was reported
generally in the range of 2.5 to 3.5 ¢/kWh.

The total cost to generate power consists of these general elements: capital Cost; financing
costs; depreciation period; operation and maintenance (O&M) contract; and taxes,
administration, permitting.

Costs can vary widely for these items, particularly financing and capital equipment. Thus it is
necessary to estimate a range for the necessary premium. An underlying assumption is that
base-load electricity from landfill gas is economical with “business as usual” and the premium
simply allows the operators of a landfill gas to energy system to make more money.

Another assumption to estimate a “premium” necessary to advance generation of peaking
power is that the O&M contract will amount to $0.01 per kilowatt hour. The costs other than
O&M (a balance of 1.5 to 2.5 cents/kWh) will increase in proportion from the $800 to $1250/kWh
in 2002 to $1,250 to $1,750/kWh in 2008.

The project team estimates that the corresponding capital related costs (financing taxes,
permitting) will rise in proportion to the capital cost increase and in addition, about double
(reflecting half time power generation). However depreciation per unit power may be
somewhat less.

With all of these factors taken into account, it is estimated that the premium necessary to justify
peaking power may generally fall between 4.5 and 9 cents/kWh. Although the costs could be
broken out in more detail, the summary of cost by Waste Management has the largest
experience base in the world, and there are multiple variables.

5.1.3 Economics and Constraints of Other Types of Peaking Plants

Currently, the major resources for peaking electricity are hydro, and natural gas fired plants.
There is for practical purposes very little additional (beyond present) near-term hydroelectric
potential, either new dams or for pumped storage (Such as Helms). For pumped storage like
Helms the cost overruns were in any case severe.

Natural gas peaking plants are mostly older and not very efficient. They consume more natural
gas per kWh than the newer combined cycle plants (the combined cycle plants are mostly used
for continuous 24 hours/day baseload generation). Due to rise in fuel cost the cost of such
natural gas peaking plants are escalating. The availability of natural gas may even become
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constraining. The last 12 months’ United States” spot (Henry Hub) natural gas price has been
near $7/mmbBtu and is rising rapidly (March 2008).

Contract prices are most likely to follow spot prices noted above with a one or two year lag. A
price of $7/mmBtu sets a fuel-price-alone “floor” under peaking power costs of about
$0.07/kWh. Added to generating cost is the incremental cost of incremental plant for peaking.
The optimistic projections of natural gas availability and cost of around 2000 (American
Petroleum Institute [API], US Geological Survey (USGS), Exxon-Mobil, and others ) are being
supplanted by dire realities forecast by contrarians (Including Hughes of Canadian Natural
Resources, Simmons of Simmons International and Boone Pickens). As to Liquid Natural Gas
(LNG) imports, United States terminal construction is blocked. Other countries including Japan
and Korea now bid for LNG at landed costs currently over $10/mmbtu and more often around
$15/mmBtu. Buyers may be rationed and the Unites States is close to last in line.

Solar photovoltaic systems are a bright spot in the “peaking renewables” picture, but are far
short of sufficient. Other peaking options are forestalled by higher costs, environmental
constraints, or lack of development. For example, biomass fired plants are too few and may be
inconvenient to dispatch to follow need. Battery storage is expensive. Compressed air energy
storage needs development and is in any case dependent on natural gas. Flywheels allowing
electric energy storage as kinetic energy are developing, but slowly.

An October 2007 Wall Street Journal Article by Rebecca Smith summarizes the industry view
that electricity demand is rapidly outpacing new supply
(http://online.wsj.com/article/SB119258797074161584.html). The most ominous aspect is that the
greatest shortage is seen in peaking plants.

All of the foregoing constraints indicate that the “premium” for peaking power may well be 10
cents or more per kWh, simply reflecting avoided fuel costs. By comparison, natural gas and oil
are finite, depleting, and their use to generate electric power may be limited for the electricity
sector in the not too distant future.

Though the exact value and market penetration that peaking power will have is necessarily
somewhat speculative, it is quite high. Given that the price of oil has topped $100/barrel
($16/mmBtu) and natural gas is currently over $9/mmBtu the best estimate at this point is that
50 percent or more of landfill gas might reasonably be exploited to fuel peaking power. The
driving forces include, simply, the need and that fuel cost saving from using landfill gas can
economically justify use of this large a fraction of landfill gas for peaking power. For the fairly
common cases where other factors (i.e. emission control) are right, and there is surplus
generating capacity, the marginal cost for peaking power would be extremely attractive.

In essence, the prospects for peaking LEFGTE are good and LFG for peaking power would be a
boon to electricity generators and users, but the early stage development must be pursued.

The likely sale price (i.e. premium) for peaking power is likewise subject to a number of
variables and factors. The overall conclusion is that the value and purchase price “premium” for
peaking power will continue to escalate and is more than adequate to justify peaking landfills.
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5.1.4 Recommendations

Yolo County has set up a testing and monitoring section that is unparalleled anywhere else in
the world in its capability to test novel and potentially beneficial strategies for landfill gas
energy recovery and emission abatement.

The strategies being examined have been applied to “peaking power” for purposes of this
project. However the work has much wider value. The measurements and strategies are well
suited for the State of California’s general objective of landfill methane greenhouse emission
control.

The project team recommends additional work that would be valuable to demonstrate the
longer term performance and reliability of the peaking approach. This will enable initiation and
commercial application with greater confidence by new users.

Although the results from this demonstration project are encouraging, it should be noted that
the peaking tests to date have been carried out for a very limited period of time due to the
limited project budget. The testing should preferably be extended to a term of years.

The following are recommendations considered important by the project team:

Conduct additional test to increase the ratio of overpull to underpull-Increase the overpull to
underpull ratio from 2 to 5 to show the minimal effect on oxygen intrusion or methane
emissions. Greater overpull might be used to generate more electricity during daytime hours
with minimal effect on methane collection efficiency. Overpull that would lead to a methane
content of about 45 percent is the lowest level that is suitable for energy applications.

Vary cycle time for extraction profile-The extraction cycle operated to date has been 12 hours
on-12 hours off using an overpull to underpull ratio of 2. While this operational period is
representative for weekday operations, can landfill gas be stored (to some extent) during
weekends and delivered for use during weekdays?

Test efficacy of greenhouse gas control-Given California’s recognition of the importance of
climate problems, an objective of equal importance to “peaking” is controlling greenhouse
(methane) emissions. Two categories of greenhouse emissions observed in the tests at Yolo are
top cover emissions and dealing with “hot spots.” Top cover emissions were small while
emissions from “hot spots” outside of the influence of the SPLAB were significant, but still
under the maximum allowable by the U.S. EPA.

Continue novel in-situ gas composition and pressure measurements—-The combination of
interior gas composition measurements and flow measurements within the waste are unique to
this experimental investigation. The authors recommend that these very informative and
valuable measurements be continued. The in-situ gas composition measurements have proven
extremely helpful in tracking how interior gas compositions and emissions respond to changes
in extraction rate and also barometric pressure. In-situ pressure measurements thus far have
been revealing and are integral in the flow modeling process.

169



Continue modeling-The modeling thus far by the University of Delaware, with assistance from
Hydro Geo Chem., Inc., has proven to be extremely helpful. In fact the value of the modeling
cannot be overstated. The modeling results can be refined and verified as more field data are
obtained. Not only will the modeling permit better understanding and “zeroing in” on best
possible designs, but the models will be usable worldwide in the future by landfills desiring to
conduct either peaking or gas control.

Continue advanced automation strategies—A very significant aspect of the project has been its
very successful automation. The amenability of the peaking process thus far to automation
indicates that automation can minimize the labor required to operate the system, and for this
experimental project, to take data. Experience with peaking and gas flow control and automated
sampling indicates two things: (1) Peaking operation and its monitoring need not impose an
undue or extra burden compared to conventional landfill operation and (2) The automation of
landfill operations, in combination with better design may generally allow more efficient
greenhouse emission control at less cost than now experienced by landfills. All of the experience
and strategies being developed with respect to automation are extraordinarily valuable and
should be continued.

Optimize biocover designs—Further work is appropriate to optimize the composition of
biocovers to balance porosity and infiltration capacity with the potential for emissions
associated with cracks. In laboratory column experiments, evidence of decreasing methane
oxidation capacity was observed at higher pressure gradients. Further research should be
performed to characterize this effect through modeling. The effects of gas flow rate, compost
moisture content, retention time, and compost porosity should be addressed in the modeling to
optimize cover design.

5.1.5 Benefits to California

California’s renewable portfolio standard mandates increasing amounts of electricity derived
from renewable resources in the electrical generation mix. The peaking landfill would be an
exceptionally attractive way to meet the increasing need for renewable electricity in the
renewable portfolio standard. In addition, in the United States in general and California
specifically, the general energy situation is seen by many experts as becoming increasingly
precarious in terms of oil and natural gas reserves. To the extent possible, California electricity
is generated within the state, however a major fraction of California power, above 40 percent, is
natural gas fueled (Energy Commission data for 2006). The natural gas fired generation may be
subject to increasing fuel costs and constraints.

Projections of future power demand and time-of day load profiles are necessarily uncertain but
estimates of these are still helpful in evaluating benefits. Based on the above and information on
the Energy Commission website, and the authors presume here that total time-averaged
California electricity year-round will average about 35,000 MWe in 2012. Profiles in summer are
assumed to have an estimated peak demand reaching an average of 50,000 MWe for 3 months
in summer daytime (25,000 nighttime minimum) and 45,000 daytime load (still 25,000 nighttime
minimum) in the nine months of off-peak use. Any power source that supplements peak use
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will basically supplement other peaking options such as hydropower, conserving and extending
this valuable resource.

5.1.6 Avoidance of Transmission Constraints

In California, another severe constraining factor in meeting peak load has been congestion of
the long distance transmission system. The grid congestion is greatest at times of peak load. In
fact, during the rolling blackouts of 2000-2001, peaking power was often available but could not
be distributed because of grid congestion.

A virtue of supplemental peaking power from landfill gas is that landfills are by and large
distributed generation systems. The landfill gas fueled power enters the transmission grid near
the populated areas that use the electricity. Thus landfill gas peaking power lessens electricity
grid congestion and also, assures the highest fractional delivery of the “busbar” electricity to
customers by avoiding transmission resistance losses. It is not possible at this point to quantify
monetary value of this benefit, except to say that it is significant.

5.1.7 Contribution of Peaking Landfill Gas to Electricity Generation

Based on information in the section on commercialization potential, and the presumption that
economics are favorable, the authors make the judgment that methane from about 50 percent of
waste placed in California’s landfills might be recovered at variable rates to fuel peaking power.
It is then possible to use California’s official waste statistics and methane yield based on
experience to determine how much “peaking power” might be derived from California’s
municipal waste.

Based on California Integrated Waste Management website, California’s landfilled waste
tonnage for 2006 was about 42 million tons. Assuming that the recovery yield of methane with
use of the highly efficient permeable layer will be 3,000 cubic feet per ton of “gate waste” as
received at the landfill and that the heat rate of the GenSet prime mover is 12,000 Btu/kWh, it is
estimated that each ton of waste can fuel 0.25 MWh (250 kWh) or 4 tons of waste would yield
one MWh.

If half of California’s landfills were to elect to operate in peaking power mode, the total amount
of power that can be generated in California from 20 million tons of waste is 5 million MWh
(5000 GWh). Assuming the recovery of this power over half days throughout the year, (4380
hours/year) the contribution of the “peaking landfill” is 1141 MW or about 1100 MWe. While
this comprises a relatively small number in the mix of total generation this would provide over
10 percent of the daytime excess of power requirement over minimum nighttime use. This is
enough daytime power increment to satisfy the total electrical needs of 4 million Californians
(out of a population near 40 million in 2012).

5.1.8 Economic benefits

Economic benefits are difficult to determine because of the wide distribution of site
characteristics and circumstances of individual landfills. The values of gross revenue from
peaking power if sale price were: a) 10 cents/kWh ($100/MWh) and b) 15centskWh (150/MWh).
are straightforwardly calculated as $500 million and $750 million per year for California,
respectively.
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5.1.9 Methane GHG Emission Avoidance

Other things being equal, the fueling of peaking power, relative to constant rate baseload
generation, might not have much of an effect “up or down” on greenhouse gas emissions. The
natural gas fueled peaking plants tend to be older and less efficient, so the avoided CO:
emissions from substituting LFG fueled peaking power for natural gas fueled peaking plants
would be better than its substitution for conventional baseload power. Offsetting this is the fact
that the peaking approach might lead to some limited, additional CO: emission relative to
constant-rate baseload power generation. The modeling and field data from this project shows
that peaking may increase the incremental emissions but the biocover used will eliminate this
increase in methane emissions relative to conventional generation.

The most promising for abatement of greenhouse gases is the overall design incorporating
permeable layers. Based on modeling and field measurements the permeable layers can reduce
emissions whether the extraction is for conventional baseload power or for peaking. Thus the
permeable layer itself is worth pursuing on its own merits independent from peaking power.
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CH:L
CH4
CIMIS

Cm
CO2
DWR
FID

Ft

GC
GEM 2000
GW
GWe
H20
H,S0O,
HDPE
kw
kWh
LBNL
LFG
LFGTE
LNG

mL
MSW
MW
MWe
MWh
NAPLs
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American Petroleum Institute

Celsius

cellulose + hemicellulose to lignin ratio
Methane

California Irrigation Management Information
System

Centimeter

Carbon Dioxide

Department of Water Resources
Flame lonization Detector
Feet/foot

Gas Chromatograph

LandTec Landfill Gas Estraction Monitor 2000
Gigawatt

Gigawatts of energy

Water

Sulfuric Acid

High Density Polyethylene
Kilowatt

Kilowatt-hour

Lawrence Berkeley National Laboratory
Landfill Gas

Landfill Gas to Energy

Liquid Natural Gas

Meter

Milliliter

Municipal Solid Waste
Megawatt

Megawatts of energy
Megawatt-hour

non-aqueous phase liquids



NOAA

NOx
O&M

02

PIER
Ppm

PVC
SCFM
SD
SMUD
SPLAB
STP

TCD
TOUGH2
U.S. DOE
U.S. EPA
USGS
VICI
VOC
WMI
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National Oceanic and Atmospheric
Administration

Nitrous Oxide

Operations & Maintenance

Oxygen

Public Interest Energy Research

Parts Per Million

Polyvinyl Chloride

Standard Cubic Feet per Minute

Standard Deviation

Sacramento Municipal Utility District

Surface Permeable Layer and Biocover
Standard Temperature and Pressure

Thermal Conductivity Detector

Transport of Unsaturated Groundwater and Heat
United States Department of Energy

United States Environmental Protection Agency
United States Geological Survey

Valco Instruments Co. Inc.

Volatile Organic Compound

Waste Management Incorporated
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North Carolina State University

Laboratory Column Study

Table Al. Gas composition profiles at different depths of the columns on the
4 day of the experiment at a gas flow rate of 5 mL/min and air flow rate of 50

mL/min
Depth
. Below
Column Top of the CO, 0O, N, CH,
Compost
(cm)
51 22.0 10.7 50.7 16.6
20.3 445 1.4 8.6 45.4
1
35.6 43.2 2.2 8.3 46.3
50.8 45.6 1.1 3.7 49.6
51 11.7 12.6 70.0 5.7
20.3 34.8 2.7 30.2 32.4
2
35.6 43.0 1.2 9.1 46.6
50.8 44.0 1.3 6.7 48.0
5.1 20.9 11.8 50.6 16.6
20.3 42.1 1.9 16.8 39.2
3
35.6 43.8 1.6 9.9 44.7
50.8 45.3 1.1 4.9 48.7
51 22.6 11.4 47.5 18.6
20.3 41.4 2.4 17.3 38.9
5
35.6 445 1.4 7.9 46.2
50.8 45.0 1.2 4.9 48.8
7 5.1 33.6 6.2 31.0 29.3




20.3 44.6 15 5.3 48.6
35.6 44.3 1.6 5.2 48.8
50.8 45.7 11 3.0 50.3
51 16.5 115 61.5 10.5
20.3 33.9 4.0 32.6 29.5
° 35.6 43.0 1.2 11.7 441
50.8 43.2 15 8.9 46.3

*No column 6 data due to problems with mass flow controller

Table A2. Gas composition profiles at different depths of the columns on the
55t day of the experiment at a gas flow rate of 5 mL/min and air flow rate of
50 mL/min

Depth
Below
Column | Top of the CO2 02 N2 CH4
Compost
(cm)
51 41.5 6.1 37.0 15.3
20.3 46.8 1.5 5.0 46.7
! 35.6 44.8 1.8 7.3 46.1
50.8 46.9 0.9 3.3 48.9
51 17.1 11.2 64.5 7.3
20.3 0.3 215 77.9 0.3
? 35.6 474 0.7 3.0 49.0
50.8 46.7 0.8 3.0 49.5
51 47.6 0.6 1.7 50.2
20.3 47.1 0.6 1.8 50.4
° 35.6 47.7 0.7 2.0 49.6
50.8 474 0.7 2.0 49.9




51 27.9 6.2 49.6 16.2
20.3 39.8 2.7 23.2 34.2
° 35.6 46.8 0.6 6.7 45.9
50.8 47.3 0.6 3.5 48.6
51 19.3 9.1 63.3 8.3
20.3 28.2 7.0 44.6 20.2
° 35.6 38.9 3.5 22.4 35.2
50.8 36.1 54 23.3 35.2
51 47.1 0.7 1.9 50.4
20.3 47.5 0.7 1.9 49.9
! 35.6 47.7 0.6 1.6 50.2
50.8 47.9 0.6 1.6 49.9
51 46.9 0.7 21 50.3
20.3 47.6 0.6 1.6 50.2
° 35.6 46.7 0.9 2.7 49.7
50.8 47.5 0.6 15 50.4

Table A3. Gas composition profiles at different depths of the columns on the
62nd day of the experiment at a gas flow rate of 10 mL/min and air flow rate of
50 mL/min

Depth

Below
Column | Top of the CO2 02 N2 CH4

Compost

(cm)
5.1 35.9 5.3 32.0 26.8
20.3 46.7 15 5.0 46.8

1

35.6 44.5 2.4 8.4 44.6
50.8 47.9 0.9 2.4 48.8
2 5.1 27.7 8.8 44.5 19.0
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20.3 NA NA NA NA
35.6 48.4 0.8 21 48.7
50.8 47.9 0.9 2.5 48.7
51 49.0 0.6 1.7 48.6
20.3 48.9 0.6 15 49.0
° 35.6 48.6 0.7 1.7 49.0
50.8 48.0 0.8 21 49.1
51 40.1 3.3 26.5 30.1
20.3 47.0 1.3 6.4 45.3
° 35.6 48.2 0.8 2.6 48.4
50.8 48.4 0.7 1.7 49.2
51 32.0 5.5 41.0 215
20.3 38.4 4.6 21.7 35.3
° 35.6 46.5 15 59 46.1
50.8 NA NA NA NA
51 48.6 0.8 2.2 48.4
20.3 48.6 0.8 1.9 48.8
! 35.6 48.2 0.9 2.2 48.7
50.8 48.2 0.8 1.8 49.2
51 48.8 0.7 1.9 48.6
20.3 48.6 0.7 1.6 49.1
° 35.6 NA NA NA NA
50.8 48.2 0.7 1.7 49.3

NA = Data were not available due to sampling problems

Table A4. Gas composition profiles at different depths of the columns on the
90* day of the experiment at a gas flow rate of 10 mL/min and air flow rate of
85 mL/min
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Depth
Below
Column | Top of the CcO2 02 N2 CH4
Compost
(cm)
5.1 33.6 6.9 34.6 25.0
20.3 41.1 4.1 14.9 39.9
! 35.6 44.6 2.8 10.0 42.6
50.8 49.6 0.7 1.8 47.9
51 20.7 114 50.3 17.7
20.3 NA NA NA NA
? 35.6 495 0.7 21 47.7
50.8 49.3 0.7 2.0 47.9
51 48.8 0.7 21 48.4
20.3 49.0 0.7 1.8 48.5
° 35.6 49.8 0.7 15 48.0
50.8 49.3 0.7 2.0 47.9
5.1 36.0 6.7 33.0 24.3
20.3 43.1 3.1 114 42.4
° 35.6 49.7 0.6 1.8 47.8
50.8 49.4 0.6 1.7 48.2
5.1 31.6 6.2 40.8 21.4
20.3 45.7 1.8 10.2 42.3
° 35.6 48.3 1.2 4.3 46.3
50.8 28.0 95 35.3 27.2
51 48.4 0.9 24 48.3
20.3 49.0 0.7 16 48.7
! 35.6 49.5 0.7 1.8 48.1
50.8 495 0.6 1.4 48.5
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51 48.7 0.7 1.9 48.6

20.3 48.9 0.7 15 48.9
8

35.6 NA NA NA NA

50.8 49.4 0.6 1.4 48.6

NA = Data were not available due to sampling problems

Table A5. Gas composition profiles at different depths of the columns on the
121+ day of the experiment at a gas flow rate of 15 mL/min and air flow rate
of 85 mL/min

Depth
Below
Column | Top of the Cco2 02 N2 CH4
Compost
(cm)
51 314 6.4 32.3 29.8
20.3 NA NA NA NA
! 35.6 39.8 4.2 16.1 39.9
50.8 49.3 0.6 1.9 48.1
51 26.5 9.8 43.2 20.6
20.3 NA NA NA NA
? 35.6 48.7 0.6 1.9 48.8
50.8 50.0 0.5 15 48.0
51 48.7 0.5 1.3 49.5
20.3 48.8 0.6 1.4 49.2
: 35.6 49.2 0.6 1.4 48.9
50.8 49.3 0.7 2.0 47.9
5.1 36.0 6.7 33.0 24.3
20.3 36.7 7.6 18.5 37.2
° 35.6 48.6 0.7 21 48.5
50.8 49.6 0.5 13 48.6
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51 36.7 4.7 29.0 29.6
20.3 44.0 2.4 9.6 43.9
° 35.6 45.3 21 7.5 45.2
50.8 22.3 11.4 44.6 21.7
51 48.4 0.6 1.6 49.3
20.3 48.2 0.6 23 48.9
! 35.6 48.7 0.7 1.9 48.7
50.8 49.5 0.5 1.3 48.6
51 47.9 0.8 2.4 48.9
20.3 48.8 0.6 1.4 49.3
° 35.6 NA NA NA NA
50.8 50.2 0.4 1.0 48.4

NA = Data were not available due to sampling problems

Table A6. CHs emissions for alternate covers during the rainy season (gm CHs/m?-day)

wea | compost | compost | ostm | osim | O9LM | 06N | 0ILM | o1
chips chips post | compost |\ oste | waste | waste soil
Gas System at Low Vacuum (47-63 cfm)
1/23/06 215 0.0 0.3 141 3.9 0.0 23.6
1/24/06 27.8 0.0 0.2 224 3.2 0.3 0.0 19.1
1/24/06 5.3 9.4
1/25/06 21.9 0.0 0.1 20.3 6.8 2.0 0.0 135
1/25/06 21.2 0.0 0.1 23.8 9.4 0.3 0.5 1.1
1/25/06 11.8 0.0 215 3.6 0.4
Gas System at High Vacuum (117 cfm)

1/30/06 6.39 0.00 0.25 4.09 6.25 0.61 0.00 1.71
1/30/06 5.69 0.00 2.54 3.33 1.99
1/31/06 0.40 0.00 0.24 0.69 1.69 0.01 0.00 2.12
1/31/06 0.63 0.00 0.00 1.78 2.10 0.00 0.00 0.90
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1/31/06

0.07

0.00

1/31/06

0.00
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Table A7. CHs emissions for alternate covers during the dry season (gm CHs/m?-day)

Side
Slope Side Slope
0.91m 031 m 091m | 0.61m | 0.31m green close to
A compost | compost 091m 0.31m 0.31m
rea green green | green : waste bottom,
+wood +wood compost| compost soil d
chips chips waste | waste | waste an green
shredded | waste only
tires
Gas System at Low Vacuum (30 cfm)

11/15/06 0 0.014 0.005 0 0.039 0.02 2.07 22.97

11/16/06 0 0 0 0 0.037 0 3.30 1.22

11/16/06 0 0.012 -0.013 -0.017 0 0 0.00 0.29

11/16/06 0 0 0.010 0 0 -0.01 2.78 0.27

11/16/06 0 0 0 0 0 0 1.84 1.52

Gas System at High Vacuum (60 cfm)

11/29/06 0.008 0 0 0 0 0 0 -0.62 0 0

11/29/06 0 0 0 0 0.051 0 2.130 1.32 0 0.90

11/30/06 0 0 0 0 0.020 0.010 2.522 2.12 0.01 1.50

11/30/06 0 0 0 -0.010 0.016 0 2.276 2.79 -0.31 1.16

11/30/06 0 -0.002 0 0 0.019 0 1.316 0 0.06 2.84
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